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ABSTRACT

Exploring Symmetry Breaking and Chiral Amplification

in Conglomerate Crystals

Ziqiao Zhong

Conglomerate crystallization, also known as spontaneous resolution, occurs when molecules crystallize
in a non-centrosymmetric space group.' Both racemic and achiral building blocks can crystalize as conglomerates
to form chiral crystals. The chiral outcome (i.e. the distribution of left- versus right-handed crystals) can be
stochastic or non-stochastic depending on the environment and crystallization conditions.>* Herein the influence
of primary and secondary nucleation in the conglomerate crystallization of benzil was explored. The results
indicate that chiral amplification is favored under conditions that promote secondary nucleation. The complete
and controlled chiral amplification of benzil was confirmed via attrition-enhanced deracemization (i.e. Viedma
ripening) in under 2 hours, while the Viedma ripening of decacyclene was also demonstrated over a period of ca.
15 days. Viedma ripening provides non-equilibrium conditions that promote secondary nucleation through

enantiomer-specific oriented attachment non-classical crystal growth.

Non-stochastic conglomerate crystallization from achiral building blocks is surprisingly common and not well
understood. Herein, one of the earliest examples was investigated, where an overwhelming imbalance (134 right-
handed crystals, 5 left-handed crystal) was confirmed in the conglomerate crystallization of magnesium sulfate
heptahydrate (MgSO4-7H,0), epsomite.* In such cases, it is believed that hidden chiral (cryptochiral)
environments that influence the primary crystal nucleation are to blame. As such, chiral additives (L- and D-
asparagine) were used to influence the mirror symmetry breaking in epsomite crystallization. The chiral
distribution resulting from the conglomerate crystallization of achiral molecules is fascinating since it may

provide insight regarding polymorphism and the outstanding question of the origin of biological homochirality.
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1 Introduction

1.1 Research Overview

Homochirality is a crucial property found in the fundamental building blocks of chemistry and
biochemistry molecules.’ The significance of studying chiral materials in a homochiral form has become even
more important following the tragic incidents involving thalidomide, where birth defects were caused by one
specific enantiomer of this drug.® ” Despite its importance, the obtaining of homochiral materials from racemic
mixtures continues to present significant challenges, since both enantiomers have the same melting points,

densities, and solubilities.®

The study of the chiral distribution of conglomerate crystals has constantly developed along with the
understanding of chirality itself beginning in the 19 century.” Conglomerate crystallization of racemic mixtures
yields equal amounts of each enantiomer, as Pasteur observed with sodium ammonium tartrate monohydrate in
1848.1 1t is intuitive that a 50:50 chiral distribution of a racemic mixture is retained upon crystallization to the
solid state. However, it is not necessarily true in the conglomerate crystallization of achiral building blocks.
During crystallization, the degree of primary and secondary nucleation can influence the emerging solid state
chirality via classical and/or non-classical crystal growth.'!:1? The chirality of conglomerate crystals from achiral
molecules originate from either a locked chiral conformation in the solid state (Section 1.2) or from chiral packing
in non-centrosymmetric Sohncke space groups (Section 1.3).% '3 % The resulting chiral distribution in the
conglomerate crystallization of achiral molecules is fascinating, since it may provide insight into the outstanding

question of the origin of biological homochirality.’

There are some common terms used throughout this thesis for describing the chiral distribution of chiral
materials. Crystals or molecules sharing the same chirality are homochiral. If there is an equal population of chiral
molecules or crystals, this is known as a racemic mixture. Two opposite homochiral materials mixed in any ratio
not equal to 1:1 is known as a scalemic mixture. The ratio of a chiral mixture can be quantified by the concept of
enantiomeric excess, which describes the mole or weight fraction (where F(+) + F (-) = 100%) of one chiral

species.!> Enantiomer excess can be calculated according to Equation 1 as shown below:

Equation 1. The equation for calculating enantiomeric excess.'’

0/ — |F(+)_F(_)| % 1 0
e = Trmr k007



This thesis explores both the symmetry breaking and chiral amplification of conglomerate crystals
originating from achiral building blocks. Specifically, the historic symmetry breaking of epsomite was explored
in the absence and presence of chiral additives. The chirality of benzil and decacyclene crystal suspensions were
explored under various conditions, specifically applying attrition and temperature control. More information
about those materials and their solid-state chirality is provided in Chapter 2 and 3. Chapter 4 investigates the
non-stochastic crystallization of epsomite and the use of chiral additives as a tool to direct mirror symmetry
breaking. Ultimately, the research described in this thesis focuses on the fundamental understanding of

conglomerate crystallization which is beneficial to future developments in chiral studies.

1.2 The chirality of molecules

According to IUPAC, chirality is “the geometric property of a rigid object (or spatial arrangement of
points or atoms) of being non-superimposable on its mirror image. If the object is superposable on its mirror
image the object is described as being achiral.”!® It is an important feature particularly in the fields of chemistry
and biochemistry. Chirality is ubiquitous in the fundamental building blocks of life, like sugars, amino acids, and
lipids.'® A molecule is achiral if it lacks an improper axis (S») which is a combination of rotation and reflection.'™

17 More simply, a molecule is chiral if it is non-superimposable with its mirror image.

Many systems of nomenclature have been developed for differentiating different stereoisomers. The Cahn
Ingold Prelog Priority Rules (CIP rules) are used in labeling isomer with a stereogenic center.'® Taking asparagine
as an example, there is only one carbon with 4 different substituents. The substituents are ranked by conventional
rules based on atomic number and connectivity. When the lowest priority group (4) is pointing back, the
compound has the R configuration when substituents (1) to (3) move in a clockwise direction, and it has the S

configuration when substituents (1) to (3) move in a counterclockwise direction (Figure 1).'°



@ D
(S) (R)
® @ @ ®
O N /T-| N /T—| (@)
o2 @ | o2 @
(S)-asparagine | (R)-asparagine

Figure 1. An example of the Cahn Ingold Prelog priority rules and Fischer nomenclature.

S-asparagine and R-asparagine are more commonly referred to in the Fischer nomenclature as

L-asparagine and D-asparagine, respectively. Here, the vertical lines project inwards and the horizontal lines

project outwards and the most oxidized carbon is at the top position in the Fischer projection with the longest

carbon chain vertical. ' '8 The L-designator is assigned when the -H group is to the right and the D-designator is

assigned when the -H is to the left at the highest numbered stereogenic center (i.e. lowest chiral carbon of the

chain, Figure 2).!

® @ @ ®
HzNWCOOH HOOC7/\”/NH2
O N T—| N /T—| (@)
(S)-asparagine (R)-asparagine
COOH COOH
H2N+H H+NH2
CH,CONH> CH2CONH2
L-asparagine D-asparagine

Figure 2. The enantiomeric pair of asparagine labeled with both CIP and Fischer nomenclature.



Tartaric acid is an important molecule in the early development of chiral studies.?’ The enantiomeric pair
of tartaric acid molecules are non-superimposable mirror images to each other, and both have 2 stereogenic

centers with the same configuration (Figure 3).

COOH COOH
H——OH HO——H
HO——H H—— OH
COOH | COOH
(2R,3R)-2,3-dihydroxysuccinic acid (2S,35)-2,3-dihydroxysuccinic acid
L-(+)-tartaric acid D-(-)-tartaric acid

Figure 3. The enantiomeric pair of tartaric acid labeled with CIP and Fischer nomenclature.

The form of tartaric acid with an internal plane of symmetry is achiral and is designated as a meso-
compound (Figure 4)."> The absolute configuration assigned in Fischer nomenclature (D/L) is frequently mixed
up with the shortened form of dextrorotatory (d) or levorotatory (/). The latter refers to the sign of rotation of

plane-polarized light as being positive (+) or negative (-), respectively.!”

COOH
(2R,38)-2,3-dihydroxysuccinic acid

DL-tartaric acid

Figure 4. This meso-isomer of tartaric acid has an internal plane of symmetry and is achiral.

Another type of chirality that some molecules can have is helical chirality. Helicity can describe the
chirality of a helical, propeller, or screw-shaped molecule.'> Intramolecular interactions and hinderance between
atoms can drive certain compounds to adopt non-planar helical conformations. A molecule with a right-handed
arrangement of atoms moving from front to back is designated as a P helix (plus) and a molecule with a left-

handed arrangement of atoms moving from front to back is designated as an M helix (minus) (Figure 5)."

4



{M}-[G]helicena [P)-G]helicans

Figure 5. The enantiomeric pair of [6]-helicene with corresponding stereodescriptors.®

Achiral molecules can also adopt chiral conformations (Figure 6). ® 2! For example, benzil can be
represented in a flat achiral conformation, but through rotation about the central single bond can adopt chiral
conformations. If the barrier for rotation in solution is low, as is the case for benzil, the average of all
conformations in solution will be achiral. Benzil crystallizes in the chiral space groups P3121 or P3,31 thus
forming conglomerate crystals.?? Benzil adopts a locked chiral conformation in the solid state forming homochiral
(+)-crystals with benzil in the P-conformation (space group P3121), and homochiral (-)-crystals with benzil in the
M-conformation (space group: P3,21) (Figure 6).>> %

J6 Y

é é
M-benzil P-benzil
Lewis structure Chiral conformations of benzil

Figure 6. Benzil is an achiral molecule fixed at a non-centrosymmetric conformation in the solid state

(space group P3:21 and P3,21).

There are also examples of molecules having bonds with restricted rotation, where separation of
enantiomeric conformations in solution is possible. This class of stereoisomers are known as atropisomers, where
the half-life of racemization depends on the energy barrier of the bond rotation which restricts the conformational
conversion from one enantiomer to the other.!> For example, tri-o-thymotide (host) can form inclusion clathrate
crystals with solvent molecules (guest) to form chiral atropisomeric clathrates.?* The chiral tri-o-thymotide-

benzene clathrate requires 16 kCal/mol to racemize in chloroform and the racemization half-life is 2.4 minutes.**



@500 o @JOFOEO =y’ 4)

(b)
P(+)-TOT M(-)-TOT

Figure 7. P- and M- coformations of tri-o-thymotide (ToT) in the ToT-benzene clathrate. The racemization
half-life of the ToT-benzene clatherate is ca. 2.4 minutes in chloroform.?

1.3 The chirality in crystals

Space groups define the symmetrical relationship between atoms and molecules within crystals.® There
are 230 space groups in total, which can be divided into 3 classes according to the type of symmetry operations
they have. Most of the space groups, 165 out of 230 space groups, are Class I having an improper axis, which
makes the crystals in these space groups achiral.! There are 11 pairs of space groups that have an asymmetric
structure, which are the 22 chiral space groups in the Class II.! The remaining 43 space groups in the Class III are
also achiral and have only proper rotations and 2-fold screw rotation.! The space groups in the latter two classes
are non-centrosymmetric since those space groups do not have an inversion center between atoms."® In Figure
8, all 65 space groups (Sohncke space group) that belong to the last two classes are listed on the left side, and the

chiral space groups are listed on the right side. Any crystal crystallization in one of these Sohncke space groups

is chiral, regardless of whether the building blocks are chiral or achiral.!:%°
P1 P4y, Pdy
P121,P1211,C121 |”'!|22, ll.r_hzz
P 222, P222;, P21212, P2,2/2,, Pa,2,2, P 42,2
C222,,C222, F222,1222,12,2,2, P3,, P3
P4,P4), Pdy, Pdy, 14,14 P3,12, P3,12
P 422, P 42,2, P4,22, P 4,212, P 4,22, P 4,22, 3,21, P 3.21
P 4322, P 43212, 1422, 14,22 P6. Pée
P3,P31,P32,R3 Pf‘-‘].Pﬁ'.l.
P312, P321, P3,12, P 3,21, P 3,12, P 3,21, R32 P 6122, P 622
P6, P61, Pés, P6y, Péy, Pbs P #,22, P 622
P 622, P 6,22, P 6522, P 6,22, P 6422, P 6322 P 4332, P 4,32

P23,F23,123,P2,3,12,3
P 432, P 4,32, F432, F 4,32, 1432,
P 4332, P 4432, [ 4,32

Figure 8. 65 non-centrosymmetric Sohncke space groups. The 11 pair of chiral space groups are
on the right.!



1.4 Conglomerate crystallization

Obtaining homochiral material is an ongoing challenge. Even though conglomerate crystals can
spontaneously resolve, it is still difficult to separate the two enantiomorphic populations of crystals. There are
three main strategies to achieve enantioenrichment or homochirality that involve conglomerate crystallization in
either chiral or achiral systems.?® The most traditional yet challenging method is manually resolving conglomerate
crystals as Louis Pasteur carried out in the resolution of sodium ammonium tartrate monohydrate (Section
1.4.2).” A more common means to obtain enantioenrichment in conglomerate crystals is by introducing seed
crystals of the desired chirality in the mother liquor.?® In other words, the seeds of the desired chiral species
introduced into a saturated racemic solution promotes crystal growth with the same chirality while the solution
becomes enriched in the opposite chirality. By repeating this process, it is possible to obtain enantioenriched or
homochiral material. When starting from a racemic mixture of chiral molecules, the maximum theoretical yield
of each enantiomer is 50% (Section 1.4.3). However, in the case of conglomerate crystallization from achiral
building blocks, it becomes possible to obtain 100% yield of homochiral crystals (Section 1.4.3 and Section
1.4.4).° A third method is the non-equilibrium deracemization of conglomerate crystals known as Viedma
ripening.® This chiral amplification process is a relatively new solid-state process that takes advantage of solution
state racemization (or the loss of chirality in solution) combined with non-classical crystal growth under attrition,

temperature cycling, or solvent cycling conditions to obtain a homochiral population of crystals (Section 1.4.5).
30-32

1.4.1 Conglomerate crystals

Conglomerate crystallization is a process of forming homochiral crystals spontaneously from racemic
mixtures or, in some cases, from achiral molecules. Conglomerate crystallization is often referred to as
spontaneous resolution which can facilitate enantioenrichment as exemplified by the first example of separating
homochiral molecules from racemic mixture in history: the manual resolution of sodium ammonium tartrate
monohydrate by Louis Pasteur in 1848.>” %> More recently, conglomerate crystals have been used to obtain

enantioenriched products in certain asymmetric autocatalytic reactions and Diels-Alder reactions.>*3’

The great potential of conglomerate crystals in chiral studies has often been overlooked. Many chemists
did not remark that newly reported crystal structures were conglomerate crystals.*® The 1981 book ‘Enantiomers,
Racemates, and Resolutions’ identified 1300 conglomerate structures and indicated that both racemic molecules
and achiral molecules should have a similar possibility of 5-10% to crystallized as conglomerate crystals.** The

percentage of forming conglomerate crystals with achiral molecules can further increase by pairing with another



component to form two-component crystals, for examples the cocrystals of benzophone derivatives or 2,4,6-

triisopropylbenzophenone derivatives have 24% and 33% probability of conglomerate formation, respectively.**:
41

In 2005, a Cambridge Structural Database (CSD) (1988 edition) survey by Matsuura et al., of 190,000
organic and organometallic compounds estimated the percentage of chiral crystals from achiral molecules to be
8%.* More investigations into the building blocks of conglomerate crystals continue as the database is growing.
The Inorganic Crystal Structure Database (ICSD from FIZ Karlsruhe-2020) is composed of over 200,000
inorganic crystal structures and the Cambridge Crystal Structure Database (CCSD) contains more than 1.1 million
structures (CSD version 3.41, November 2019). Both databases show that many inorganic salts crystallize as

conglomerate crystals.?® 42

This estimate for conglomerate crystallization rose from 8% to 9.5% in the survey of Rekis et al.,
published in 2020.%% Rekis searched 82,965 chiral structures and 95,959 achiral structures from the CSD (Feb
2019) and expected that there should be 4281 conglomerates from chiral molecule. The conglomerates from chiral
molecules should have a similar 9.5% ratio as the conglomerates from achiral molecules (9128 out of 95,959),
which suggests that there are 38% of chiral organic conglomerate crystals hidden in the CSD.?% 38 This encouraged
Walsh et al. to expand the search for chiral conglomerates in the database. By 2023, they identified 343 chiral
conglomerate crystals and 898 achiral conglomerate crystals from 108,000 new crystal entries between 2020 and

2021.264

The space groups that are preferentially populated with conglomerate crystals is also another important
topic. The ICSD from FIZ Karlsruhe-2020 reported P63, P212121, P2:3, P3,121, and P1 are the most common space
groups among conglomerate crystals in decreasing order.** A report of the CSD (November 2021, version 5.43)
listed the trend of popular space groups in decreasing order from chiral conglomerate crystals as: P212121, P2,
C2, P1, P212:2, P4,2121/P252:21, P31/ P32, and P4/ P45. > * The most popular space groups among chiral
conglomerates are the P2;212; and P2, space groups, which account for about 52% and 34% of conglomerate

crystals, respectively.*?

1.42 Triage

The asymmetric appearance of mirror image conglomerate crystals allows for the possibility of visual
separation of enantiomorphic crystals (i.e. resolution by triage or Pasteurian resolution) to be possible.* The
manually resolution of conglomerate crystals depends on the presence of hemihedral faces, the crystal faces that

do not have a corresponding parallel face on the opposite side of crystal.*® Some conglomerate crystals can be



resolved by the presence of hemihedral faces but it is challenging.?’ However, crystal morphology is not only

govern by the lattice geometry, but also by the speed of face growth related to other environmental factors during

the crystallization.*’ Crystal habit and morphology can vary due to crystallization temperature, solvent, mixing,

supersaturation and impurities.*® It should be noted that resolution by triage is quite rare because of the painstaking

process of manual sorting individual crystals. As a result, there are only a few examples of resolution by triage

reported in the literature (examples listed in Table 1). 4>’

Table 1. Examples of crystals displaying hemihedrism.

Building blocks Name Space Group Crystallization Type Reference
Achiral Magnesium sulfate P21212, Non-stochastic ¥
heptahydrate
Achiral Sodium dihydrogen P 2i/c Stochastic 50,51
phosphate
Achiral Quartz P3,21, P3,21 Stochastic 52,53
Achiral Sodium chlorate P23 Stochastic 54,55
Achiral Sodium bromate P2,3 Stochastic 54,55
Achiral Coordination Framework P321 Stochastic 36
Augsburg-1 (CFA-1)
Achiral [M(HsL)](NO3) 22MeOH P21212; Stochastic 37
M=Mn, Fe, Co, Ni, Zn
Achiral Wedekind-Fock-Havinga P21212; Stochastic 58
salt
(Me(Et)N*(AI)PhI
*CHCl3)
Achiral Potassium bichromate P1 Dominant with right- 59
handed crystal
Achiral Lithium sulphate P2, Not reported 60, 61
monohydrate
Achiral Cinnabar P3,21, P3;21 Not reported >4
Achiral 1,2-Bis(N-benzoyl-N- P21212; Stochastic 62,63
methylamino)benzene
Racemic Sodium ammonium P212:2, Stochastic 33
tartrate monohydrate
Racemic p-toyl imide and n- P212:2; Not reported 64
tosylimides derivatives
Racemic Sucrose (Cane sugar) P2 Not reported 65
Racemic Camphoric acid P2, Not reported >4
Racemic Camphomethylic acid P2, Not reported >4
Racemic Camphoethylic acid P212:2; Not reported >4
(camphor)




Building blocks Name Space Group Crystallization Type Reference
Racemic Ammonium salt methyl P212:12, Stochastic 54, 66
ethyl allyl anilinium
iodide
Racemic Lactose P2, Not reported 67, 68
Racemic Malic acid monohydrate P212124 Not reported >4
Racemic Asparagine P2:2:12, Not reported >4
Racemic Quinic acid P2, Not reported >4
Racemic Morphine monohydrate P2:2:12, Not reported >4
Racemic Hydroveratroin P6, Stochastic 69
Racemic Formyl-di- N/A Stochastic 70
neomenthylamine
Racemic Inclusion compound of - P2:2124 Varied from 98% ee 71
lactam and 4- to 8% ee, depending
Oxoazetidine-2-yl on the host-guest
benzoate ratio
Racemic [(CH3) 2NH;] P2, Stochastic 2
10[Hf(PW11039) 2]*10H20
Racemic Complex of 1,1°- P2, Stochastic 73
binaphthyl-2,2’-
dicarboxylic acid and
pyrazoles

As far back as 1795, Adrien-Marie Legendre related ‘symmetry’ in the crystallography domain. In 1815
the French crystallographer, René-Just Haily noticed the asymmetry of quartz crystals and speculated that the
external asymmetric appearance of the crystal is related to the internal molecular structure (Figure 9).”* 7 For
this reason, new terminology for describing the symmetry of crystals emerged. For example, hemihedral
(hemihedry), tritohedral (tritohedry), and tetartohedral (tetartohedry) refer to crystals where only half, one-third,
or one-quarter of particular faces are present, respectively.”* 7> In 1848, Louis Pasteur used hemihedral faces in
the study of sodium ammonium paratartrate and related it to isomerism. He showed that optically inactive sodium
ammonium paratartrate is a mixture of two optically active molecules.*> " He deduced that the constituent
molecules in sodium ammonium paratartrate had the same chemical composition but their chemical structures
were mirror images of each other.>*7® When sodium ammonium paratartrate crystallizes as a conglomerate, an
equal population of left-handed and right-handed crystals were obtained. Pasteur manually separated the crystals
based on the hemihedral faces and isolated the (-)-tartaric acid and (+)-tartaric acid and measured their equal but
opposite optical rotation.”” Pasteur reasoned that the opposite rotation of the two solutions indicated that the

molecules were not identical but were mirror images of each other and he called this ‘molecular dissymmetry’.”’

10



Figure 10. The non-symmetric morphology of sodium ammonium tartrate monohydrate crystals
with hemihedral faces highlighted.”®

On the other hand, an equal mixture of both crystals gave an optically inactive solution successfully
proving his hypothesis that the “two species of crystals represent two distinct salts from which two different acids
can be extracted”.”” With more examples of chiral crystals with asymmetric appearance recorded, Pasteur
recognized that an asymmetric pair of crystals do not necessarily originate from an asymmetric pair of
molecules.”” He noted that the asymmetry in the crystal can also come firom the structure of the crystal, but not

necessarily the molecule itself.”

There are many methods that can distinguish crystal chirality based on different characteristics, such as,
crystal morphology, crystal structure, or optical activity.®” During the 19 century, resolution of chiral crystals
relied mainly on optical activity and/or hemihedrism (i.e. identifying non-symmetrical faces in crystal
morphology).?” 8! X-ray crystallography, polarized light microscopy, and circular dichroism (CD) are effective

modern methods for differentiating crystal chirality.®

One of the key optical properties allowing for the investigation of crystal chirality is birefringence. When
light encounters an optically active crystal, the incident light ray is split into two rays: left-handed circularly
polarized light (LCP) and right-handed circularly polarized light (RCP).%? Each of these circularly polarized light
rays has different velocities and directions.®? 8 With the help of a polarized filter, the rotation of plane-polarized

1.82

light causes a corresponding color change due to the optical activity of the crystal.®> However, polarized filters

work better with uniaxial crystals, where there is only one optic axis and a single polarization direction.®* % For

11



crystals with more than one optic axis, the orientation of the optic axes is not fixed and may not align with the
fixed polarization direction of the filter.> 33 As a result, the light would have more complex behavior within these
types of crystal.® Similar problems occur in polarimetry methods, which rely on the same theory for optical

activity measurements. %

Circular dichroism spectroscopy relies on differential absorption of LCP and RCP light.® 85 This method
is more sensitive and quantitative compared to observing chiral crystals using a polarized filter.> However, CD

spectroscopy depends on the presence of a chromophore.®¢

X-ray diffraction (XRD) is a direct method for obtaining asymmetric information of chiral crystals.® %

This method can obtain the absolute configuration of chiral crystals. The Bragg diffraction of a left-handed and

right-handed crystal is identical.?’

However, when diffraction occurs near the absorption edge of a heavy atom,
the difference between diffracted waves can lead to a change of intensity depending on the chirality of the
structure, X or X (Equation 2).% % Heavier atoms are required in the structure in order to be able to determine

absolute configuration.

Crystals with non-centrosymmetric structures that grow together having a mirror image of the atomic
arrangement are known as inversion twins.® The Flack parameter (x) is an efficient method of defining the absolute
configuration of a crystal (or the degree of twinning) (Equation 2). In other words, it determines the proportion
of an oriented crystal structure X and its inverted structure X (x = 0 or 1) or both structures C in a mixed crystal
(0 <x < 1); Equation 2.% % Assuming the structure C is composed of only structure X or the inverted structure
X, the Flack parameter (x) is 0 or 1, respectively. ¥ If the crystal has a perfect inversion twin structure (i.e. the
structure is equally populated with both structure X and structure X in a crystal, the flack parameter, x, would be

0.5.%

Equation 2. The equation for the Flack parameter (x) determines the ratio of enantiomorphic structures (X and

X) and the final structure (C).%’
C=(1-x) X+x ¥

1.4.3 Stochastic and non-stochastic crystallization

Stochastic processes are those that are probabilistic in nature and involve some level of randomness.*® But
the crystallization of chiral molecules is not always stochastic.’® Quartz is an example of chiral crystal made up
of achiral SiO; building blocks. From 1891 to 1973, various researchers collected 10,000 quartz samples from 19

different deposits and concluded that the d-quartz and /-quartz samples over the surface of Earth are equally

12



abundant.”® In 1854, Pasteur stated that for quartz and strontium diformate he obtained a mixture of crystals of

both chiralities, where for MgSO4 and KHSOs, he obtained only crystals of one chirality sense.”’ Further

examples of non-stochastic crystallization among conglomerate crystallization of achiral molecules are provided

in Table 2.

Table 2. Conglomerate crystallization of achiral systems displaying non-stochastic results.

Material Observation Space Reference
group
Diprotonated tetrakis-(4- There are 95.6% (+)-aggregate was formed in No crystal 92
sulfonatophenyl) porphyrin several hundred independent experiments structure
(H4TPPS4*) during ten years investigation.
3-(perfluoroethyl)-4,5,6,7- After repeated sublimation, M helix is P3, 93
tetrafluoro-1H-indazole (CSD | preferred. (No enantiomeric excess available)
code YODJIM)
3-(perfluoropropyl)-4,5,6,7- | After repeated sublimation, P helix is preferred. | P2122; 93
tetrafluoro-1H-indazole (CSD | (No enantiomeric excess available)
code YODJOS)
2-propyl-1H-benzimidazole The sublimation from achiral solution P2:2124 94
preferentially gives (-)-product.
[Zn(S2CNEt)2(vinim)] (1; The spontaneous resolution for bulk sample P2, 95
vinim = 1-vinylimidazole indicated the ee% is approximately 90%.
Co(H,L)(4,4'-bipy) -H20 [1; | There are 26 crystals constructed with achiral P2, %
H4L = thiophene-2-phosphonic | building blocks that have left-handed helical
acid chain.
Coordination polymer The polymer can form both structures P2:2124 97
[CuCl2(H20)(caffeine)]n randomly, but preferentially yielded 93% ee%
of A-2.
“al c
e S
HsC-N N-CH3
~CHg HaC
He O O Ch
A2 c2
Potassium bisulfate One of the enantiomorph is preferentially Not o
formed. reported
Magnesium sulfate Pocklington observed 16 crystals out of 22, all P2:212, 49,98
heptahydrate of them having the same optical activity.
Potassium bichromate Right-handed crystals dominantly formed from P1 59
achiral solution.
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Material Observation Space Reference
group
Inclusion compound of - Varied from 98% ee to 8% ee, depending on the | P22:2, 71
lactam and 4-oxoazetidine-2-yl | host-guest ratio.
benzoate
Co-crystal of tri-o-thymotide | Preferentially crystallized in the (+)-crystal Not 67
and quaternary ammonium salt | form. reported

Similar to the distribution of both enantiomorphs of quartz as being equally abundant, Kipping and Pope
observed the same stochastic distribution in the crystallization of sodium chlorate crystals (d:/ = 1571:1577) from
46 independent experiments.* Of these, 22 experiments had more dextrorotatory sodium chlorate crystals and 23
of the experiments had more levorotatory sodium chlorate crystals.* In 1990, Kondepudi reported the stochastic
crystallization pattern of sodium chlorate in a static solution can be broken with stirring.”® Sodium chlorate, like
quartz, is another conglomerate forming from an achiral salt, NaClOs. As one of the famous conglomerate
examples, scientists proved the crystallization of sodium chlorate randomly formed both levorotatory crystals and
dextrorotatory crystals over more than one hundred and fifty years of studies.* ° In the Kondepudi experiment,
1000 crystals in total were collected with a roughly equal distribution between both enantiomorphs. 525
levorotatory crystals and 525 dextrorotatory crystals were collected, and only 8 of 17 experiments obtained
slightly more /-crystals than d-crystals. In contrast, when crystallization was carried out with stirring, homochiral

crystallization occurred yielding either levorotatory or dextrorotatory crystals.”

1.4.4 Chiral symmetry breaking

Mirror symmetry breaking is when any degree of chirality is observed when a symmetric or racemic state
is expected.!” Primary nucleation, one of the classical nucleation mechanisms, refers to the formation of new
crystal nuclei without the influence of pre-existed crystals.!%!: 192 In the case of conglomerate crystallization from

achiral building blocks, the first chiral crystal formed in solution is a typical chiral symmetry breaking event.

Primary nucleation can be divided into homogeneous primary nucleation or heterogeneous primary
nucleation.!®" 192 The prior refers to the primary nucleation that happens without any impurity and the latter
involves a foreign interface such as an additive.!?® There are some examples suggesting chiral additives can result
in chiral amplification, for example, the mannitol and dulcitol in sodium chlorate or bromate crystallization.
Crystallization of NaClO3; with the influence of D-mannitol mainly yielded dextrorotatory crystals from 3

independent experiments (d-:/- = 1:0, 13:0, 298:0).!%* Heterogeneous primary nucleation with the same additive,
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D-mannitol, in the crystallization of sodium bromate yielded the opposite result (d-:/- = 5:142). This observation
is likely related to the fact that crystal structure of sodium chlorate and sodium bromate with the opposite optical
activity have the same absolute configuration (Figure 11). The crystallizing of sodium chlorate and sodium
bromate in D-dulcitol also showed an opposite effect in the preferential chirality among crystal products.
Levorotatory sodium chlorate crystals preferentially formed from the solution (d-:/- = 3:357) with D-dulcitol,
whereas with sodium bromate, dextrorotatory crystals formed preferentially(d:/ = 73:0).!%* On the other hand,
chiral symmetry breaking in homogenous primary nucleation, nucleation from a slow-nucleating system due to

supersaturation, (in the absence of secondary nucleation) is very rare (Table 2).%- %% 102

Sodium bromate (space group P2,3) Sodium chlorate (space group P2;3)

Figure 11. The absolute configuration of sodium chlorate and sodium bromate crystals with opposite optical
activity.!%

1.4.5 Deracemization

Deracemization refers to the process of converting a racemic mixture into a homochiral state.! On the
other hand, chiral amplification is a process that amplifies any existing chiral imbalance towards a homochiral
state. Chiral amplification can be achieved in achiral conglomerate systems under conditions of secondary
nucleation, which generates new crystals from pre-existed crystals..!?! 192197 Secondary nucleation is often faster
than primary nucleation since it can occur at lower levels of supersaturation, which makes chiral amplification

possible.!%!

Secondary nucleation can happen with initial breeding, needle breeding, fluid shear, contact nucleation,
and more.'%? Initial breeding is introducing seed crystals into the solution.!?? Needle breeding is dendritic-like
crystals or needle-like crystals serve as nucleation sites.!”? Fluid shear is the generation of crystals by fluid-
induced shear forces exerted on adsorbed molecules moving into existing crystals in solution.!”? Contact

nucleation is creating sites for secondary nucleation due to the collision of the preexisted crystal.'®> Experiments
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from the Kondepudi lab, McBride lab and Szurgot lab demonstrate experiments where secondary nucleation

provide chiral amplification results in conglomerate crystallization (more detail in Chapter 2).% %% 107

Viedma ripening is a deracemization method starting from a racemic mixture that relies on accelerated
secondary nucleation.’® The known mechanism of this chiral amplification is different from the classical
nucleation theory but relies on (i) the chiral amnesia effects, (ii) common ancestor effects, and (ii1) enantiomer-
specific oriented attachment.!® !0 Chiral amnesia is when a homochiral conglomerate crystal dissolves in
solution loses its original chirality and has the ability to crystallize into a new crystal of either chirality regardless
of the chiral identity of the original crystal.! The common ancestor effect is when a crystal is broken down into
smaller daughter crystals that all have the same chirality as the mother crystals.!%® Enantiomer-specific oriented
attachment is a non-classical nucleation crystal growth process where crystals of the same chirality fuse together
in an oriented fashion to form a larger crystal.!!! Viedma ripening also named attrition-enhanced deracemization,
can proceed under different conditions, such as grinding, temperature cycling, and solvent cycling.>**? The key
concept is allowing the chiral species to rapidly change their chirality under non-equilibrium conditions to grow
via secondary nucleation and enantiomer-specific oriented attachment. Viedma ripening amplifies tiny chiral

imbalances or random chiral fluctuations in racemic mixtures.

In the first report of Viedma ripening, 6 g d-sodium chlorate and 6g /-sodium chlorate were stirred in 10
mL saturated solution at 200-600 rpm in the presence of grinding media (glass ball: 3 mm of diameter, weight:
2-8 g)."2 During 24 hours of processing, the racemic mixture of sodium chlorate crystals deracemize to either all
levorotatory or all dextrorotatory crystals. The time to reach a homochiral state depends on the size of the grinding
media and the stirring speed.'!? The process was shorter with smaller grinding media and faster stirring speed.
After 24 hours stirring at 600 rpm with 4 g of grinding media, the chirality reached homochirality after 24 hours
(Figure 12).!12
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Figure 12. A racemic mixture of sodium chlorate crystals became homochiral after 24 hours of stirring with 4
g grinding media at 600 rpm.'!?

Temperature cycling is another form of Viedma ripening, which can promote deracemization.''3115
Viedma suggested that the supersaturation gradient caused by the temperature difference in an unstirred system
drives the deracemization process. The crystals at the bottom hotter zone are more prone to dissolve while the
crystals that move to the top cooler zone by convection are more likely to grow.® They assumed the chiral
symmetry breaking in each experiment is coming from efficient mixing generated by collapsing bubbles.** They
obtained 53% cases of homochiral /-enantiomorphs and 47% cases of d-enantiomorphs from 60 independent

experiments of sodium chlorate boiling experiments.*

Viedma ripening is not limited to conglomerate system from achiral building blocks. These experiments
require racemization in solution to be amplified to homochirality. For example, the atropisomer 1,1’-bi-2-
naphthol (Figure 13) and its derivatives can racemize under acidic conditions and can undergo complete attrition
enhanced deracemization.'!® 7 There are more examples of Viedma ripening of chiral molecules, but this thesis

focus on the Viedma ripening of conglomerate crystal systems originating from achiral building blocks.!!3-12
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Figure 13. Racemization of 1,1°-bi-2-naphthol under acidic condition.!!
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2 Investigation of Deracemization and Chiral Symmetry Breaking of

Conglomerate Crystal with Benzil

2.1 Introduction

Deracemization is a conventional method for obtaining pure chiral material from scalemic or racemic
material. Chiral purity is very important for the pharmaceutical industry since chiral material has different
biochemical or chemical properties.'” Viedma ripening, amplifying tiny chiral imbalances in a racemic
conglomerate crystal mixture, involves crystals dissolving and reforming under grinding.!'? In the Viedma
ripening experiment of conglomerate crystals composed of achiral compounds, like sodium chlorate, loss of

chirality upon dissolving, with new crystals forming randomly, eventually leads homochirality. !'2

Viedma ripening is inspired by the research of Kondepudi, who amplified the chirality among racemic
conglomerate crystals by promoting secondary nucleation thus minimizing primary nucleation.!?! In Kondepudi's
1990 study, homochiral crystals were obtained through a single mirror symmetry breaking primary nucleation
event followed by amplified secondary nucleation once the mother crystal is struck by the rotating stir bar.”
Szurgot's group explored historical experiments of sodium chlorate crystallizations in 1995, finding that not all
stirring experiments resulted in homochiral crystals.? They hypothesized that saturation levels might affect
outcomes.” To test this, they cultivated sodium chlorate crystals in flat-bottomed crystallizers, observing the
impact of saturation levels and seed chirality.> Eventually, Szurgot’s group determined that the saturation level
influences this secondary nucleation amplification process. A visualization of the effect of saturation on the chiral

outcome in the stirred crystallization of sodium chlorate is shown in Figure 14, where (r =

# (d—crystal) ) 107
# (d—crystal) + #(l-crystal)’”

11:31:11 11:32:12

Figure 14. The formation of many daughter crystals one minute and a half after the first mother crystal is
struck by the stir bar.!%’
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In Viedma’s 2011 experiment, the chiral symmetry breaking among 4 samples of hot supersaturated
solution (prior to crystallization) was the same. The experimental setup features a 700 mL cylindrical reactor
heated with an electric blanket, equipped with a distilling head for solvent removal and a central rod holding four
1.5 mL glass cups, positioned 2.5 cm apart. These cups can be adjusted vertically to sample four regions of the
hot supersaturated solution. The solution becomes supersaturated after 70-80 mL of water evaporated after which
the four samples were raised above the saturated solution. The solution in the flask and the four sample cups
crystallized immediately after sampling and the chirality of the precipitate in the four samples matched the
chirality of the crystals from the bulk solution in 14 out of 15 runs. The results suggest that mirror symmetry
breaking can occur before visible crystal growth, where the ‘mother nuclei’ (or chiral pre-nucleus) governs the

uniform chirality obtained in all four samples and the bulk solution.

A group from Korea tried to understand why the crystals of sodium chlorate forming on a solution surface
tends to share the same chirality.!! Drops (0.19~2 uL) of sodium chlorate solution were covered with a fluorinated
carbon oil (FC-40) on PMMA-coated glass substrates (PMMA: poly(methyl methacrylate)) and dried at constant
temperature (30-90°C).!! Crystal growth and chirality determination were monitored with a polarized light
microscope, which revealed dendritic growth.!! This observation suggested primary nucleation is strongly
suppressed and that secondary nucleation by contact occurred.!! They mentioned that small fluctuations, like
microflow, might cause secondary nucleation in the absence of mechanical agitation.!! Besides, they point out
that the possibility to have two or more primary nuclei forming on a small droplet is extremely low.!! The
observation of two similarly sized crystals on one drop suggested that secondary nucleation could start at an early
stage immediately after the first nucleus appeared. They do not believe that the saturation level is important in
chiral symmetry breaking in small drop evaporation, but rather that the volume of the solution drop is more

important.!!

The experiments above proposed two hypotheses: the first pertains to the mirror symmetry breaking of
sodium chlorate due to secondary nucleation leading to chiral amplification, and the second suggests limiting
primary nucleation leads to mirror symmetry breaking with subsequent secondary nucleation to amplify chirality.
The research described in this chapter explores three experiments to investigate how spontaneous primary
nucleation, secondary nucleation, and rapid changes in temperature (supersaturation) can influence the chiral
amplification of benzil. According to Maggioni’s group who studied the stochastic behavior of primary nucleation
of sodium chlorate, small volume experiments are advantageous.'?> Small volume experiments helps to eliminate

differences in supersaturation caused by temperature variation.
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2.2 Results and Discussion
The exploration of nucleation processes and their impact on enantiomeric excess (ee%) outcomes holds
paramount significance in chirality studies. There are two key steps in the chiral amplification of conglomerate

systems originating from achiral building blocks: primary and secondary nucleation.

In this research the primary nucleation and secondary nucleation behavior of benzil was investigated in
small volume capped PCR tubes. Although some primary nucleation and secondary nucleation experiments of
sodium chlorate were recorded in a larger scale setting, smaller scale and more repetitive experiments with benzil
provide insight into crystal chirogenesis (i.e. origin of chirality) and the relationship between primary and

secondary nucleation.'?!

The calibration curve of CD measurement with benzil nujol samples
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Figure 15. The CEE calibration curve of benzil nujol samples (15 % wt/wt).

There is no report mentioning if benzil crystallizes in a stochastic fashion or not. The commercial sample
of benzil solid from our lab has about 26% ee.!?®* To confirm if benzil is a suitable material for stochastic

crystallization, quick precipitation experiments of benzil were explored. There are 7 experiments repeated with
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the same process and measured by CD, which were compared with the calibration curve built using samples of
known enantiomeric excess. The measurement of the racemic point (0.34% ee) was obtained from an average
measurement of -0.21 mdeg (standard deviation: 0.5, sample number: 9). The CD signal of the quick precipitation
samples ranged from -1.0 to 0.4 mdeg) with an average (7 independent experiments) % ee of 2% (independent
experiments: 0.7% ee, -0.4% ee, 2.6% ee, 1.1% ee, 5.6% ee, -1.3% ee and 4.4% ee). The enantiomeric excess was
estimated based on the calibration curve prepared with known samples (Figure 15). It should be noted that the
antisolvent method is not a common way of preparing racemic material from achiral conglomerate systems.'%
There are several groups that reported secondary nucleation can occur or even dominate crystallization during
antisolvent crystallizing. This was indeed observed during the optimization of this set of experiments, !9 124 125
But, all data obtained from the optimized quick precipitation experiments had a value within the range of

measurement error, which is the enantiomeric excess range of the same racemic mixture (Figure 16).

The quick precipitation experiment of benzil
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Figure 16. Racemic mixture of benzil solid can be collected from repetitive rapid precipitation experiments.

The expected chiral outcome from cooling the benzil solution from 60T to 20C is expected to be
dominated by primary nucleation.'” The enantiomeric excess data from 20 experiments distributed around 0%
ee (Figure 17). According to literature, primary nucleation is highly unpredictable.'?? Although many studies
mention that primary nucleation is stochastic, this experiment provides further evidence, indicating the

randomness of primary nucleation, especially from the perspective of chiral distribution among the crystal
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population. The results are distributed on both the (-) and (+) sides. Clearly chiral amplification from secondary

nucleation is also playing a role.

The Enantiomeric Excess Distribution Among
The Rapid Crystallization (60°C to 20°C)
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Figure 17. Crystallization of benzil from 60 C to 20 ‘C shows more results close to racemic.

The rapid crystallization of benzil at -78 ‘C does not show a clear trend towards the racemic or homochiral
states among 53 independent experiments. The result from this experimental set shows mainly scalemic mixtures
(Figure 18). When the solution contacts with the dry ice-isopropanol mixture, dendrite formation (secondary
nucleation) happened immediately. The dendrite formation suggested secondary nucleation, however, the
distribution of enantiomeric excess does not show the expected bimodal pattern.!"> 12 Instead, the 53 independent
experiments were scattered without any obvious central clustering when the temperature decreased from 60 C to
-78 C. There is no strong bias resulting in a negative result or positive result among those experiments. The lack
of a clear central tendency suggests the unpredictable nature of crystallization under these conditions. The

racemic, homochiral positive, or homochiral negative outcomes appear equally probable.
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The Enantiomeric Excess Distribution Among
The Rapid Crystallization (60°C to -78°C)
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Figure 18. Enantiomeric excess distribution when crystallizing benzil from 60 °C to -78 C.

Sonication is a way to introduce crystallization. Whether sonocrystallization is governed by primary
nucleation, secondary nucleation, or non-classical nucleation has no solid conclusion yet. Some literature
mentions that ultrasound can decrease the metastable zone of crystallization.!% 125126 In the metastable zone, the
solution is supersaturated but not saturated enough to spontaneously initiate nucleation. As metastable zones
become narrow, nucleation can occur at lower saturation levels.'?> 126 On the other hand, ultrasound generates

bubbles in solution, which caused fluid shear as they collapse which may favor secondary nucleation.'?’

The chiral distribution pattern obtained from the rapid crystallization with sonication indicates a bimodal
distribution (Figure 19). The peaks at the extreme positive and negative ends indicate a bias towards
homochirality. Out of 34 experiments, almos half (18 experiments) show high % ee results (ee% >80% or ee%
<-80%). The population distribution is higher at both ends (higher enantiomeric excess) and lower in the middle,
with only 2 experiments close to racemic (10% > ee%>-10%). These observations suggest low primary nucleation
and high secondary nucleation causing significant, yet stochastic, chiral amplification under ultrasound conditions

(50/60 Hz).
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The Enantiomeric Excess Distribution Among
The Rapid Crystallization (Sonication)
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Figure 19. Enantiomeric excess distribution when crystallizing a supersaturated benzil solution under sonication
at 50/60 Hz

2.3 Conclusion
In these conglomerate crystallization experiments of benzil, the chiral outcome can be observed under the
condition of antisolvent, temperature change, or sonication. It is believed that the observed changes are due to

changing the relative degree and speed of primary crystal nucleation versus secondary crystal nucleation.

In the quick precipitation crystallization using large volumes of antisolvent, racemic mixtures of benzil
were obtained indicating that there was significant and rapid primary nucleation (stochastic) to overcome the
potential for chiral amplification from secondary nucleation. Similarly, when decreasing the temperature from
60 C to 20 C stochastic primary nucleation was still observed. With the dendrite formation involved, one form of
secondary nucleation, the sample enantiomeric excess became less predictable when temperature decreasing from
60°C to -78 'C. The sonocrystallization experiments displayed a stronger preference for chiral amplification and

this could be due to enhanced secondary nucleation as cavitation bubbles collapse.
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The first crystal formation, primary nucleation, breaks the chiral symmetry in the conglomerate
crystallization of achiral molecules. The chirality of the second crystal generated in the solution can be stochastic
or identical to the pre-existing crystal. Chiral amplification leading to high enantiomeric excess can result from
secondary nucleation via contact nucleation or dendrite formation, for example.”” Small volume crystallization
can be a useful means of studying primary and secondary nucleation by minimizing the effects of temperature
gradients in each system. It provides the possibility of observing primary nucleation with a similar setting as
secondary nucleation. Solvent loss from the small Eppendorf tubes needs to be monitored and minimized in order

to obtain the most reliable results using this method.

Observing the behavior of primary and secondary nucleation is very important for understanding the process
of chiral amplification, which leads to scalemic or homochiral material in a controllable way. In the temperature
cycling experiment from the Viedma lab and the evaporation experiment of the Bak lab both showed crystals with

the same chirality are preferentially formed.
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3 Viedma Ripening of Decacyclene

3.1 Introduction

Viedma ripening is a relatively new deracemization technique developed in 2005.!'? This process can
amplify tiny chiral imbalances in solid-state conglomerate racemic mixtures to homochirality. Viedma ripening
has been demonstrated quite universally towards conglomerate crystals made up of both achiral and chiral
building blocks (Figure 20).!!% 116-118. 128 \/jedma ripening is a non-equilibrium process that relies on achirality
or a racemizing agents in solution and the crystal growth and dissolution is driven away from equilibrium through
attrition or grinding. The key step for deracemization in Viedma ripening is enantiomer-specific oriented
attachment, a non-classical crystal growth mechanism where small chiral crystals of the same chirality fuse
together to make a larger crystal rather than dissolve.'> !! These larger crystals will be broken down through
attrition to increase the population of the dominant chirality until homochirality is reached.!®® The Viedma

ripening of benzil and decacyclene is described in this chapter.

b)
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Figure 20. The Viedma ripening process of conglomerate crystal with (a) achiral building blocks and (b)
chiral building blocks.!?8

Decacyclene is symmetric, polycyclic aromatic compound forming conglomerate crystals (Figure 21).'%°

This compound’s chirality originates from its propeller conformation due to intramolecular hinderance.'?® This
chiral conformation can rapidly change due to the low energy barrier (3 kcal/mol), which allows it to undergo

Viedma ripening.!** Decacyclene crystallizes in the orthorhombic C222; space group.'?’ Interestingly,
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conglomerate crystals of decacyclene have an unusual helical twist.'> With regard to this twist, Pascal et al.
speculate that, “Since crystallization of decacyclene from solution yields both right- and left-handed helical
crystals, it is tantalizing to think that there may be a direct relationship between the macroscopic handedness of

the ribbon-like crystals and the absolute configuration of the decacyclene molecule contained within.”!?

M-decacyclene P-decacyclene

Figure 21. The chiral conformations of decacyclene.

Twisted crystals are crystals that exhibit a helical or twisted morphology. Distinguishing the twist of the
crystals is easier compared to finding small differences between two conglomerate crystals. Theoretically
speaking, chiral crystals are capable of forming twisted arrangements based on their inner structure, specifically
the atomic arrangement and lattice.'*!: 132 Twisted arrangements are influenced by factors such as strong

intermolecular interactions or lack of centrosymmetry. '3!

3.2 Result and Discussion

There are several materials reported to be successfully amplified through Viedma ripening process. In a
paper published in 2016, the Cuccia group reported the deracemization of 10 materials.!'! One common point
among all those materials is they are all conglomerate crystals from achiral building blocks. As highlighted

throughout this thesis, formation of conglomerate crystals is essential for this amplification process.*
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Figure 22. A decacyclene single crystal (P twist) obtained from the slow evaporation of a nitrobenzene solution.

Decacyclene can form conglomerate crystals in helical shape as Figure 22. Based on the twisted direction
of the crystal, the chirality can be predicted according to the work of a previous student, Munendra Yadav. The
circular dichroism (CD) signal of the M crystal with a twisted in counterclockwise had a positive signal, and the

crystal twisted in clockwise showed a negative signal in CD measurement (Figure 23).

N IVI\

Ellipticity (mdeg)

Wavelength (nm)

Figure 23. The circular dichroism signal of decacyclene is correlated to the helical twist of the decacyclene
crystal. (Contributed by Munendra Yadav)

One of the goals in this project is growing single crystals large enough for CD measurements. However,
the size of crystal in Figure 22 was too small to show a CD signal. To confirm the chirality correlated to the
morphology, several different solvent systems were investigated. Preparing crystals with antisolvent vapor slowly
diffusing in a good solvent is a possible method for generating large crystals, but in the experiment diffusing

acetone and methanol vapor in nitrobenzene system, the crystals were too small for CD analysis (Figure 24). The
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crystals collected from the crystallization with acetone as the antisolvent vapor were fine and short, on the other
hand, the crystals collected from methanol as antisolvent were longer. It may relate to acetone as more volatile
compared to methanol. Besides, the concentration of the solvent in this experiment can be lowered as well. A

relatively high concentration of the good solvent might result in smaller crystals rather than larger crystals.

Figure 24. Decacyclene crystals collected from antisolvent system. a) diffusion of acetone in saturated
nitrobenzene solution. b) diffusion of methanol in saturated nitrobenzene solution.

Dr. Robert A Pascal mentioned 1,1,2,2,-tetrachloroethane might a better substitute than nitrobenzene,
since the crystal would have low helical pitch in flat solvent as nitrobenzene (personal communication)? Should
I keep it. However, the crystal can hardly precipitate from the solvent mixture of 1,1,2,2-tetrachloroethane and
benzene in a 1:1 ratio after 15 days in the fumehood. On the other hand, the 1,1,2-trichloroethane mixture with

benzene in 1:1 ratio seems to give longer crystal and also formed more easily (Figure 25).

Figure 25. This decacyclene crystal cluster was obtained from the slow evaporation of a 1:1 mixture of 1,1,2-
trichloroethane and benzene.

Herein, the chiral amplification of decacyclene using Viedma ripening was demonstrated for the first time.

The chiral CD signal stopped increasing 15-21 days after the first amplification signal was observed. Viedma
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ripening can amplify both in the CD-positive and CD-negative direction while the speed of amplification can be

slower or faster depending on the sample (Figure 24).

The Chiral Amplification of Decacyclene
with Attrition-Enhanced Deracemization
(Experiment 1)
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Figure 26. The chiral amplification process of decacyclene during Viedma ripening as visualized using CD

Another material that can successfully process chiral amplification is benzil. The benzil conglomerate
crystals in the lab are large enough to provide homochiral material, therefore, it is possible to confirm if the benzil

reached a homochiral state. The benzil Viedma ripening takes much less time compared to decacyclene (Figure
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27). The enantiomeric excess of benzil samples at various times was estimated with the calibration curve prepared

as described in Section 2.2.

Attrition-Enhanced Deracemization of Benzil

0 e ) NN
@; -5 =15 min
@
£ 10 45 min
2 -15 60 min
g

E -20 =90 min

-25 =105 min

300 350 400 450 500 =——130min

Wavelength (nm) ———200 min

Enantiomeric Excess Change
during Viedma Ripening
0 g----g-o_ 0%

0% 2% ®=<l a
w -5 9% e~ -20% 9
8 21% )
£ -10 ‘\\ -40% ©
> 36% "\ _ o 5
S -15 Yo% -60% 5
Z N €
T -20 SN -80% &
\g L

-25 95%~+ -100%

0 15 45 60 90 105 130

Time (minutes)
Figure 27. The chiral amplification process of benzil during Viedma ripening as visualized using CD
The enantiomeric excess of benzil samples were estimated with the calibration curve prepared with 15%
(wt/wt) benzil nujol samples of known enantiomeric excess. The homochiral powder from single crystals were

mixed according to Equation 1. Sample with 100%, 59%, 22%, 0%, -12%, -61%, and -100% were prepared for

the CD calibration curve measurements (Section 2.2).
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The Viedma ripening is a relatively new deracemization method which can amplify transient chiral
imbalances within racemic mixtures. The low racemization energy barrier of decacyclene allows it to rapidly
racemize in solution. It is believed that the slow deracemization of decacyclene (2-3 weeks) is due to its low
solubility which would slow down the racemization of decacyclene. Tri-o-thymotide is achiral in solution state,
but it can form inclusion compound with solvent molecules and adopt chiral conformation as an atropisomer. ToT

is a future candidate for testing the chiral amplification of an atropisomer with Viedma ripening.

3.3 Conclusion

For the first time, homochiral conglomerate crystals of decacyclene from a racemic mixture were obtained
with Viedma ripening. This process was successfully monitored using circular dichroism spectroscopy as shown
in the Figure 26. A racemic mixture of decacyclene crystals was amplified to homochirality after 15 to 21 days
of attrition enhanced deracemization. Several crystallization methods were attempted for preparing suitable

decacyclene single crystals, yet more exploration is needed.

Benzil is a well-known example of a conglomerate crystal system built up from an achiral molecule. To
obtain conglomerate crystals with designed enantiomeric excess, it is necessary to build a corresponding
calibration curve from homochiral material mixing at known ratios. The Viedma ripening of benzil confirmed

once again that this process can deracemize racemic conglomerate crystals constructed from achiral molecules.
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4 Non-Stochastic and Directed Chiral Crystallization of Epsomite

4.1 Introduction

The investigation of epsomite, a mineral renowned as Epsom salt, had been studied since the 19 century.*”-
132 Epsomite captured the attention of scientists as crystallizing into conglomerate crystals from the achiral
building blocks: magnesium, sulfate and water.'** This work reviews the early literature in the field highlighting
that epsomite preferentially crystallized into one enantiomorph rather than forming a racemic mixture. The non-
stochastic crystallization of epsomite crystal growth was verified in our lab. Furthermore, the influences of chiral
additives on the non-stochastic crystallization of epsomite was also investigated. The findings indicate that chiral
additives act to break the mirror symmetry and can direct the non-stochastic crystallization towards different

outcomes.

Recall that the chirality of the underlying building blocks determines the chirality of the chiral crystal:
homochiral molecules always form homochiral crystals of a single chirality.?® **% Crystallization of a racemic
mixture yields an equal mixture of enantiomers within the crystal's unit cell. In the case of crystallization in one
of the Sohncke space groups, it results in an equal mixture of homochiral crystals (i.e. conglomerate
crystallization).?® 4> When chiral crystals are constructed from achiral building blocks, crystallization normally
shows no preference for one enantiomorph over the other. However, conglomerate crystallization from achiral
building blocks allows for manipulating factors that could change the chiral outcome, biasing one chiral crystal
form over the other. In this context, the impact of D-asparagine and L-asparagine on the CEE of the non-stochastic

crystallization of epsomite is notable.

Early research on chiral crystals often relied on optical activity and hemihedral face analysis.?” In 1904,
Dufet highlighted distinct morphological differences between the two enantiomorphs of epsomite (Figure 28).%%
134 More examples of conglomerate systems that can be resolved manually by Pasteurian resolution (i.e. triage)

are provided in Table 1 (Chapter 1 section 1.4.2).
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R-Kristall. L-Kristall.

Figure 28. Right and left handed epsomite crystals grown without additive.'>

Later, researchers observed changes in morphology in the crystallization of epsomite with borax (sodium
tetraborate, Na;B4Os(OH)4*8H20) as an additive. Borax highlights the asymmetric morphology of epsomite,
making the b face more prominent, as illustrated in Figure 29.!** Further investigations revealed borax's selective
adsorption onthe 111} and 111} faces of epsomite, which significantly influences the growth rates of these crystal

faces.!3> 136 Such directional growth amplified the visibility of hemihedrism and its relationship with other faces

I\ ,I
7\ VA

Left-handed Crystal Right-handed Crystal

of the crystal.!?>1%7

Figure 29. The morphology of left- and right-handed epsomite crystals grown in the presence of borax, the left
crystal displays the b faces on the left side of the pair of sphenoids while the right crystal displays the b faces
on the right.!3*

In Dufet’s 1904 paper, he remarked that, of three epsomite crystals with sufficient morphology to identify
chirality, they all exhibited identical optical activity (-26°/cm). These three crystals all had the morphology of the
left-handed crystal shown in Figure 29.* However, in 1906, Pocklington grew 22 epsomite crystals, 16 of which
displayed sufficient morphology to identify chirality. Remarkably, in this case all 16 epsomite crystals displayed

positive optical activity.”® Based on this observation, Pocklington suggested that the epsomite crystals biased
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toward one specific handedness was not a random effect and proposed that the observed symmetry breaking in
epsomite crystallization might be related to chiral impurities.”® It should be noted that many conglomerate
crystallizations display a stochastic distribution of enantiomorphs as is the case with sodium chlorate (Section
1.4.3).* % However, Pocklington's hypothesis retains its relevance in this and other conglomerate systems. The
crystallization of sodium chlorate and bromate respond to chiral additives resulting in non-stochastic

crystallization (Section 1.4.4).

There are more examples of chiral symmetry breaking due to the presence of chiral additives during
conglomerate crystallization. For instance, L-malic acid monohydrate preferential crystallized from D/L-malic acid
in the presence of L-asparagine.'*® The chiral polymeric additive, L-poly(N°-methacryloyl-L-lysine) (PMAL)
directs a chiral bias result in the conglomerate crystallization of racemic threonine (90% ee D-threonine) racemic
allo-threonine (90% ee D-allo-threonine) and racemic aspartic acid (> 90% ee D-aspartic acid).'? Directed
symmetry breaking of ethylenediammonium sulfate (EDS) crystals using chiral amino acids was investigated in
the Cuccia group where they showed that: (i) for 13 amino acids the addition of the D-isomer directed
the chiral symmetry breaking towards homochiral dextrorotatory EDS crystals whereas the addition of the L-
isomer directed the process towards homochiral levorotatory EDS crystals; (ii) for three amino acids, the addition
of the D-isomer directed the chiral symmetry breaking process towards homochiral levorotatory EDS crystals
while the addition of the L-isomer directed the chiral symmetry breaking towards homochiral dextrorotatory

EDS crystals, and (iii) for three amino acids, the presence of D- or L-amino acids showed no directing effect.!®

4.2 Results and Discussion

The resolution of epsomite is linked to its crystal morphology according to the literature.*’ Since epsomite
is not isotropic, it’s two optical axes complicate determining optical activity using polarized optical microscopy
or polarimetry.!** Additionally, magnesium sulfate lacks a chromophore required for generating a circular

dichroism signal %

However, given the presence of heavy atoms in epsomite (Mg and S), further chiral analysis
using the single crystal x-ray diffraction (scXRD) is possible. Prof. Scott Bohle collected diffraction data from
fragments of left-handed and right-handed epsomite crystals and solved their absolute structures using Flack

parameter analysis (Section 1.4.2) The absolute configuration of left-handed epsomite is shown in Figure 30.
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Left-handed crystal Right-handed crystal
Figure 30. The absolute configuration of left-handed and right-handed epsomite crystals.
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Figure 31. The crystal morphologies of left- (a) and right-handed (b) epsomite crystals. Interfacial angles
measured using a contact goniometer (c).

Data derived from the Flack parameter in the scXRD measurements highlight that the left-handed (x =
0.07) and right-handed (x = 0.02) crystals are distinctly homochiral. The Miller index relates faces of a crystal to
a 3-dimensional coordinate system.®® The interfacial angles of a crystal are related to the elements of symmetry
of atoms in the same geometrical arrangement and can be measured using a contact goniometer (Figure 31).%°
Figure 32 shows enantiomorphic crystal models of epsomite built with VESTA (version 3 - a three-dimensional
visualization system for crystallographic studies). Measured interfacial angles were compared with the calculated

angles derived from VESTA (right-handed crystals:
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Table 3 to Table 7; left-handed crystals: from Table 8 to Table 12).> Although the shape or the size of
different faces on a crystal are variable, depending on crystal growth conditions, the angular relation of faces is

constant in all crystals with the same makeup.®’

o I..
Left-handed Right-handed

Epsomite Epsomite

Figure 32. The crystal morphologies of left- and right-handed epsomite crystals built using VESTA (version 3).
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Table 3. The interfacial angles of the (100) and (100) faces with other adjacent faces in right-handed epsomite
crystals.

Measured (°)
Face Theoretical (°) | Crystal 1 | Crystal 2
(111)
44.97 42 40
(110)

100) (110) 63.33 58 60

. (100)
1 44.97 44 46

& =P b

(1171) 63.33 64 63
63.63 64 62
44.97 45 44

(100)
44.97 45 44
(111) 63.33 64 63
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Table 4. The interfacial angles of the (111) face with other adjacent faces in right-handed epsomite crystals.

Measured (°)
Theoretical
Face © Crystal 1 | Crystal 2
89.97 90 90
63.63 58 60
Q
‘ 51.12 51 52
. (100) 77.77 78 76
(100) 77.77 78 76
4"‘" b
a 90.03 89 90
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Table 5. The interfacial angles of the (111) face with other adjacent faces in right-handed epsomite crystals.

Measured (°)

Theoretical (°) | Crystal 1 | Crystal 2

51.11 52 52
63.63 64 62
89.96 &9 87
77.77 82 80
77.77 82 80
90.03 90 90
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Table 6. The interfacial angles of the (111) face with other adjacent faces in right-handed epsomite crystals.

Measured (°)
Theoretical
Face © Crystal 1|Crystal 2

90.03 90 90

(100) 77.77 82 80
(100)

77.77 82 80

89.97 90 90

63.63 64 63

51.12 50 50
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Table 7. The interfacial angles of the (111) face with other adjacent faces in right-handed epsomite crystals.

Measured (°)
Face Theoretical (°)| Crystal1 | Crystal 2

90.03 90 90

63.63 64 62

51.12 51 50

. 77.77 78 76
77.77 78 76

(Too) 89.97 90 90
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Table 8. The interfacial angles of the (010) and (010) faces with other adjacent faces in left-handed epsomite
crystals.

Measured (°)
Face Theoretical (°)| Crystal 1 | Crystal 2
45.03 42 42
(010)
90.03 90 92
45.03 46 46
i (010)
r—>a 63.66 60 60
90.03 90 92
(010)
45.03 46 46
(010)
° 45.03 46 46
a 4—1
63.66 60 60
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Table 9. The interfacial angles of the (111) face with other adjacent faces in left-handed epsomite crystals.

Measured (°)
Face Theoretical (°)| Crystal 1 | Crystal 2

90.03 90 88
90.03 90 92
51.12 50 52
77.77 76 78
89.97 86 86
77.77 76 78
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Table 10. The interfacial angles of the (111) face with other adjacent faces in left-handed epsomite crystals.

Measured (°)
Theoretical
©) Crystal 1 |Crystal 2
010 51.11 50 52
63.66 63 64
’——V 2 90.03 88 90
’ 77.77 76 78
(010)
89.97 88 90
~f
77.77 76 78
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Table 11. The interfacial angles of the (111) face with other adjacent faces in left-handed epsomite crystals.

. Measured (°)
Theoretical
Face ©) Crystal 1| Crystal 2
89.97 86 89
©10 7777 80 80
(010)
90.03 90 92
90.03 90 92
b
1 51.12 51 50
‘# a
c 77.77 76 78
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Table 12. The interfacial angles of the ( 111) face with other adjacent faces in left-handed epsomite crystals.

Theoretical Measured (°)
(010) ©) Crystal 1 |Crystal 2
77.77 76 78
89.97 88 90
o .
¢
b
00l 51.12 50 50
63.66 60 60
b 90.03 88 90
;
a2 f— 77.77 76 78
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After confirming the absolute configuration of epsomite, we have confidence on the chiral identity of each
enantiomorph of epsomite crystals. The next step was to investigate the non-stochastic behavior of epsomite
crystallization. Dufet reported the crystallization of 3 left-handed crystals.** In 1906, Pocklington reported the
crystallization of 22 epsomite crystals, where 16 crystals were right-handed and the chirality of the remaining 6
crystals was unable to be determined.”® In 1966, Belyustin and Rogacheva reported the crystallization of 165
right-handed epsomite crystals and 557 left-handed epsomite crystals.'*° In our study, 139 crystals with sufficient
morphology to determine crystal chirality were grown where 134 were right-handed and only 5 were left-handed.
The likelihood of epsomite crystallization producing a random outcome is just one out of a million tests, as
determined by "the t-test: paired two samples for means", using the number of enantiomorphs from each separate
experiment (more information about the analysis; Section 8.1). Epsomite is a very particular case which tends to
form one enantiomorph rather than the other in all reported cases (Table 13). In various labs, one of the
enantiomorphs consistently dominates in epsomite crystallization, however, the preferred enantiomorph can vary
by lab. As seen in the Pocklington and Cuccia Labs, where there's a crystal enantiomeric excess (CEE) of over
90% favouring right-handed crystals.”® Conversely, Dufet's report and the research of Belyustin and Rogacheva

indicated a preference for left-handed enantiomorphs.** 140

Table 13. The summary of crystallization of epsomite crystals without chiral additive.

The Count of The Count of Left- Crystal
Source Right-Handed Handed Crystals Enantiomeric
Crystals Excess (CEE)
Dufet* 0 3 -100%
Pocklington”® 16 0 100%
Belyustin and 165 557 -54%
Rogacheva!%
Cuccia Lab 134 5 93%
CEE = # (right—handed crystal) — # (left—handed crystal)
# (right—handed crystal)+ # (left—handed crystal)

The likelihood of epsomite crystallization being stochastic was only 1% with 60 mM D-asparagine and

2% with 60 mM L-asparagine, as the CEE dropped from 93% (no chiral additive) to 71% and 68%, respectively
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(Table 14). The influence of the chiral additive became more pronounced with increasing concentration of chiral
additive. At a concentration of 0.18 M for both D- and L-asparagine, the chiral outcomes deviate significantly as
compared to the chiral outcome in the absence of chiral additive. Specifically, epsomite crystallization with 0.18
M D-asparagine yielded 37 left-handed crystals, which is 7 times more than the left-handed crystals collected
from the experiments without chiral additive. This results in a CEE of -28%. In stark contrast, an overwhelming
93% CEE was observed when only borax was present. In the mixture containing 0.18 M D-asparagine, the number
of experiments with more left-handed crystals was 11 and the number of experiments with more right-handed
crystals was 12. This parity suggests that at such an additive concentration, stochastic epsomite crystallization
becomes a tangible possibility, as reflected by the increased probability of 36% with 0.18 M of D-asparagine
additive (Table 14).

Table 14. The summary of the crystal handedness of epsomite between the pairs of chiral additives at different

concentrations
The Count of The Count of Left- Crystal
Chiral
Right-Handed Handed Crystals Enantiomeric
Additive
Crystals Excess (CEE)
- 134 5 93%
L-asparagine (0.06 M) 30 5 71%
D-asparagine (0.06 M) 21 4 68%
L-asparagine (0.18 M) 99 22 64%
D-asparagine (0.18 M) 21 37 -28%
If CEE is above 0%, right-handed crystals dominate in this batch of crystals collected.
If CEE is below 0%, left-handed crystals dominate in this batch of crystals collected.

Besides, the dominant crystals obtained in each independent experiment is presented in Table 15 (more
details in Section 8.1). This observation provides evidence that the dominant species in each compared group
with different chiral additives or the concentration of chiral additive is not a random result. The effect of chiral
additive 0.18 M D-asparagine and L-asparagine is statistically significantly different from borax, and the lower

concentration of asparagine (0.06 M D-asparagine or L-asparagine).
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Table 15. The tendency of dominant crystal population of epsomite between the pair of chiral additives

Chiral The Count of Independent The total of The ratio of right-
ira
Experiments independent | handed dominated
additive
CEE >0 CEE <0 CEE=0 experiments experiment
- 45 0 0 45 100%
L-asparagine
pame 8 0 0 8 100%
(0.06 M)
D-asparagine
4 0 0 4 100%
(0.06 M)
L-asparagine
parme 37 4 3 44 84%
(0.18 M)
D-asparagine
parag 11 12 2 25 44%
(0.18 M)
if CEE is above 0%, right-handed crystal is dominant species in this batch of crystal collection
if CEE is below 0%, left-handed crystal is dominant species in this batch of crystal collection

The exploration of epsomite's unique characteristics not only contributes to the understanding of chirality
in conglomerate crystallization but also has implications for the concept of "disappearing polymorphs." The
problem of disappearing polymorphs caused a significant impact in various fields, where the crystal structure of
a compound can directly affect properties such as solubility, chemical or physical stability, and bioavailability.'*!
There are cases of crystallization where it becomes difficult to obtain a previously known polymorphic form once
a new polymorph emerges. It is generally believed that disappearing polymorphs are due to cryptoseeding of the
new, more stable, polymorph. The left- and right-handed crystalline forms of epsomite can be considered as
mirror-image polymorphs. Why is one chiral form dominantly during crystallization?*- % 4> Herein, we believe
the reason is due to a cryptochiral environment as proposed by Pocklington almost 120 years ago! The
understanding of why epsomite prefer specific enantiomorphs during the crystallization can potentially offer

insights into the underlying mechanisms of polymorphism.

4.3 Conclusion

Epsomite crystallization shows chiral preference in individual experiments as reported by Dufet,

Pocklington, and Belyustin & Rogacheva.** %140 All epsomite crystallization in our lab favoured the right-handed
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enantiomorph. However, a preference for left-handed crystals was observed when epsomite was grown in the
presence of D-asparagine (0.18 M), The hypothesis that a cryptochiral impurity in the environment directs the

non-stochastic crystallization of epsomite is likely.
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5 Conclusion

This project comprised three parts: 1) the investigation of chiral symmetry breaking and chiral
amplification of benzil under different conditions, 2) the chiral amplification of racemic mixture of benzil crystals
via Viedma ripening (i.e. attrition enhanced deracemization) and 3) exploring the non-stochastic chiral
crystallization and directed mirror symmetry breaking of epsomite. The focus of this research is based on
conglomerate crystallization, a process of spontaneously forming homochiral crystals from achiral or racemic
building blocks.!> Conglomerate crystallization can provide insight into mirror symmetry breaking and chiral
amplification and deracemization leading to chiral imbalances and homochirality. Understanding mirror
symmetry breaking, chiral amplification and deracemization provide a tools and insight for obtaining homochiral

materials in a controllable way, which is one of great challenge in Chemistry & Biochemistry.!%

Primary nucleation is one form of chiral symmetry breaking in conglomerate crystallization from achiral
building blocks, since the first crystal formed from an achiral solution breaks the balance between the two chiral
forms. The later crystals generated under the influence of existing crystals is known as secondary nucleation.
Since the activation energy of primary nucleation is higher than that of secondary nucleation, conglomerate
systems are biased towards chiral amplification if secondary nucleation dominates over primary nucleation.'®!
This phenomenon was beautifully demonstrated and visualized by the groups of Kondepudi and McBride with
complete chiral amplification of sodium chlorate under stirring conditions.> °* 7 On the other hand, Viedma
observed the sodium chlorate crystals sharing the same handiness appeared simultaneously.'** While the group
of Bak also observed that the second crystals forming were likely to have the same chirality as the first crystal
formed in the same small drop of a sodium chlorate solution,'" '*! This observation of mirror symmetry breaking

asks a question: whether the homochiral result credit to the chiral amplification during secondary nucleation after

the primary nucleation, or is there is a ‘mother nuclei’ in the solution that initiates mirror symmetry breaking?

The first part of the research designed an experiment set up for observing the behavior of primary
nucleation and secondary nucleation during the conglomerate crystallization process of achiral molecules. The
experiments suggested both primary and secondary nucleation involved in the benzil crystallization experiments
under different conditions. There are temperature conditions of driving small volume crystallization that
influenced the chirogenesis of conglomerate crystallization from achiral building blocks. All experimental
conditions gave results suggesting both primary and secondary nucleation occurred during this process. It was
also observed that secondary nucleation had a dominant effect on crystal chirality under sonocrystallization

conditions.
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Viedma ripening is a deracemization process acting on conglomerate crystals. A solid-state CD calibration
curve of benzil chirality was successfully prepared and used to monitor the attrition-enhanced deracemization of
benzil. Decacyclene crystalizes as a conglomerate that rapidly racemizes in solution but has a fixed propeller
chiral conformation in the solid state. This solid-state chirality of decacyclene was successfully amplified after
stirring with grinding media for several days. The slow deracemization process is believed to be due to
decacyclene’s poor solubility in nitrobenzene which slows down the overall degree of chiral interconversion in
solution, a key step in Viedma ripening. Due to the challenges of obtaining large single crystals of decacyclene,
more investigations are required in order to confirm the relationship between CD signal and single crystal twist
sense. A future project related to deracemization would will be the Viedma ripening of tri-o-thymotide another
symmetric molecule that adopts a propeller shape in the solid state as a clathrate with certain solvents molecules
such as benzene and chloroform.?* In this case, ToT is an atropisomer so that chiral amplification can be

investigated in solution.

The last part of this thesis relates to the chiral symmetry breaking of epsomite crystallization. Epsomite is
a special case among conglomerate crystalline materials, as it crystallizes in a non-stochastic fashion. For
example, epsomite crystals in our lab were grown where most crystals were right-handed (134 of 139 crystals)
and only 5 left-handed crystals were obtained. A chiral additive, asparagine, was introduced during epsomite
crystallization to observe the directing effect on the resulting chirality of epsomite crystals. In this case the
chirality of epsomite crystallization became more racemic in the presence of D-asparagine at 0.18 M. This
experiment suggests that chiral additive has a directing effect in non-stochastic crystallization process, and

concentration is playing an important role as well.

Overall speaking, this project studied the chiral symmetry breaking behavior of conglomerate
crystallization under different conditions. Conglomerate crystallization can lead to chirality amplification.
Chirality is essential in various fields, including pharmaceuticals and agrochemicals. Different enantiomers of a
chiral drug molecule can exhibit vastly different effects in the human body due to their interaction with chiral
biological systems. Therefore, being able to selectively crystallize a specific enantiomer through conglomerate
crystallization is essential for producing pharmaceutical compounds with the desired therapeutic properties.
Understanding mirror symmetry breaking on conglomerate systems built up from achiral building blocks can shed
light on crystal polymorphism, where solid-state chirality may play a role in pharmacokinetics (the study of how
drugs are absorbed, distributed, metabolized, and excreted by the body) of pharmaceutical compounds! The

processes described herein can help in understanding the fundamental principles of solid-state chirality and
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molecular interactions. Researchers can gain insights into how different molecular conformations lead to
preferential crystallization of specific chiral conformations. This work also contributes to the field of crystal
engineering, where researchers design and manipulate crystal structures for specific applications. This has the

potential to yield new materials with tailored solid-state chiral properties.
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6 Experimental

6.1 Materials

Benzil (diphenylethanedione, ([CAS 134-81-6], CéHsCOCOCsHs, F.W. 210.23 g/mol; 98%), acetone ([CAS 67-
64-1, CH3;COCHs, F.W. 58.08 g/mol; >99.5%), nitrobenzene ([CAS 98-95-3, CsHsNO,, F.W. 123.11 g/mol;
99%), 1,1,2-trichloroethane ([CAS 79-00-5, CH,CICHCl,, F.W. 133.40 g/mol; 97%), 1,1,2,2-tetrachloroethane
([CAS 79-34-5, CHCI,CHCl,, F.W. 167.85 g/mol; >98%), methanol ([CAS 67-56-1, CH30H, F.W. 32.04 g/mol;
>99.8%), benzene ([CAS 71-43-2, CsHs, F.W. 78.11 g/mol; >99.0%), D-asparagine ([CAS 2058-58-4],
HNCOCH>CH(NH2)COH, F.W. 13212 g/mol; >99%), L-asparagine ([CAS  2058-58-4],
HNCOCH2CH(NH2)CO2H, F.W. 132.12 g/mol; =99%) were purchased from Sigma Aldrich. Decacyclene

([CAS 191-48-0], Cs¢His, F.W. 450.5 g/mol; 98%) was purchased from GTI Laboratory Supplies. Epsomite
([CAS 10034-99-8] MgS0O4-7H20) was purchased from RW Consumer Products Ltd. (Natural Epsom Salts, Pure
Standard Products®) and Laboratoire Atlas Inc. (Epsom Salt, Personnelle®). Borax ([CAS 1303-96-4], B4O7Naz.
10H>0, F.W. 381.4 g/mol) was obtained from the Mule 20 Team® brand with 99% purity. Nujol mineral oil
([CAS 8012- 95-1] was obtained from Plough Inc. Potassium bromide ([CAS 7758-02-3]; KBr; F.W. 119.00
g/mol) was purchased from Sigma Aldrich.

6.2 Instrumentation
Solid-state enantiomeric excess was measured with Jasco J-710 circular dichroism spectrometer, which
was set with 0.5 nm data pitch, 1.0 nm band width, 1 sec response, standard sensitivity, 100 nm/min scanning

speed, 3 times accumulation at room temperature (ca. 22 C). The scanning range setting The KBr pallet prepared

with EVACUABLE PELLET PRESS FOR 13 MM PELLETS.

A home-built magnetic stirrer based on a PINE 101 industrial drive (coupled with a PINE MSRX speed
control or Chemglass Life Science® Digital Heating Magnetic Stirrer) was used for Viedma deracemization.
Ceramic beads (0.5 mm dia.) were used as the grinding media for Viedma deracemization. Vesta (version 3)

software was used to model and index the prominent faces of crystals.

The samples in milliliter scale crystallization were prepared in a sealed PCR tube (PROGENE ®, CAT.
#87-200-F) in a thermal cycler (Eppendorf, Mastercycler® personal) regulating temperature between 4 and 99°C
at a rate of 3 C per second. The temperature of the PCR tubes can be maintained not just from the heat block but

also by a heat source in the cover of the thermal cycler, which minimizes the saturation difference generated by
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the uneven heat source. The bath sonicator was an Elma Ultrasonic T310, with ca. 35 W effective ultrasonic

power (frequency: 50/60 Hz).

6.3 Experimental operations

6.3.1 Benazil crystallization in antisolvent (quick precipitation method)

The solution was prepared with 1 g of benzil dissolved in 15 mL of acetone. The benzil acetone solution
was slowly added dropwise from a separatory funnel to 500 mL of deionized ice water. The water was constantly
stirred with a magnetic stir bar. Stirring allowed the precipitate to disperse evenly without clustering locally.
Failure to stir properly can result in zones of enantiomeric excess since the formed solid layer can inhibit contact
between the solvent and non-solvent. This can be prevented by stirring (or by lowering the concentration of the
benzil solution). Solid benzil was recovered by vacuum filtration and the yield was always above 80%. The
enantiomeric excess of benzil solid formed using this method is typically very low (£ 5% ee). The optimized
conditions described above were obtained after screening many conditions including: the temperature of the non-
solvent, the concentration of the benzil solution, the conditions with or without stirring and the mixing method

between solvent and non-solvent.

6.3.2 Solubility measurement

In a 20 mL vial with stir bar (PTFE magnetic stirring rod, ring shape, diameter: 7 mm, length 25 mm), the
specified amount of solid was added with 10 mL of solvent according to the literature. The vial containing solid,
and solvent was capped and placed on a hot plate with stir function for 30 minutes. Repetitive experiments are

necessary for confirming the solubility.

6.3.3 Benazil crystallization in PCR tube

The samples were prepared in a sealed PCR tube (PROGENE ®, CAT. #87-200-F) with ca. 40 mg benzil
and 20 pL acetone, the enantiomeric excess of the starting material was between £ 5%. The tubes were initially
heated at 60°C for 10 minutes to ensure full dissolution. Finally, the sample was rapidly cooled to 20 C in the
thermal cycler and maintained at this temperature for 60 minutes. In one group of crystallization experiments, the
temperature was decreased from 60°C to 22 C, and the other group decreased to -78 C in a dry ice-isopropanol
mixture.'** The benzil saturation systems take about 12 seconds in each sample to fully crystallize after this
cooling process. The final group of samples took advantage of the supersaturated samples that did not crystallize
after cooling to 20°C. These samples were sonicated for 2-4 minutes until the supersaturated benzil solution

crystallized at room temperature (ca. 22 C).
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6.3.4 Decacyclene crystallization by antisolvent vapor diffusion

In the crystallization by antisolvent vapor diffusion, the solution was prepared with 0.1 g decacyclene
solid in 4 mL nitrobenzene. The decacyclene solution was transferred into a small vial until it reached the 1 mL
mark, then transferred into a 20 mL vial with tweezers. The 20 mL vial was capped after adding about 5 mL of

antisolvent while the small vial remained open.

6.3.5 Circular dichroism

The measurement of circular dichroism was done with sample diluted with nujol mull or KBr solid. The
wavelength setting depends on the material can range from 250-600 nm depending on the material. The data pitch
is 0.5 nm. Band width is 1.0 nm. Response took 1 sec. The sensitivity is standard. The scanning speed is range
can be 50 to 100 nm/min as needed. Usually, the measurement needs to scan for 3 times at temperature: room
temperature ca. 22 C. The sample prepared in nujol was ground in mortal with certain amount of nujol. The nujol
mixture should have a evenly mixture grinded agate mortar and pestle. About 0.09-0.10 g of the benzil/nujol
mixture was transferred to the center of a 2 mm thick quartz plate (diameter: 2 cm) and pressed carefully with
another quartz plate of the same size. The two quartz plates were gently pressed together to remove bubbles in

the sample before placing the sample in the sample holder of the Jasco J-710 circular dichroism spectrometer.

The KBr sample was prepared with oven dried sample mixed with the dried potassium bromide (3 days
at 120 C) to make a 70 mg KBr pellet. The solid was grinded with agate mortar and pestle until became fine
powder. The 13-mm diameter pellet contained pressed with 5-ton of pressure under vacuum. The sample was

measured in the circular dichroism spectrometer, Jasco J-710.

6.3.6 The calibration curve for enantiomeric excess estimation

The sample with known enantiomeric excess were prepared with the powder of single crystals with
different chirality. The conglomerate crystals into fine powder with agate mortar and pestle and mixed according
to Equation 1. The calibration curve presents the CD signal corresponding to the sample with known excess,
therefore, the CD signal of unknown sample prepared with the same method as the standard can be plotted in the

calibration curve for estimating the enantiomeric excess.

6.3.7 The preparation of racemic material
Some of the commercial materials are racemic, it is not required to prepare another racemic mixture. The

chirality of the starting material was measured before the experiment. Materials with single crystal can be
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distinguished by CD and can be manually resolved. The quick precipitation of benzil can also produce racemic

mixture Section 2.2.

6.3.8 Benzil Viedma ripening (attrition-enhanced deracemization)

At room temperature, racemic benzil powder (2.5 g) in saturated benzil solution (1 mL in acetone) was
stirred with a magnetic stir bar (PTFE magnetic stirring rod, ring shape, diameter: 3 mm, length 13 mm) with 0.5
mm ceramic beads (3 g). The stirring speed was 800 rpm. Every 15 minutes, 100 pL of slurry mixture was
transferred to a filter paper on a watch glass with a micropipette. The sample was dried at 80 “C for 5 minutes and
mixed with nujol (15% wt/wt). A total weight of 0.09 — 0.10 g nujol mixture was transferred in the center of a
quartz plate (diameter: 2 cm, thickness: 2 mm) and pressed carefully with another quartz plate of the same size.
The two quartz plates were gently pressed together to remove bubbles from the sample before placing the sample

in the cell holder.

6.3.9 Decacyclene viedma ripening

A 20 mL scintillation vial containing 0.10 g racemic decacyclene solid (GTI Laboratories Supplies, 98%
decacyclene), 3.00 g ceramic beads (0.3 mm) and 4 mL nitrobenzene solution with a stir bar (PTFE magnetic
stirring rod, ring shape, diameter: 3 mm, length 13 mm) was sealed and placed in a sand bath on a hot plate. The
hot plate was set to 80 C and the mixture was stirred at 1000 rpm/min. The stir bar used in this experiment was

10 mm long with a ring in the middle.

About 120 pL of the slurry was removed with a pipette at specified times and the light brown slurry was
centrifuged (INTERNATIONAL EQUIPMENT Co., International Clinical Centrifuge Model CL) at 700 rpm in
an Ependorf tube until the solid decacyclene settled at the bottom of the dark clear liquid. After removing the top
layer of liquid, the precipitate was transferred to a glass slide. The collected sample was air dried overnight in the

fume hood. The chiral amplification process can take 15 days or longer.

Dried decacyclene scraped from glass slide was mixed with the dried potassium bromide (3 days, 120 C)
to make a 70 mg KBr pellet. The 10-mm diameter pellet containing (0.8 g; 0.5% (wt/wt) decacyclene and KBr

mixed thoroughly using a mortar and pestle.

6.3.10 Slow evaporation of epsomite
The magnesium sulfate is 100 wt/wt% of Epsom salt in deionized water. The solution was heated to boiling
and stirred in a beaker (500 mL; ca. 10 diameter) with a magnetic stir bar. In the set of no chiral additive

experiment, additive is borax 0.06 M. In the set of chiral additive experiments with asparagine (0.18 M), the borax
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15 0.06 M. Solution cooled to room temperature (ca. 22-24 C) after distributed in 100 mL TLG ® beakers evenly,
and beaker sealed by plastic wrap with 6-8 holes. The 40 mL beakers on stable surface took 14 days or more for
crystallization. Crystallization typically took between 14-30 days, although in some cases, it could take longer.

One or more crystals with the desired morphology formed at the bottom of beaker.

The statistics of each enantiomorph for each individual experiment were analyzed with “t-test: paired two
samples for means” in excel. The influence of additives compared between the left-handed crystal count yield
from experiments with no chiral additives and the corresponding chiral additives with "t-test: two-sample

assuming equal variances". More details in section 8.1.

6.3.11 Slow evaporation of decacyclene

A 20 mL vial with 0.05 g of decacyclene solid (GTI Laboratories Supplies, 98% decacyclene) was added
0.5 mL of solvent or solvent mixture (1:1 ratio to benzene). The vial was capped and heated up to boil on the
hotplate while constantly swirling the vial. If the solution starts to boil but there is still solid at the bottom, an
extra 0.5 mL solvent was added until all solid dissolved. The solution slowly cools down to room temperature on
the hot plate before removing the cap. The solution slow evaporated in the fumehood. The crystallization may
take 3-5 days. The crystals were carefully filtered from the solution with filter paper, or all the crystals were put

on filter paper in a petri dish.

6.3.12 Visualization of crystal morphology

The prepared crystals of epsomite were collected. Those crystals have distinctive morphology and were
resolved manually. Other crystals can be resolved based on the positive or negative-CD signal, or the color
changed under the polarized filter along the clockwise rotation. The information would be compared with relative
literature as needed. The crystal model was built with information posted on Cambridge Crystallographic Data
Centre (CCDC) or Crystallography Open Database (COD), and sometimes with the information provided by the
x-ray diffractometer with the help of Dr. Scott Bohle.

6.3.13 X-ray crystallography

The prepared crystal in millimeter scale were chosen for obtaining absolute configuration and the Flack
parameter. The morphology of crystals would be observed under microscope before processing the measurement.
The chosen crystal was fixed on the tip of a glass fiber and the information of x-ray diffraction was collected by

Dr. Scott Bohle (McGill University).
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8 Appendix

8.1 The statistics of crystal count analysis.

The enantiomorph distribution to be stochastic or non-stochastic was examined in the t-test: paired two
samples for means. This test compares the difference between the data of two sample groups, the formation of
left-handed and right-handed crystals. The null hypothesis would have lower support when a low p-value is
observed.” If the p-value of two-tailed is 5%, only 5 out of 100 cases the mean difference between two set of
results with the same mean. In other words, the equal distribution between enantiomorphs is only 5%.°° The t-
value of two-tailed depends on the t-value calculated in the Equation 3, and p-value (teitical) 1S in the

corresponding to the degree of freedom (DOF=n-1) in the t-table.”

Equation 3. The t-value of the t-Test: Paired Two Sample for Means.”°

9l \/DOF
d

t(Paired) = o
The difference between two results for each sample are difference (d;), the mean difference d is the mean

of all difference (E = %). The sample size is n (i.e. the sample 1 has n; samples), and the mean of the sample is X

(i.e. the mean of the sample 1 is ;). Each individual value in the sample set is x; or x;.

The is the sample mean x: *°

The standard deviation s: *°

_ | Zi(xi=%)?
Sd_\’ n—1

Besides, the statistical significance between different additives was analyzed with the t-test: two-sample
assuming equal variances. It is a test assuming the two variants caused the same impact on both sample groups,
about the left-handed crystal count particularly. In this t-test, if the t-value is larger than the t-critical value, the
null hypothesis is rejected.”® The two variances caused significant differences between the two sample groups
when the null hypothesis was rejected.”® The teritical is the value from the t-table with degree of freedom (DOF =

ny + n, — 2), assumed the confidential level as 95%, which means this hypothesis is 95%.°
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Equation 4. The t-value of t-test: two-sample assuming equal variances (t test for comparison of means).”

. X1 —X nn
t (equal variances) = 1%, — %5 / 12
s_pooled +[ni+n,;

The X1 and X, are means of sample 1 and sample 2. The standard combined standard deviation (s_pooled)

is calculated in the equation bellowed. *°

s_pooled = \/Zset 1(x; — %1)% + Tset 2(xj — X2)?

n1+n2—2

The t-test: paired two samples for means indicated the epsomite crystallization are non-stochastic
crystallization when there are no chiral additives (p-value of two-tailed: 0.0000001%) and when D-asparagine
additives and L-asparagine additives (p-value of two-tailed: 1% and 2%) has low concentration 0.06 M. The
independent experiments with dominant crystal species as left- and right-handed crystals is 11 to 12 when 0.18
M D-asparagine involved in the experiments. This type of additive makes stochastic crystallization become

possible, with 36% p-value of two-tailed in the t-test: paired two samples for means.

(SI) Table 1. The epsomite crystallization with no chiral additive has 0.0000001% possibility (p-value =
0.0000001%) to be stochastic crystallization.

t-Test: Paired Two Sample for Means

Variable 1 Variable 2
Mean 3 0.11364
Variance 5.612403101 0.10307
Observations 44 44

Pearson Correlation

0.118912062

Hypothesized Mean

Difference 0
df 43
t Stat 7.884712435
P(T<=t) one-tail 3.45441E-10
t Critical one-tail 1.681070703
P(T<=t) two-tail 0.0000001%
t Critical two-tail 2.016692199
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(SI) Table 2. The epsomite crystallization with 0.18 M L-asparagine additive has 0.00003% possibility (p-value

=0.00003%) to be stochastic crystallization.

t-Test: Paired Two Sample for Means

Variable | Variable
1 2

Mean 2.25 0.5
Variance 2.238372 | 0.906977
Observations 44 44
Pearson Correlation -0.17138
Hypothesized Mean
Difference 0
df 43
t Stat 6.089598
P(T<=t) one-tail 0.00001%
t Critical one-tail 1.681071
P(T<=t) two-tail 0.00003%
t Critical two-tail 2.016692

SI) Table 3. The epsomite crystallization with 0.18 M D-asparagine additive has 36% possibility (p-value =
ry g y

36%) to be stochastic crystallization.

t-Test: Paired Two Sample for Means

Variable 1 Variable 2
Mean 0.84 1.48
Variance 1.306667 8.176667
Observations 25 25
Pearson
Correlation -0.3452
Hypothesized
Mean Difference 0
df 24
t Stat -0.93393
P(T<=t) one-tail 18%
t Critical one-tail 1.710882
P(T<=t) two-tail 36%
t Critical two-tail 2.063899
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compared to no chiral additives. (t-stat >t Critical two-tail)

(SI) Table 4. 0.18 M L-asparagine additive has a significantly different influence in epsomite crystallization

t-Test: Two-Sample Assuming Equal Variances

Variable 1 Variable 2

Mean 0.5 0.333333
Variance 0.906977 1.666667
Observations 44 15
Pooled Variance 1.093567

Hypothesized

Mean Difference 0

df 57

t Stat 0.533055

P(T<=t) one-tail 30%

t Critical one-tail 1.672029

P(T<=t) two-tail 60%

t Critical two-tail 2.002465

compared to no chiral additives. (t-stat >t Critical two-tail)

(SI) Table 5. 0.18 M D-asparagine additive has a significantly different influence in epsomite crystallization

t-Test: Two-Sample Assuming Equal Variances

Variable | Variable
1 2

Mean 1.48 | 0.333333
Variance 8.176667 | 1.666667
Observations 25 15
Pooled Variance 5.778246
Hypothesized Mean Difference 0
df 38
t Stat 1.460578
P(T<=t) one-tail 8%
t Critical one-tail 1.685954
P(T<=t) two-tail 15%
t Critical two-tail 2.024394
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(SI) Table 6.0.18 M D-asparagine additives and 0.18 M L-asparagine additive need more experiments to estimate

if there is a significantly different influence in epsomite crystallization (t-stat =t Critical two-tail)

t-Test: Two-Sample Assuming Equal Variances

Variable | Variable
1 2

Mean 1.48 0.5
Variance 8.176667 | 0.906977
Observations 25 44
Pooled Variance 3.511045
Hypothesized Mean
Difference 0
df 67
t Stat 2.088237
P(T<=t) one-tail 2.0%
t Critical one-tail 1.667916
P(T<=t) two-tail 4.1%
t Critical two-tail 1.996008

8.2 The espsomite count in independent experiments with different additives.

(SI) Table 7. The epsomite crystallization with no chiral additive (achiral additive: borax).

Batch Concentration | The counts of right-| The counts of left-
(Borax) (M) handed crystal handed crystal ee%
1 0.13 2 0 100%
2 0.13 1 0 100%
3 0.13 1 0 100%
4 0.13 2 0 100%
5 0.13 1 0 100%
6 0.13 1 0 100%
7 0.12 3 0 100%
8 0.13 7 0 100%
9 0.13 7 0 100%
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10 0.13 1 0 100%
0.13 12 0 100%
0.13 9 0 100%
11-14
(Nicole Paredes- 0.13 10 0 100%
Vegas) 0.13 5 0 100%
15-42
(Evelyn Huaman) 0.13 60 5 85%
0.13 3 0 100%
0.13 3 0 100%
43-46
(Dr. Louis A. 0.13 4 0 100%
Cuccia) 0.13 2 0 100%
(SI) Table 8. The epsomite crystallization with L-asparagine as chiral additive.
Batch Concentration Concentration
The counts of | The counts of
B
(Borax) (L-asparagine) | right-handed | left-handed
M) M) crystal crystal ee%
1 0.12 0.17 5 0 100%
2 0.12 0.17 2 2 0%
3 0.12 0.17 3 0 100%
4 0.07 0.18 6 0 100%
5 0.07 0.18 2 0 100%
6 0.07 0.18 4 2 33%

73




7 0.07 0.18 -100%
8 0.07 0.18 33%

9 0.07 0.18 100%
10 0.07 0.18 -100%
11 0.07 0.18 100%
12 0.07 0.18 60%

13 0.07 0.18 100%
14 0.07 0.18 100%
15 0.05 0.15 -67%
16 0.05 0.15 100%
17 0.06 0.15 100%
18 0.07 0.18 100%
19 0.07 0.18 100%
20 0.07 0.18 60%

21 0.07 0.18 100%
22 0.06 0.16 100%
23 0.06 0.16 100%
24 0.06 0.16 100%
25 0.06 0.16 100%
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0.06 0.18 100%
0.06 0.18 100%
0.06 0.18 100%
0.06 0.18 0%
0.06 0.18 100%
0.06 0.18 100%
0.06 0.18 100%
0.06 0.18 -100%
2641 0.06 0.18 100%
(Liu Yafei) 0.06 0.18 100%
0.06 0.18 100%
0.06 0.18 100%
0.06 0.18 100%
0.06 0.18 100%
0.06 0.18 50%
0.06 0.18 100%
42-44 0.06 0.18 0%
(Nicole 0.06 0.18 60%
Paredes-
Vegas) 0.06 0.18 50%
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(SI) Table 9. The epsomite crystallization with D-asparagine as chiral additive

Batch Concentration | Concentration | The counts of | The counts of
(Borax) (D-asparagine) | right-handed | left-handed
M) M) crystal crystal ec%

1 0.06 0.18 1 0 100%
2 0.06 0.18 0 1 -100%
3 0.06 0.18 0 1 -100%
4 0.07 0.18 1 0 100%
5 0.07 0.18 2 0 100%
6 0.07 0.18 0 1 -100%
7 0.07 0.18 0 1 -100%
8 0.07 0.18 2 1 33%

9 0.07 0.18 1 0 100%
10 0.07 0.18 0 5 -100%
11 0.07 0.18 0 14 -100%
12 0.07 0.18 1 0 100%
13 0.07 0.18 2 0 100%
14 0.07 0.18 0 1 -100%
15 0.07 0.18 0 1 -100%
16 0.07 0.18 2 0 100%
17 0.07 0.18 5 0 100%
18 0.07 0.18 0 3 -100%
19 0.07 0.18 0 2 -100%
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20 0.07 0.18 1 1 0%
21 0.07 0.18 1 0 100%
0.07 0.18 0 2 -100%
0.06 0.15 0 2 -100%
22-25
0.06 0.15 1 0 100%
(Liu Yafei)
0.06 0.15 1 1 0%
8.3 Xiylitol

8.3.1 Introduction

Pentane-1,2,3,4,5-pentaol is a polyalcohol with molecular formula CsH120s. This pentahydroxy sugar
alcohol has three stereoisomers: arabinitol, xylitol, and ribitol (Figure 33).'**Arabinitol is a chiral molecule with
two enantiomers, L-arabinitol and D-arabinitol. Xylitol and ribitol, on the other hand, are achiral molecules with
meso configuration and a pseudo-chiral center at C3.1*® While ribitol crystallizes as a racemate, Xylitol forms
enantiopure crystals upon crystallization in an orthorhombic system with space group P2;212;.!%® In other words

xylitol crystallizes as a conglomerate in the same space group as epsomite.

OH

HO oH

HO HO

Pentane-1,2.3,4,5-pentaol

H o
Ho/\l/iY\OH HD/YY\DH
HO HO HO HO

a. (2R,3r48)-pentane-1,2,3,4,5- b. (2R,35.45)-pentane-1,2,3.4,5-pentaol
pentaol
oH OH
HOWDH o : o
HO Ha Ho HO
¢. (25.45)-pentane-1,2,3 ,4.5- d. (2R 4R)-pentane-1,2,3,4,5-pentaol

pentaol

Figure 33. Structures of Stereoisomers of pentane-1,2,3,4,5-pentaol: (a) xylitol, (b) ribitol, (c)
L-arabinitol, and (d) D-arabinitol.

The crystalline structure of xylitol was reported for the first time by Wolfrom and Kohn in 1942.'%
According to Kim and Jeffrey (1969), xylitol has enantiomorphic crystal structures when it crystallizes.!*® In
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principle, one should be able to investigate the chirality of xylitol crystals in the same way as epsomite. Xylitol
crystals were grown and studied, but the chirality of the crystals could not be determined due to symmetry (i.e.,
absence of a hemihedrism). This absence of asymmetry is often observed when epsomite is grown without
chiral/achiral additives. Since xylitol does not contain a chromophore and can be detected by the ultraviolet-

visible spectrometer or solid-state circular dichroism, it needs another method for the identity confirmation.

8.3.2 Experimental

Xylitol crystals were grown using two methods: slow evaporation and seeding method. Commercially
purchased xylitol (Natural Drop Xylitol amazon.ca) was used in this experiment. Water, 95% ethanol and
methanol were used as crystallization solvents. The solubility of xylitol is higher in water (169 g/L), and lower in

methanol (6 g/L) and ethanol (1.2 g/L).

The first step in crystal growth was to prepare a saturated solution according (fix) the solubility of xylitol.
The saturated solution was prepared by dissolving 169 g of xylitol in 100 mL of distilled water, in a 250 mL
beaker at 60C.'** Magnetic stirring was used to facilitate dissolution. Complete dissolution was crucial to
eliminate any undissolved crystals which can cause secondary nucleation to occur. The warm solution was poured
into a glass petri dish and four 100 mL beakers and allowed to cool to room temperature. The solutions in the 100
mL beakers were covered with plastic wrap with small holes to lower the rate of evaporation while the glass petri
dish was left open to obtain more seed crystals. The solutions were kept in an undisturbed environment at room

temperature to minimize secondary nucleation. The temperature inside the laboratory was around 24 °C.

Seed crystals were collected from the solution in the glass petri dish after 12 to 15 hours using tweezers.
After the seeds were taken out of the solution, they were dried using Kimwipes® to prevent further nucleation.
The seed crystals, around 4 mm in size, were tied using a very fine nylon cord with a slip knot and were suspended
in a saturated solution prepared as described above. Seeds were suspended after the solution cooled to room
temperature to prevent the seeds from dissolving after suspension. The other end of the string was twisted on a

pencil and placed on top of the beaker. The beaker was covered with plastic wrap for slow solvent evaporation.

Single xylitol crystals from slow evaporation beakers were typically collected 14 to 30 days after initial
preparation. The single crystals were wiped using Kimwipes® to remove excess solution on the surface of the

crystals. Suspended crystals were typically taken out of the solution between 7 to 14 days after initial suspension.
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Xylitol crystal growth in 95% ethanol was also performed by dissolving 1.2 g of xylitol in 100 mL of 95%
ethanol in a 100 mL beaker at 60°C. Since ethanol is very volatile, the beaker was covered with a watch glass to
prevent fast evaporation of the solvent. After complete dissolution, the solution was cooled and covered with
plastic wrap. Small holes were made to maintain slow evaporation. The same procedures were followed to grow
xylitol crystals in methanol. The saturated solution was prepared by dissolving 6 g of xylitol in 100 mL of
methanol. Since ethanol and methanol are volatile solvents, only one or two holes in the plastic wrap were made

to allow slow evaporation.

Xylitol crystals were grown in the presence of borax to influence crystal morphology. 2.4 g of borax was
added to 50 mL of xylitol solution and dissolved at 60 °C. The solution was cooled to room temperature, then

covered with a plastic wrap with holes. The solution was kept at room temperature in an undisturbed environment.

8.3.3 Results and Discussion

Xylitol crystals were grown and studied to attempt to determine chirality. Well-developed xylitol crystals
were collected from saturated aqueous solutions. These crystals were very symmetric and no hemihedral face was
observed. In total, 46 xylitol crystals were collected from many crystallization experiments. These crystals ranged

from 8 mm to 27 mm in size, weighed between 0.45 g to 30.6 g, and presented 24 to 27 crystal faces (Figure 34).
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Figure 34. Xylitol crystals grown via slow evaporation and seed suspension techniques.
The 3-dimensional (3D) model of a single xylitol crystal was built using VESTA (version 3). The unit cell

parameter was obtained from Crystallography Open Database.'*’ The 3D model was built by adjusting the size to

resemble the real crystal. The miller indices of the crystal faces were determined using the software (Figure 35).
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Figure 35. Xylitol Crystal (right) and 3D model (left) from different point of view or

perspective.

In addition, the interfacial angles were measured using a contact goniometer and compared with the
theoretical interfacial angles obtained from VESTA software. Only interfacial angles of adjacent faces were

measured using a contact goniometer.
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Table 10. Sample interfacial angle measurement of adjacent faces using contact goniometer and theoretical
value obtained from VESTA version 3.

Theoretical Measured (°)
Face © Crystal 1 | Crystal 2
85.55 83 87
(101)
34.18 34 33
34.18 35 35
101) 57.40 - 56
(11 -
101) 57.40 55 54
(010) 47.22 47 47
55.18 55 56
55.18 55 54
55.18 56 56
55.18 56 55
45.00 45 45
010
( ) 45.00 45 -
47.22 47 47
47.22 45 47

In Table 10, the angles give evidence for the presence of symmetry in xylitol. Because of this symmetry

or the absence of asymmetric faces, the chirality of xylitol could not be determined as in the case of epsomite.

High quality xylitol crystals could not be grown from ethanol due to the volatility of the solvent. Many
xylitol seed crystals with an elongated shape, which were about 0.1 mm in size, were obtained from methanol
solution. A single and larger crystal could not be obtained from methanol solution due to the high volatility of
methanol, which made slow evaporation more difficult. Furthermore, no change in morphology was observed

when borax was used as an additive.
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8.3.4 Future work

Although the chirality of xylitol crystal was not determined in this project, future works can be done to
determine the crystal chirality. Dye inclusion circular dichroism is a way of incorporating achiral dyes into a
chiral crystal. Solid state circular dichroism can be conducted by introducing achiral chromophore molecules to

xylitol.
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