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ABSTRACT

Towards Controlling the Growth of Silica-carbonate and Vaterite Microstructures

Alicia McTaggart

Spurred by lessons learnt from the ability of nature to “design” biominerals with a high degree of
control over their shape, size, mineral phase and hierarchical assembly over multiple length scales,
a multitude of bottom-up research strategies have been geared towards developing self-assembled
inorganic materials. The self-assembly route could lead to materials with novel functionality and
complexity for applications in fields such as photonics, electronics and photovoltaics. Of particular
interest in our labs are biomimetic 3D nanocrystalline composite materials, characterized by long-
range orientational order and highly curved surfaces. These composite materials can be
synthesized from the coupled reaction of the carbonates of barium, strontium and aragonite-type
calcium carbonate with silica in alkaline (pH ca. 10-12) environments under the influence of
atmospheric COz. It has been shown that the complexity of these microstructures can be enhanced
under dynamic reaction-diffusion conditions. To replicate this approach, we aim to characterize
the effect of changes in solution conditions (i.e. pH, CO2 concentration and temperature) on the
growth, structural morphology and the hierarchical organization of silica-carbonate biomorphs.
The interaction between the organic and inorganic components of biological systems leads to some
of the most beautiful (and often chiral) patterns seen in nature, as demonstrated by snail shells and
the chiral narwhal tusk. Attempts to control the handedness of the helices during their formation
involved the use of enantiomerically pure amino acids at the molecular level and chiral vaterite
crystal templates at the mesoscale, to break the symmetry towards helices of a single handedness.
Finally, we aim to show how the size and predominant morphologies of silica-carbonate
microstructures was tuned as a function of concentration of Chicago Sky Blue (CSB; a sulphonated
azo dye) in addition to its method of incorporation in the crystallization solution. This research
also provides indirect evidence for accelerated growth rates of the microstructures from solutions
containing dye as demonstrated by an increase in size relative to control experiments without dye
during a growth period of 1.5-2 hours. Light and scanning electron microscopies were the

principal tools used for the characterization of the as-formed biomorphs.



DEDICATION

I would like to extend special gratitude to my supervisor at Concordia, Dr. Louis Cuccia for being
generous with his vast stores of knowledge, guidance, friendship, and photos of his dog, Finnegan,
and for always believing in me during the course of my degree. Special thanks as well to Dr.
Noorduin for supervising and allowing me to conduct my research stage in his lab at AMOLF, and
to Lukas Helmbrecht, his Ph.D. student for his co-supervision. All three worked tirelessly in
providing me with excellent feedback and encouragement that were instrumental in putting
together this thesis. My fondness for expressos was aided and abetted not only by the many
invitations to Louis’ Cup, but also by Wim and Lukas who pride themselves on always striving to

add more tools to their coffee-making skillsets.

Our summer students Poh Ying, and Mia Stankovich also deserve my thanks for helping to grow
chiral vaterite and silica-carbonate microstructures, respectively. Additionally, many thanks to Dr.
Wenge Jiang (Dr. Marc McKee Lab at McGill Univeristy) for teaching me his methodology to

make chiral vaterite.

There are also a few other people in particular whom I would like to thank. Rolf Schmidt, who
was always available to demonstrate the technical details on how to use various instruments and
softwares. David Liu (supervisor, Scanning Electron Microscope Facilities at McGill University)

and the DeWolf Lab for allowing me to use their microscope.

I am grateful to have been a part of the wonderful community of knowledgeable and helpful

scientists, technicians, and other support staff at Concordia University.

Finally, I thank my family for their love, support and kindness. In particular, I dedicate this thesis
to my beloved nephew, Adrian Alex Hyde, who will continue to live on in a space and time that

exist beyond the fidelity of our memories, dreams, love, and even mortality itself.



Chapter 1. Introduction

Contents
Chapter 1. Tl oo [T o1 o] o NS PP 5
1.1, Growth and form of MINEIAlS .....cocciiiiiiiee e e snae e e e 11
1.2, BiomMiNEralization ......cciiiiiiei et s e e s ara e e e sanees 11
1.3, Control of MINeral BroWth .........ooo i e e e e e e aae e e e 12
RS T I = 1o T 111 1= = £ 12
1.3.2.  Soluble additives: biomineral extracts and analogues ..............ccccccceiiiiiiiiieeenen. 12
1.4.  Calcium carbonate MINeralization .........cccccveiceeiiiiiniee e 13
1.4.1.  Precipitation..........ooooiiiiii e 13
1.4.2. Calcium carbonate polymorphiSm .............oooiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeee e, 14
1.5. Barium carbonate mineralization ..........ccocueiiciiiiiiiniie et 18
R TR B 1§ o {1 = 18
I T 1T SRS 18
1.5.3.  SYNINESIS i 19
1.5.4. Morphology and chirality .............coooeiiiiiiiiiiii e 20
1.5.5.  Organization and shape CONtrol ..............ueiiiiiiiiii e 20
1.5.6. MecChaniStiC OVEIVIEW .........cooiiiiiiiiiiiiieeieeee e 24
1.5.7. Phenomenological MOEl ..........coouiiiiiiiiiiiie e 25
1.5.8.  Autocatalytic coprecipitation model ... 27
1.5.9. Directed shape control strategies........ccoooiviriiiiiiii e 29
O T I o 1T T 1Y T Y o PSP UST 30
Chapter 2. Hierarchical silica-carbonate microStrucCtures ........cccceeeeecciiiiieee e 31
B B [ 4 o To [ o1 o o OO P TP P PP OTOPPTPI 31
2.2, ReSUItS aNd diSCUSSION ..eeiruiiiiiieiiiiieniee ettt e sttt sie e e sateesba e e sateesbeesssbeesabaessbaeesasaesnbeesnens 33
221, BaSiCShapPeS ..cco i 33
2.2.1.1. Inward-directed growth of helices, leaves and globules........................................ 34
2.2.1.2. Solution-directed growth of stems, vases and corals .............ccccccvveeiiiiiiiiinennnn. 37
2.2.2.  Hierarchical miCrostruCtures ............oooo i 39
2.2.2.1. Stacked barium carbonate Shapes...........cccceeiiiiiiiiiiiiie e 40
2.2.2.2. Accessing core BaCO3 growth SiteS...........cooiiiiiiiiiiiiiiiieiiiiiieee e 42
2.2.2.3. Strontium and barium carbonate microstructures (effects of pH)......................... 43

2.3. (000] 0 Lol [V 1 1o s -3 44



B o q =Y 5 [ =1 0 - | USRI 45
2.5.1. Materials and method ... 45
2.5.2. Experimental conditions for the microstructures shown in Figures 16-19 (helices,
leaves, Stems, COralsS anNd VASES)......uuuuuuuuuuiiiiiiiiiiiiiii e eneeansnnnsnnnsnnnnnnes 45
2.5.3. Experimental conditions for the microstructures shown in Figures 20 and 21
(NIErarchical SNAPES) ...... i e e e e e e e e e e e e 46
2.5.4. Experimental conditions for the microstructures shown in Figures 22 (effect of tuning
the alkali earth metalionand pH) ... 47

Chapter 3. Amino-acid induced chiral vaterite microstructures ........cocccceeeeeeeciiiiiieee e 48

3.1. Attempts to control the chirality of BaCO3 microhelices with enantiopure L-aspartic acid....... 48
3.1, INTOAUCHION. ... 48
3.1.2.  ReSUlts and diSCUSSION......ccoceiiii i 49
3.1.2.1. Effect of L-aspartic acid on the chirality of silica-carbonate microstructures......... 49
3.1.2.2. CONCIUSIONS ... 52

3.2.  Amino-acid induced chiral vaterite MiCroStruCtUres .......coccveiiviiieeiriiiee e 52
3.2.1.  INTOAUCHION. ... 52
3.2.2.  Synthesis of vaterite: Jiang et al. method...............ccccciiiii e 53

3.2.3.  Synthesis of amino-acid induced chiral vaterite: Ammonium carbonate method ..55
3.2.3.1. Variation 1: Synthesis of vaterite from 1 mM CaCl,e2H,O and 2.5 mM Na>CO3

(room temperature followed by 60 “C) .....c..euiiiiiiiiee e 56
3.2.3.2. Variation 2: Synthesis of vaterite from 1 mM CaCl,e2H,O and 2.5 mM Na>CO3
(room temperature followed DY 60 OC) ........cuuiiiiiiiii e 58
3.2.3.3. Variation 3: Synthesis of vaterite from CaCl,e2H,0 (with or without Na,CO3 at room
1C=T 00T 01T = 0 (=) PSPPI 59
3.2.4. Synthesis of vaterite: the diffusion of atmospheric CO2 method ........................... 60
3.2.5.  CONCIUSIONS ... 61
3.2.6. Nucleation of BaCO3 0N CaCO3....ccceiiiiiiiiiieieeeeeeeeeeeeeeeeeee e 61
3.2.6. 1. INtrOAUCHION.....coi e 61
3.2.6.2. ResUlts and diSCUSSION......ccooiiiiiiie e 61
3.2.6.2.1.Effect of chiral vaterite on the chirality of silica-carbonate microstructures
61
3.2.6.3. CONCIUSIONS ... 63
TR T = q o = g T 011 ) - | PP 64
3.3.1.  Materialsand method ... 64
3.3.2.  Experimental conditions for the structures shown in Figures 25-27 (silica-carbonate
MUCTONEIICES) ... ettt aaee e aaaaaaaasaasaassaasssssssnsssnsssnnsnnnssnssnnnnnnns 64
3.3.3.  Experimental conditions for vaterite shown in Figures 28-30 .............ccccceeeeeernnnee 65

3.3.4. Experimental conditions for vaterite (Figures 31-32, room temperature and/ or 60°C,
VarAtION 1 & 2) ... a e e 65



3.3.5. Experimental conditions for vaterite (Figures 33, room temperature, Variation 3) 66
3.3.6. Experimental conditions for vaterite (Figures 34, room temperature, atmospheric

CO2 gas-diffusion MENOA)........coiuuiiiiiie e 67
3.3.7. Nucleation of silica-carbonate helices on substrates with pre-assembled chiral
vaterite architectures (fIgures 35-36) ......ccoeiiiiiiiiiiiiiie e 67
Chapter 4. The growth of silica-carbonate microstructures in the presence of Chicago Sky Blue....... 68
N [ 01 o Yo [T o1 4 e o RO PRSP 68
4.2, RESUIS aNd iSCUSSION ...eeiiiiiiiiiiiiieeiie st site ettt e st e ste e s et e e s be e sbaesssbeesbaeessteesnseesnsseesasesens 70

4.2.1. Growth of silica-carbonate microstructures in the presence of Chicago Sky Blue

(CSB) solution at PH 11,3 .. e e e e e 70
4.2.2. Direct addition of CSB powder to solutions of barium and silicate at pH 11.3....... 72
4.2.3. Silica-carbonate crystallization reactions with CSB powder atpH 11.9 ............... 74
4.2.3. Crystallization of BaCO3; microstructures in the presence of Chicago Sky Blue (CSB)
10110 1= = o It I 1 75
4.2.4. Crystallization of BaCO3 microstructures in the presence of Chicago Sky Blue (CSB)
POWAET @t PH 1.0, oo e e e e e 78
4.2.5. Silica-controlled crystallization of BaCO3 microstructures at 37 °C and pH 11.3 in
the presence of Chicago Sky Blue (CSB) POWAET .........cooiiiiiiiiiiiee e 80
e T 3 o T=T 4T g T=T | = SRS 82
3G T R |V F= 1 (=Y T= 1 F- = 1 Lo B0 1= 1 o o [ 82
I T = 7= 1YY T ] (U)o o SRR 83
4.3.3. Chicago Sky Blue (CSB) solution (with silica, pH 11.3)..cccoeiiiiiiiiiiiiiieieeeeeeeeee 83
4.3.4. CSB powder (with silica, PH 11.3) ..cooiiiiiiiee e 84
4.3.5. CSB powder or solution (with silica, pH 11.9) ... 84
4.3.6. Control reaction 1 (CSB powder or solution, without silica, pH 11.3) .....ccccccce..... 84
4.3.7. Control reaction 2 (CSB powder, without silica, pH 11.9).........cccciiiiiiiiiie. 85
4.3.8. Silica-controlled crystallization of BaCO3 microstructures at 37°C and pH 11.3 in the
presence of Chicago Sky Blue (CSB SOIULION) .........uuuuuiiiiiii e 85
Chapter 5. ConClUSIONS & FULUIE WOTK ..cccueiiiiiiiiiiee ettt ettt e e e ete e e et e e esatae e e eenaaeeesenbaeeeeans 87
Chapter 6. Y oY1= o Lo [ R 89

Chapter 7. RETEIEINCES ..ottt e e e et e e e e e s e e aat e e e e e e e e sesassteeeeeaeeesanstraneeeaeeeannnns 90



Figure 1. TYPES Of MINEIAIS ...coiiiiiiee ittt et e et e e e te e e e e ate e e e e aaaeeessraeeesssaeeeennneeas 11
Figure 2. The crystal structures of calcite, aragonite and vaterite ......ccccccocccviieeeiiiicccciiiieeee e, 14
Figure 3. The chirality of gastropod shells and a schematic drawing of the shell mineralization front ....15

Figure 4. Atomic Force Microscopy of the growth steps in the cleavage face of calcite crystals grown in the
presence of enantiopure aspartiC ACid ........ccceeeiciiieiiiiiie e e e e e e e e e eanees 16

Figure 5. Deposition of chiral calcite possessing spiral-like morphologies by the electrochemical generation

of base in the presence of tartaric ACid ... e e e e e eanes 17
Figure 6. Left- and right-handed spiraling morphologies in vaterite toroids formed at pH 10 ................. 18
Figure 7. Representations of the morphological similarity of silica biomorphs and biological forms ....... 19

Figure 8. Schematic representation of a sample cassette for growing biomophs and typical biomorphic
composite silica-carbonNate SNAPES ....cc..eeeiiiieee e e e e e e e e e eanes 21

Figure 9. SEM images showing the influence of fluid dynamics on the morphology of silica-carbonate

o1 g7 o o] o -3 PSPPSR 22
Figure 10. Optical light micrographs with a crossed polarizer and FESEM images depicting silica-carbonate
ultrastructures, and their outer and core features under additive-free conditions ........c..cooevvvvvvieereennnns 23
Figure 11. FESEM images of a hollow silica skin and carbonate nanocrystallites .........ccccocevveeeeviveeeennnnn. 24

Figure 12. pH dependent growth regimes, and characteristic basic and hierchical morphologies of silica-
or: [ o Jo o= Al g 0] (ol o1y 4 8 ot { U o =T PSPPSR 30

Figure 13. A selection of silica biomorphs resembling biological forms ........cccccoiiiviiiiiecciiee e, 31

Figure 14. Reaction scheme depicting the pH-controlled coprecipitation of silica and barium carbonate at
the front 0f @ GroWING STIUCLUIE ..ooieiiiii et e e et e e e e saba e e e eeatbeeeesntaeeeeans 32

Figure 15. Silica-carbonate microstructures assembled at pH 11.8 and 11.2 .......ccooeccvvveeeeeeevccciiieeeeenn, 32

Figure 16. Silica-carbonate microstructures grown in non-degassed aqueous solutions of BaCl, and Na,SiO3
AEPH 1.2 ittt st st e et s bt e e bt e e s be e e htee s bee e bt e e s bee s beeenhteesbaeenabeesbaeens 35

Figure 17. SEM micrographs of various silica-carbonate microstructures that were precipitated at pH 11.2

Figure 19. Examples of silica-carbonate microstructures that exhibit characteristic morphologies and
features when grown from alkali earth metal chloride-sodium metasilicate solutions at pH 11.8, as
o] o 1= Y7 =Te [ o 1YY = 1V PSPPSR 39

Figure 20. Optical light microscopy and SEM images illustrating a route to hierarchically-assembled silica
carbonate microstructures from two distinct growth StEPS ......ccecviieieiiiiee i 41



Figure 21. Optical light microscopy and SEM images of hierarchical microstructures (pH 11.8 and 4 2C)

¢ e eeheeeheeeheeeteeheeheeheeahte e et e et e bt e heeeh et eae e e Rt e Rt e b e e R e e eRe e ea et ea R e e b e e he e eh et SRRt e ARt e bt e b e e eh e e eae e et e e Rt et e e nbeenhnenaneeareeane 42
Figure 22. SEM images of hybrid silica-carbonate microstructures ........ccocccvvieeeeeiieccciiiieeee e, 44
Figure 23. Experimental setup for the growth of silica-carbonate microstructures ........cccccceveicvivnnnne.n. 47
Figure 24. Examples of chiral structures that are found in NAtUre ........cccccoveeiviiiie e, 48

Figure 25. Left- and right-handed microhelices precipitated from the interaction of silica and barium
carbonate in a dynamic CO,-diffusion system at pH 11.2 after ca. two hours ........cccceeeeiiieiciiieeee e, 49

Figure 26. SEM images of representative right- and left-handed silica-carbonate double helices in the
ADSENCE OF AUUILIVE . 1eiieeiieiieeeee e ettt e st esbe e e bee e sabeesbaeessteesnsaesnnseesaseeans 50

Figure 27. SEM images of right- and left-handed double helices that were grown in the presence of
[T o [ Aol Lol o I (21 1411/ ) 51

Figure 28. Optical light microscopy images of chiral vaterite toroids that were grown on glass slides at pH
10.5 from solutions containing 20 mM homochiral L-aspartic acid, CaCl; and NaxCOs ....cccceeeevvveeeennnenn. 53

Figure 29. Optical light microscopy images of chiral vaterite toroids that were grown on glass slides at pH
11 from solutions containing 20 mM homochiral L-aspartic acid, CaCl; and NazCO3 ....covcevvveevciveeeennnnnn, 54

Figure 30. Optical microscopy of calcite and vaterite crystals from solutions of CaCl; (1 mM) and NaCOs (5
mM) containing L-aspartic acid (20 mM) at pH 10.5 precipitated on glass at different times .................. 55

Figure 31. SEM images showing CaCOs precipitated from a solution of CaCl, (1 mM) and NaCOs (2.5 mM)
containing L-aspartic acid (20 mM) at pH 10.5 in the presence of freshly crushed ammonium carbonate
(room temperature, then B0 “C) . .....cioc et ee e e e e et e e e et te e e e sbteeeeeabteeesaasreeeeansreeessnsens 57

Figure 32. Optical light microscopy and SEM images of vaterite precipitated on glass from a solution of
CaCl; (1mM) and NaCOs (2.5 mM) containing L-aspartic acid (20 mM) in the presence of ammonium
carbonate after €a. 13 NOUIS (B0 °C) ..oouviiieiiiiee ettt e e eree e e e ette e e e e ate e e e e ate e e e eareeaeessreeaeensreeaeennres 58

Figure 33. Vaterite toroids were prepared by the ammonium carbonate method and grown on glass slides
from solutions of varying concentrations of NaCOs, CaCl; and L-aspartic acid ........cccceeveeveeeceveveeccienierenne, 59

Figure 34. Vaterite toroids grown on glass slides from solutions into which CO; was allowed to diffuse, and
at varying concentrations of NaCOs3, CaCl; and L-aspartic aCid .......ccveceeieeieniese et e s e 60

Figure 35. Scanning electron micrographs depicting the crystallization silica-carbonate microstructures in
the presence of chiral vaterite after 2 NOUIS ..ottt s st bt 62

Figure 36. SEM images showing the growth behaviour of various silica-carbonate microstructures on
substrates with pre-nucleated calcite and chiral Vaterite ... e 63

Figure 37. Molecular structure of 2,2'-(4,4'-(3,3'-bis(methoxy)biphenylenebis(azo))bis(8-amino-1-
hydroxynaphthalene-5,7-disulfonic acid) tetrasodium salt (Chicago Sky Blue 6B) .........cccceeerrvrerrrceneenenn. 70

Figure 38. Optical light microscopy images showing the effect of two different concentrations of CSB
solution on the growth of silica-carbonate leaves at pH 11.3 1N 1.5-2 h wcuccueiriviireeiecececer e 72



10

Figure 39. Optical light microscope images of silica-carbonate microstructures that were grown on glass
substrates from solutions containing various amounts of CSB POWET .......c.ceeveeeeieeieveieeceeeerr e e 73

Figure 40. SEM images showing the silica-carbonate microstructures that were grown from solutions at
pH 11.9 with CSB dye at different conCentrations ..........cccee v s e 75

Figure 41. SEM images of various morphologies of BaCO3 crystals formed on aluminium slides upon the
diffusion of CO; into aqueous BaCl; solutions (15 mL) without CSB or with CSB powder .........ccccccereuvnene. 77

Figure 42. Scanning electron micrographs showing the effect of varying the amount of CSB dye added on
some of the major morphologies of barium carbonate microstructures at pH 11.9 ....cccooeveeeeierineeenne. 79

Figure 43. Optical light microscopy and SEM images showing the effect of CSB (0.5 mg) dye on the growth
of silica-carbonate microstructures at 37 *C (PH 11.9) ...ucuoriiieeie ettt st e e bt 80

Figure 44. Optical light microscopy and SEM images of silica-carbonate microstructures formed at 37 °C
upon the addition of CSB dye (1.5 mg) to a solution of silicate and barium ions (pH 11.3) ......cceeevvveennnne. 81



11

1.1. Growth and form of minerals

The natural world has served as a point of fascination for ages, from life that evolved about
3.6 million years ago, to the plethora of mineralized architectures from both biotic and abiotic
origins. In the 18" century, D’Arcy Thompson, a prominent, scientist and mathematician, was
primarily preoccupied with relating the form of biological specimens, such as mollusc shells, to a
set of mathematical principles that could adequately describe their growth. Much of D’Arcy’s
work can be found in his famous book “Growth and Form”, which continues to serve as a source
of inspiration for scientists today.! However, the challenges of today’s material scientists is not
only to understand the growth of structures, specifically minerals in our case, but also to recreate

them using the guiding principles of nature.

Minerals can be separated into two categories based on their origins: from living things
(biominerals); and from the non-living world (geological minerals). Geological minerals (Figure
la) are typically characterized by flat planes bound by defined edges, whereas biominerals (Figure
1b) are most often associated with a lack of identifiable facets, and instead display smooth

curvature, which is an ambiguous indicator of the presence of life.?

Figure 1. Types of minerals: A) Halite (NaCl), more commonly known as salt is a geological mineral that
forms upon the evaporation of ocean water and sometimes leads to the formation of huge deposits of “rock
salt”; and B) the secretion of calcium carbonate by a type of marine algae results in elaborate shell-like
structures known as a coccolithes, which is an example of a biological mineral. Figure 1a was taken from
ref,’ while Figure 1b) was taken from ref.*

1.2. Biomineralization

Biomineralization is the process by which inorganic minerals are produced and secreted in

a biological environment leading to the construction of a variety of structures such as teeth, oyster
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shells, coral, ivory, sea urchin spines, cuttlefish bone, limpet, magnetic crystals in magnetotactic
bacteria, and human bone.>® Multicellular organisms developed the ability to control precipitation
en route to more intricate mineralized structures after their populations became significantly more
diverse about 540 million years ago.”'® These complex structures enable living organisms to
perform more advanced functions, not limited to hearing, navigation and the protection of embryos
in a process called biologically controlled mineralization.> !> Biominerals also play key roles in

mechanical support and self-protection.'*-1¢

1.3. Control of mineral growth

1.3.1. Biominerals

Many minerals exist in nature, including oxides, phosphates, carbonates and silicates,!” and
are often composite materials, since they contain both inorganic and organic components, where
the sum of the individual parts are assemblies of intriguing hierarchical shapes and structures.® ®
18 Biomolecules have been implicated in the rigorous control of the structural and morphological
organization of the mineral phase in biomineralization processes.!” Indeed, there are many
examples where acidic proteins have been demonstrated to be critical in the evolution of the
mineral phase, more specifically its nucleation, growth and assembly.!s: 12 Although these
principles are not understood entirely, it is generally accepted that they are at least happening. For
example, the organic and mineral constituents of biominerals arrange themselves via weak, non-
covalent interactions into ordered structures in a process known as self-assembly. Not surprisingly,
additive-controlled crystallization and self-assembly forms the basis of most mimetic
biomineralization (i.e. biomimetic) strategies that are focused on efforts to recreate materials with
the advantages (i.e. unparalleled material properties, highly ordered shapes, green synthesis using

simple building blocks)'® and fidelity seen in nature.?'-?

1.3.2. Soluble additives: biomineral extracts and analogues

The use of soluble additives in crystallization processes affords an experimentally simple
and multifaceted strategy to control polymorph selectivity, and the morphologies and sizes of
crystals.?? Some of the earliest approaches to biomimetic mineralization involved growing crystals

24-25

in the presence of soluble protein extracts from organisms involved in biomineralization and

also small molecule analogues of these biomineral-inducing proteins.?® An example of this was
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demonstrated by Mann and co-workers where they used proteins containing several acidic aspartic
acid residues to induce the growth of calcite that resembles human otaconia.?® Nevertheless, the
inorganic crystals in many of these studies failed to replicate the unique properties of biominerals,
where emphasis was placed on viewing modifications in the morphology of crystals.?’-*® Though
more recent research is paving the way to generating more elaborate architectures with similar
properties to those seen in biominerals,?>?’ there is much left to be understood regarding processes
that drive the assembly of these materials. This is particularly the case if the precision and
functionality found in nature are to be successfully reproduced and maybe even surpassed in the

future.
1.4. Calcium carbonate mineralization

1.4.1. Precipitation

One of the most studied model systems for probing the effect of the addition of soluble
additives involves calcium carbonate—the most ubiquitous biomineral found in nature. Calcium
carbonate precipitation can occur via biologically controlled and induced mechanisms, whereas
lower lifeforms rely on chemotactic means to mediate the synthesis of this biomineral. The major
thermodynamic driving forces for the precipitation of CaCOs3 are the synergistic effects of phase-
specific supersaturation and pH, where high pH increases the supersaturation of carbonate ion
speciation, according to the following equilibrium reaction involving dissolved carbonates

(Equation 1):%°
Equation 1

Furthermore, the presence of CO2 and H2O give rise to carbonate ions, which leads to the
crystallization of calcium carbonate upon combining with calcium, based on the following reaction

(Equation 2):3°

Equation 2
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1.4.2. Calcium carbonate polymorphism

Calcium carbonate mineralization is relevant not only in nature, but also has important
applications in the paint, plastic, and paper industries,>' and can cause major scaling problems.
Furthermore, CaCOs exists in several crystal structures, each of which is a unique polymorph.
Three biologically-relevant anhydrous polymorphs exist for CaCOs: calcite, aragonite, and
vaterite, in order of decreasing thermodynamic stability at ambient temperature.’ Calcite (Figure
2a) has a rhombohedral crystal structure. The most thermodynamically favoured polymorph at
elevated temperatures, aragonite (Figure 2b), crystalizes in the orthorhombic crystal system and
constitutes the inorganic component that gives fresh water pearls their luster.*>** On the other
hand, the presence of vaterite (Figure 2c) in pearls without lustre has been linked to anomalous
CaCOs biomineralization.*>3¢ Vaterite typically exists in the hexagonal crystal system and occurs
in natural systems typically under extreme conditions regulated by the rigorous control of pH,
temperature and pressure. Biologically controlled mineralization of CaCOs displays clear
polymorph selectivity, which typically results in minerals of a single composition. However, in
other systems, the nucleation and transition of metastable CaCOs (i.e. amorphous calcium
carbonate (ACC) and vaterite) to more stable polymorphs (i.e. aragonite, calcite) has been shown
to occur via dissolution-reprecipitation processes. This results in the formation of minerals of a
mixed phase, which is undesirable in relevant applications where the crystal composition, size,

morphology and orientation must be controlled in order to optimize the properties of the material.>’

Figure 2. A) The crystal structure of calcite, and a calcite crystal that was taken from Elmwood Mine,
Cathage, Tennessee. B) The structure of aragonite accompanied by typical crystal forms, tabular crystals
from Tazauta Mine, Sefrou, Morocco (left), and acicular crystals from Transvall, South Africa. C) The
crystal structure of vaterite. Blue spheres represent carbon, while the green polyhedra represent calcium-

oxygen.*®
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A common strategy used to control different aspects of mineralized structures, such as
polymorphism, size, and structural morphology/shape, involves the use of organic
macromolecules. This stems from the knowledge obtained from numerous studies where it has
been proven that biomolecules are integral in directing the nucleation and assembly of minerals in

natural systems.® 2> 34! In

some biominerals, the presence of these biomolecules leads to the
development of specific structural properties, like chirality. An object is chiral if it cannot be
superimposed on its mirror image. Interestingly, many of the chiral structures in nature, such as
gastropod shells, DNA, amino acids and sugars tend towards homochirality.® “>** For instance,
most gastropod shells are right-handed (Figure 3a),* which is postulated to originate at the genetic
level and its ensuing effect on the expression of certain biomolecules that shape the inorganic
minerals (Figure 3b).*> One type of biomolecule present in shells are amphiphilic chitin
nanocrystals that, along with proteins, form nucleation sites for directing the mineralization upon
their self-assembly into liquid crystals at the growth fronts of shells.® %6 These step-wise processes
lead to a spiral pattern that develops from a chitin-calcium carbonate lamellar structure.’

Mankind’s fascination with chiral properties dates back to 1811,%

and was further enhanced by
Louis Pasteur in 1848 when he manually separated sodium ammonium tartrate crystals into their

left- and right-handed enantiomorphs based on the asymmetry of the crystal faces.*’
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Figure 3. The chirality of gastropod shells and a schematic drawing of the shell mineralization front: A)
general gastropod species have right-handed shells; and B) during the natural generation of shell structure
B-chitin molecules assemble into supermolecules (chitin crystallites) and their liquid-crystal layers induce
the spiral mineralization of calcium carbonate (this scheme is prepared based upon a mechanism proposed
by Cartwright et al.).*» %
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The role of chiral carboxylated organic acids®*>*

on the chiral evolution of calcite crystals
has been the subject of several investigations.?% 3% 343% Orme and coworkers>® used atomic force
microscopy and molecular modeling to study calcite growth both in pure water and solutions of
enantiopure aspartic acid. Here, rhombohedral calcite growth steps are mirror images about their
glide plane in pure water. However, the opposite scenario developed from solutions with chiral
aspartic acid, where the exact shape and spacing of the now asymmetric growth steps is dependent
on whether L- or D-aspartic acid was used (Figure 4). These results support the conclusion that
molecular chirality can sometimes lead to macroscopic chirality, an effect that is attributed to the

selective binding of enantiopure amino acids to calcite growth steps. Furthermore, chiral etch pits

developed upon the dissolution of the calcite crystals.

Figure 4. Atomic Force Microscopy of the growth steps in the cleavage face of calcite crystals grown in
the presence of: A) L-aspartic acid or B) D-aspartic acid.”

Electrochemistry was applied by Kulp and coworkers as a method to control the deposition
of calcite that lacks symmetry about its glide plane when grown from solutions containing chiral
biomolecules such as enantiopure tartaric acid, maleic acid and aspartic acid.® Here the base,
generated from the electrochemical splitting of water coupled with bicarbonate ions in the presence
of calcium ions, leads to the formation of calcium carbonate according to the equations shown in
Figure 5. The handedness of the spiral morphologies correlated with the chirality of the tartaric
acid, maleic acid or aspartic acid additive (Figure 5). The handedness of the morphologies is likely
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due to the enantioselective binding of the chiral organic molecules to certain chiral planes within

the mineral, which produces non-symmetric mirror images.

2H,0 +2e &=~ H;+20H
OH-+ Ca*+ HCO:; & CaCO;+H;0

Figure 5. Deposition of chiral calcite possessing spiral-like morphologies by the electrochemical generation
of base in the presence of: A) L-tartaric acid or B) D-tartaric acid.>’

The role of chiral organic molecules in the chiral morphogenesis and polymorph selection
of vaterite has also been investigated.®’ In the absence of chiral additive, or racemic preparations
of the additive, thombohedral calcite crystals were the only calcium carbonate polymorph
observed at ambient temperature due to its greater thermodynamic stability. However, hierarchical
vaterite with chiral spiral morphologies was the predominant polymorph that grew from solutions
containing a single enantiomer of aspartic acid (Figure 6). It is proposed that the binding of chiral
amino acid stabilises the as-generated nanoparticles and influences their tilt angles over several

length scales to produce micron-sized chiral vaterite structures.
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Figure 6. Left- and right-handed spiraling morphologies in vaterite toroids formed at pH 10 from CaCl,-
Na,CO; mixtures in the presence of: A) L-aspartic acid or B) D-aspartic acid.*

1.5. Barium carbonate mineralization

1.5.1. Structure

While the influence of organic molecules on the mineralization of CaCOs is a popular
choice of study due to inspiration and parallels drawn directly from nature, the role of inorganic
additives on barium carbonate (BaCOs3) precipitation are far less explored topics of research.
BaCOs3, another important natural mineral, bears a strong resemblance to aragonite due to its
orthorhombic crystal structure.’! Unlike calcium carbonate, this mineral does not display any sort
of polymorphic behaviour, and has important applications in the production of ceramics, optical
glass and other barium salts.®”®* BaCO3 is also used as a precursor in the production of

superconductors.®*

1.5.2. Silica

BaCOs precipitates from aqueous solutions as small, dendritic crystals. However, these
crystals undergo a dramatic transformation to curvilinear structures in the presence of silicates at
certain concentrations. Importantly, these structures are composite materials of ca. 10-20% silica,
with BaCO3 making up the rest. These crystal aggregates are coined as “silica biomorphs” due to

their morphological resemblance (curved and non-faceted) to several biological forms.%3-¢
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Furthermore, Garcia-Ruiz et al.’%"!

established a striking morphological and compositional
convergence between silica biomorphs and some samples from the Precambrian Warrawoona
Chert Formations of Western Australia, purported to be some of the oldest known putative
microfossils in the world (Figure 7). These studies support the findings that the origin of life should
not be based solely on structural morphology due to the indistinguishable nature of some of the

recovered fossil samples to silica-carbonate biomorphs.> 7172
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Figure 7. Representations of the morphological similarity of silica biomorphs (on the left) and both modern
(Stentor roeseli and Oscillatoria) and ancient (Helioconema and Filiconstrictosus) biological forms.*

1.5.3. Synthesis

It has been shown that silica biomorphs can be afforded from simple experimental set-ups
involving alkaline silica gel or solution preparations.®® ’* Both methods require an alkaline earth
carbonate (i.e. the chloride salts of barium, strontium or calcium at high temperature), a source of
carbonate ions (i.e. usually atmospheric COz), and silica. A typical procedure for synthesising
biomorphs involves adding a solution of barium chloride to a silica solution or gel, prepared by
diluting commercial sodium silicate in water. In order to prepare the gel, the diluted sodium silicate
must be acidified by the addition of HCI and left to equilibrate over days to the required pH (most
often 10.5) (Figure 8a). The dissolution of COz2 in the mixture, via the partially covered reaction
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flask, creates a local concentration gradient along the solution/gel gas interface and raises the local
supersaturation of carbonate and bicarbonate ions, which thus provokes the nucleation of the metal
carbonate. Biomorphic structures arise from the coprecipitation and self-assembly of the metal

carbonate and silica. Even more elegantly, Noorduin et al.”*

developed a method to grow silica-
carbonate structures on substrates from solutions of silicate and alkaline earth metal chlorides,
which significantly reduced both preparation and reaction times, while allowing for greater control
over the evolution of shapes. The microstructures from these reactions show no loss of biomorphic

development and character despite significantly diminished reaction times.

1.5.4. Morphology and chirality

The as-formed biomorphs exhibit similar, regular morphologies in both gel and solution,
such as “worms”, double helicoids, cardioid sheets and globular microstructures (Figure 8b). The
racemic helicoids, which grow largest in gels, range from a few to several hundred microns,*” 7
and are of variable thickness (10 — 60 um).%’ Garcia-Ruiz et al.%® noted that only left-handed helical
braids were precipitated in silica gel to which barium or strontium ions were added in one of their
earlier works. Although the number of helicoids was not given and there were no follow-up
investigations on these results, it was particularly interesting that braids of only a single
handedness were observed in the absence of biological molecules. Instead, the formation and
hierarchical nature of these composite materials is believed to originate from various factors not

limited to the presence of silica, pH, temperature and fluid dynamics.? 63-67- 6% 71,75

1.5.5. Organization and shape control

Garcia-Ruiz et al.”

reported that silica concentrations above 300 ppm appear to be a key
factor affecting the morphological and organizational outcome of carbonates under alkaline
conditions (pH 10.5), where hundreds of carbonate nanorods form and aggregate into complex
shapes. However, only dendritic and pseudo-hexagonal twinned carbonate crystals formed at lower
silica concentrations. These findings were supported by Bittarello et al.®® who found all the
previously mentioned complex shapes precipitated only when the silica concentration of the
solution was at least 5000 mgL!' when mixed with BaClz of a fixed concentration (100 mM), while

dendrites, funnels and sheets were observed at lower silica concentrations.%® The pH of silica sols

decreases fairly slowly both spatially and temporally over the course of days, and even slower in
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gels after a month, which suggests that local supersaturation remains constant as well.
Furthermore, the observed microstructures formed in these reactions can grow and remain stable
for long periods of time, subsequent to their nucleation from “complex” seeds that form when the

pH is at least 10.5.

Co,

Silica sol/gel
B5<pH<I128

Figure 8. A) Schematic representation of a sample cassette where the diffusion of barium chloride and
atmospheric COs in the sol/gel causes the precipitation of biomorphs. B) Typical biomorphic composite
silica-carbonate shapes formed under the influence of silica in alkaline sols/gels.”> Morphological evolution
as a consequence of silica content in mixtures of a constant barium carbonate concentration (100 mM): C)
large carbonate dendrites formed after two days (silica concentration = 500 mgL™"); and d) funnel-shaped
microstructures that precipitated after four days (silica concentration = 4000 mgL ™).

The crystallization of silica biomorphs appears to be related to the fluid dynamics of the
conditions under which they are grown (Figure 9).* For instance, regular morphologies (i.e. leaves
and helices) only appear at room temperature in stagnant solutions of metal earth chloride and
silicates. This is in direct contrast to stirred solutions or solutions that are warmed above room
temperature where microstructures with irregular features develop. These findings imply that the
crystallization of silica biomorphs is governed by diffusion-limited processes, where a significant
concentration gradient is required to synthesise regular structures such as helicoids that develop at

the ends of planar structures.
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Figure 9. SEM images showing the influence of fluid dynamics on the morphology of silica-carbonate
biomorphs: A) a regular helicoid formed in an unstirred solution; B) an irregular helicoid precipitated from
a solution that was stirred; C) helical filaments formed when the temperature of the solution was set to 50
°C; and D) funnel-shaped microstructures formed at high supersaturation in silica sol. Scale bars in the
images are 50 um (A and D), and 20 um (B).%

The presence of multiple concentric bands is a ubiquitous feature of silica-carbonate leaves
when viewed with an optical light microscope between crossed polarizers (Figure 10a). It is
believed that these patterns are due to the hierarchical arrangement of the nanometric carbonate
building blocks within the leaves and other biomorphs such as worms (Figure 10b) and double
helices (Figure 10c). These nanometer-sized rods (typically 400 x 40 nm under additive-free
conditions)’® consist of pseudo-hexagonal, twinned single crystals of witherite, strontianite and
aragonite. With regard to organization, the rods display orientational but no translational order
such that each rod is slightly misaligned with respect to its neighbour and are arranged with their
c-axis parallel to the long axis of the biomorph. It is this orientational order that gives rise to the
radial pattern of the aforementioned leaves. Several studies suggest that biomorphs are nanoscale
composites;** 777 the outer parts of the carbonate rods are sheathed in many single silica
nanospheres (100 nm), which has also been shown to form a “skin” on the outer layer in some
recovered silica-carbonate microstructures.5°-6% 71:73.75. 7 The presence of a silica skin appears to
be more prevalent in crystallization recipes without additives.”® In direct contrast to this,

Kellermeier et al.’®

showed that the as-grown biomorphs, although grown in the presence of
organic additives, formed outer monodisperse siliceous nanospheres (left of Figure 10d) and

carbonate nanocrystallites in the inner core (right of Figure 10d).”® Interestingly, the composite
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nature of these structures can be demonstrated in dissolution experiments where a weak acid
dissolves the carbonate nanorods while retaining a hollow silica skin (Figure 11a). Contrasting
results develop when the biomorphs are immersed in a weakly basic solution which causes the
dissolution of the outer silica skin, and the subsequent exposure of the carbonate nanocrystallites
(Figure 11b), whose orientational order can be clearly seen in cross-sections of the untreated

microstructures (Figure 11c).

SOum

Figure 10. Optical light micrographs with a crossed polarizer and FESEM images depicting: leaf-like,
worm-like and double helical silica-carbonate ultrastructures grown under additive-free conditions (A-C);”
and the outer silica shell (left) and carbonate nanocrystallites (300—400 x 60—100 nm) in the inner core,
exposed after dissolution of the shell in 0.1 M NaOH, (right) of biomorphs that were grown in the presence
of organic additives for ca. six hours (D).’
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Figure 11. FESEM images showing: a hollow silica skin after dissolution of the carbonate nanorods in
weak base (A); carbonate nanocrystallites after immersion and dissolution of the silica skin in dilute acid
(B); and orientational order of the carbonate nanocrystals in a cross-section of a helical microstructure (C).”

1.5.6. Mechanistic overview

The mineralization of alkaline earth metals in silica-rich environments leads to very
intricate ultrastructures with hierarchical textures similar to those found in biominerals, a subject
which has been at the forefront of multiple research endeavours directed at understanding the
underlying mechanisms governing these processes.5>-6:68.73.76. 78-89 Garcia-Ruiz and coworkers®>
% first theorised that the formation of biomorphic aggregates might be due to the inextricably
linked processes of barium carbonate nucleation and growth, along with the simultaneous
precipitation and speciation of polymeric silica. Moreover, it was noted by Voinescu et al.®® that
biomorphs only developed in water-ethanol mixtures, where tetraethyl orthosilicate (TEOS) was
used as the source of silica, when the volume percentage of ethanol was sufficiently low. Silica
polymerization was not unduly promoted so as to significantly outcompete or supress carbonate
precipitation. This suggests that there is a certain threshold value of the silica/carbonate ratio that
must be maintained, perhaps because of their coupled coprecipitation, in order to form biomorphs.
Other theories concerning how the colloidal interaction” of silica and carbonate directs the growth
and morphogenesis of biomorphs were confined to two basic scenarios: a “top-down” or a
“bottom-up” approach. According to the top-down scenario, the evolution of biomorphs with
complex shapes is templated by a preformed colloidal silica membrane that develops upon the
addition of barium ions to solutions containing silicate species, and whose growth is mediated
through cation screening of its negative charge.”” Taking into account a study conducted by
Bittarello et al.,’® the increase in the nucleation frequency and the subsequent miniaturization of

certain facets present in witherite, induced by its epitaxial adsorption on the silicate groups in
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quartz, gives credence to the notion that the growth of biomorphs could be guided by their silica
skin via a “top-down” method.”® In the alternative “bottom-up” theory, the formation of
hierarchically-structured silica-carbonate shapes is thought to originate from the interaction of
silica species and crystalline barium carbonate nanorods, which self-assemble due to local
constraints between crystallites.”> Moreover, another study suggests that a combination of the two
mechanisms in question could not be ruled out according to their findings, which further theorised
that local variations in pH and charge are key to the morphological evolution of these curved
shapes.”® It should be noted that the “top-down” theory of biomorph formation was invalidated”
on the basis that the presence of silica skins is due to the flocculation and formation of colloidal
silica via a secondary mechanism. It is believed that a significant reduction in bulk pH, after about
7-8 hours of growth, marks the start of this mechanism, which appears to occur subsequent to the
morphogenesis of these aggregate, upon which the silica spheres deposit in this latter stage of

growth.

The scope of explorations into the nature of the mechanisms of biomorph formation was

elevated in later years, when a more sophisticated model”*!

was proposed and further expanded
upon.”?-8%- 9294 With regard to these studies, the growth of biomorphs can be understood on a
phenomenological and/or molecular basis.”> The former mechanism involves the physical
morphogenesis of biomorphs, starting from the nucleation and splitting of an alkali earth-metal
carbonate seed, and its development to curved, hierarchical superstructures. On the other hand, the
molecular basis hinges upon the coupled coprecipitation of carbonate and siliceous species due to
an autocatalytic process governed by changes in global supersaturation arising from the pH-

dependent solubilities of the reacting species.

1.5.7. Phenomenological model

There are two stages in the phenomenological formation of biomorphs: a fractal stage and
a stage characterized by polycrystalline growth.” The earliest stage of growth, or the fractal stage,
begins with the nucleation of a pseudo-hexagonal carbonate twinned crystal that undergoes
continuous splitting via a dilation symmetry route due to “poisoning” by polymeric siliceous
species. This method of growth accounts for globular shapes such as dendrites, dumbbells,
cauliflowers, raspberries and closed spheres. There is very little or no silica incorporated in the

crystal lattice of these structures, and the carbonate supersaturation remains relatively unchanged.
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Eventually, all the available sites on the carbonate crystal are blocked by siliceous entities, and
splitting is no longer possible. However, the crystal may develop a 2D lamina along some point of
its structure marking the transition from fractal to the polycrystalline stage of growth, where
numerous carbonate nanocrystallites form and interact with silica, thus giving rise to composite
structures. The latter process is associated with both radial growth and linear advancement of the
lamina, which further develops scroll-like features along its margins that either curl upwards or
downwards. In the case where the constant radial velocity is almost equivalent to the tangential
velocity throughout the growth period, circular leaf-like structures result. On the other hand, the
rate of tangential growth may eventually supersede that in the radial direction, such that the growth
fronts move towards a cusp and crash into each other, which then forces the growth fronts to curl

upon themselves, thus forming helical structures.

The nature of the curling mechanism”!> *°

is postulated to influence the morphological
outcome of silica-carbonate biomorphs. To expand upon this idea, it is proposed that when two
growth fronts, with opposite handedness (i.e. curl towards the same side of the sheet), are of
approximately equal heights and azimuthal/tangential velocities, which when greater than the
radial velocity results in cardioids, results in the formation of sheets. However, if all the previously
mentioned conditions are met, but the curling of the fronts are of the same sign, a regular double-

helicoid forms. Moreover, Noorduin, Kaplan et al.*®

have modeled the emergence of biomorphic
shapes, where several parameters, including pH-dependent bending deformations, determine the
character of helical and other types of microstructures. For example, more regular double helices
are formed at lower bending parameters (high pH) compared to higher ones, where an increase in

pitch is expected and observed under experimental conditions.

Although it is known how the curling mechanism and development of structures with
complex curvature may arise, the presence of leaf-like and helical microstructures nevertheless
raises additional questions with regard to why these very different morphologies exist within a
given pH range. Recent studies suggest that the morphogenesis of these aggregates is linked to the
presence of extrinsic and intrinsic surfaces.”* It was noted that leaves only form when the initial
lamina develop on or close to extrinsic surfaces (e.g. solution or gel interfaces, on substrates, on
the walls of reaction vessels, efc.), whereas helical structures originate far from such surfaces.

These results are perhaps indicative of a lower barrier to continue growing on available extrinsic
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surfaces in the case of leaves, or on intrinsic surfaces in the case of spirals, which propagate by
curling upon themselves. Furthermore, these findings indicate that the morphogenesis of
biomorphs may be controlled with micro-patterned substrates in a similar manner to that which

was used by Han et al. to influence the growth of calcite.>®

1.5.8. Autocatalytic coprecipitation model

The polycrystalline stage of biomorphic silica-carbonate structures correlates well with a
growth mechanism based upon the autocatalytic nature of silica and carbonate coprecipitation
under the influence of pH-induced changes, which is opposite for each of the main reactants
because of their varying solubilities, on a global scale. Here, the nucleation of carbonate occurs
with a decrease in pH, which induces the formation and condensation of silica to silanol. The
polymerization and continuous removal of silanol necessitates the rise in local pH, which favours
a new carbonate nucleation event. The self-generated process is continuously supported by a
feedback mechanism, based upon the hydrogen carbonate/carbonate equilibrium and the
decreasing solubility of silica, via the slow diffusion of carbon dioxide in a solution/gel of alkali
earth-metal chloride and silicate ions. Finally, the subsequent lowering of the pH supplies building
blocks to the growing surfaces of the composite. Unsurprisingly, numerous carbonate nanorods
are produced in response to the carbonate supersaturation that remains high for many of the
important steps of the growth process. The presence of silica has also been implicated in the shape-
control,””-*7 high nucleation frequency and size-confinement of these nanorods via a process where
the face-selective adsorption’ of silica provokes a reduction in the interfacial tension with respect

to the supersaturated solution.®® 78

Initial support for a coupled reaction-coprecipitation process, as the fundamental
mechanism involved in the formation and evolution of silica-carbonate microstructures, was
mostly based on indirect evidence. For instance, it was expected that such a process would
necessitate the formation of a silica sheath around individual nanorods, as suggested in one study.”
7 The occurrence of at least some amount of silica on the surface of these nanoparticles was later
experimentally verified.®! According to these findings, preformed barium carbonate ion pairs
and/or clusters are stabilised and limited to a small size upon their assembly into nanoparticles due
to both their confinement in a silica matrix and the deposition of silica around the nanoparticles,

as confirmed by EDX, TEM and STEM measurements.®! The presence of silica on the rods not
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only induced uniformity of the nanoparticles, based on the silica concentration of the solution and
silica composition of the rods, but also the blockage of their continued growth, even though the
barium and carbonate supersaturation remains high. According to the authors, these events
represent the driving force for the formation of biomorphs via the autocatalytic model.
Furthermore, in analogous experiments,”® where calcium carbonate was precipitated from
solutions of very high supersaturation under the influence of silica, silica shells of concentration-
dependent thickness were found on individual amorphous calcium carbonate (ACC) nanoparticles,
which could be selectively dissolved to generate hollow silica spheres. This suggests that silica,
and its role in a coupled reaction mechanism, cannot be ruled out. Moreover, the epitaxial growth
of carbonate on quartz via its attachment to the silicate chains present therein, and vice versa, gives
further credence to this notion.”®*® Additional evidence for this postulated mechanism comes
from studies which showed that, despite experimental setups that should theoretically favour the
outward movement of the locally-higher concentrations of as-generated carbonate and siliceous
species away from the active growth region, biomorphs are instead controlled and afforded by
surface-localized reactions. These reactions occur independent of diffusion control, as suggested
by the zero-order decay of barium ions and steady-state kinetics of growth rates (a few
microns/min).”® *> Moreover, the model predicted that these reactions should be localized, which
was supported by hierarchically-structured material that evolved largely unaffected even at very
high stirring rates until a threshold, due to the convergence of hydrodynamic and localized
processes, was surpassed.’® With regard to other indirect support of the localness of the proposed
mechanism, Opel et al.% used a pH-responsive dye with fluorescent properties to identify a zone,
extending about 2 microns ahead of the crystallization front, of considerably lower pH in
comparison to that of the bulk,® though the oscillation of the pH in space and time could not be

validated until recently.

The molecular basis for the emergence of silica-carbonate microstructures from nanoscale
components was recently supported by concrete evidence gathered using in situ fluorescent
microscopy with a pH-responsive dye (acridine orange).® The results of the study showed that the
compositional oscillation in the periodically-banded microstructures are caused by a local
autocatalytic process whereby the coupled reaction and co-deposition of silica and alkali earth-
metal carbonate causes pH oscillation in a region that is spatially-confined to about 2 microns of

the growing crystallization front.¢
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1.5.9. Directed shape control strategies

Inherent in the molecular mechanism of silica-carbonate formation, even a priori its proof,
were certain clues that suggested the overarching process could be exploited to direct the growth
of basic microstructures towards more complex ones. Indeed, Noorduin et al.”* used the synergistic
effects of the chemical gradients generated by the feedback-controlled mechanism, and desired
reaction parameters, such as COz concentration, pH and temperature, to generate a variety of tailor-
made structures. Their model is also supported by findings which suggest there is a dynamic pH-
switch that can be manipulated to allow the facile and deterministic transition between each of the
as-discovered distinct regimes in which growth of these types of microstructures occur (Figure
12b). In Figure 12a, it can be seen that these three pH-dependant growth regimes are: 11.8-11.9
(regime 1), 11.1-11.3 (regime 2) and 8.5 (regime 3). Since pH is one of the most important factors
in the growth of these microstructures, it is perhaps not surprising that these could be sculpted into
morphologies that are characteristic of the particular growth regimes: stems, vases and corals
(regime 1), helicoids, leaves and globules (regime 2), and regular dendritic BaCOs crystals (regime
3). Moreover, it is evident that the interplay between the bulk pH and the lowered local pH, set by
the reaction in the vicinity of the growth fronts and between neighbouring structures, is heavily
influenced by the proximity of the latter to the silica deposition zone. The relationship between
these factors provides a basis for understanding why structures characteristically grow away from
the vertically-positioned substrates towards the bulk pH in regime 1 or along the substrate in
regime 2. Here, the shared feature of these two regimes is morphological evolution in a direction
that will avoid the optimum silica precipitation zone, which would otherwise stop the
microstructures from growing. The ability of silica to restrict growth only to active barium
carbonate growth sites is fundamental to the design of 3D silica-carbonate architectures with
enhanced complexity and hierarchy, since shapes can then be assembled onto or grown from other

shapes in subsequent reactions (Figure 12c).
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Figure 12. A) pH dependent growth regimes silica-carbonate microstructures. B) Characteristic basic
morphologies of each independent growth regime. C) Hierarchical microstructures that were programmed
by combining several basic shapes. Reprinted from ref.”

1.6. Thesis overview

The objective of this thesis is to explore several aspects of the growth process that leads to the
formation of silica-carbonate microstructures with hierarchical textures via the bottom-up
assembly of alkali earth-metal carbonates (witherite and strontianite) in silica-rich environments
at alkaline pH (10-11.9). Chapter 2 focused on replicating of the work of Noorduin et al., which
involved directing the growth of basic microstructures towards more complex, 3D nanocrystalline
composite materials that grew on top of or from within previously grown shapes, in sequential
growth steps. This involved exploiting the intersection between chemical gradients and
predetermined reaction parameters (i.e. atmospheric CO2 concentration, pH and temperature) in
order to create the aforementioned hierarchically assembled shapes. The goal of Chapter 3 is to
present findings related to the attempted control of the chirality of helical silica-carbonate shapes
using chiral molecular (amino acids) and microscale (vaterite) chiral directing agents. Here, the
double helicoids grew from pH-adjusted reaction mixtures to which aliquots of amino acid were
added, or on substrates that contain pre-assembled chiral vaterite. Chapter 4 aims to show how
the size and predominant morphologies of silica-carbonate microstructures were tuned as a
function of the amount of Chicago Sky Blue, a sulphonated azo dye, incorporated in the
crystallization solution. This research also provides indirect evidence for accelerated growth rates
of the microstructures from solutions that contained dye, as implied by an increase in size relative
to control experiments in the absence of dye during a growth period of 1.5-2 hours. Optical light
and scanning electron microscopies were the principle tools used for the characterization of the as-

formed microstructures.
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Chapter 2. Hierarchical silica-carbonate microstructures

2.1.Introduction

The crystallization of barium carbonate (BaCO3) from solutions at alkaline pH in the
presence of silica represents a directed mineralization strategy via an inorganic-inorganic
approach. The resulting shapes fall outside the purview of classical crystallization methods from
which minerals with well-defined facets and geometries arise. Instead, silica-carbonate structures
strongly resemble the highly curved surfaces displayed by biominerals formed under the control
of organic molecules,%* hence the designation “silica biomorphs™ (Figure 13). Biomorphs are
formed under conditions far from chemical equilibrium by self-assembly processes, which can be

most readily tuned by adjusting the bulk reaction pH.

Figure 13. A selection of silica biomorphs resembling biological forms such as caterpillars, flowers and
helices. Reproduced from ref'® (Image credit: Matthias Kellermeier/Stephen Hyde/Juan Manuel Garcia-
Ruiz).

The co-mineralization of silica and carbonate has a synergistic effect that originates from
their opposite pH-dependent solubilities. In the region of the biomorph growth fronts, barium
carbonate precipitation leads to a decrease in pH, which subsequently triggers the
polycondensation of silicic acid to silica, thus causing the pH to increase, giving rise to yet another

round of barium carbonate crystallization (Figure 14; simplified reaction equations). The coupled
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mechanics of this cyclic process implies that each component of the system influences the other

as it is being formed, therefore the final assembly of the material can be controlled.

CO, + Ba2* + H,0 — BaCO, + 2H*

|

2H* + Si0,2 — Si0, + H,0

Figure 14. Reaction scheme depicting the pH-controlled coprecipitation of silica and barium carbonate at
the front of a growing structure. Reproduced with alterations and with permission from ref.”’

Noorduin et al.’* devised rationally designed schemes for sculpting a great variety of
elementary silica-carbonate shapes in a dynamic reaction-diffusion system (Figure 15a-c).
Hierarchical microstructures of enhanced complexity were created by modulating the CO2
concentration, pH and temperature in mixtures containing sodium metasilicate and barium chloride

(Figure 15d-g).

Figure 15. Silica-carbonate microstructures assembled at pH 11.8 and 11.2: A) vase; B) coral; ¢) double
helix; and D-G) hierarchical shapes grown from crevices or stacked on top of each other. Reproduced with
permission from ref.’

This work investigated the effect of chemical gradients on the shape of silica-carbonate
biomorphs in a reaction-diffusion system by careful modulation of the pH, CO2 concentration and

temperature as a route to assemble desired silica-carbonate microstructures in single (basic shapes)
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or sequential growth steps (hierarchical shapes). The study of the mineralization of barium and
other related carbonates, such as strontium carbonate, sets the stage for the development and
transformation to functional 3D materials, whose properties are structure-dependent, via means

that preserve the underlying shape.
2.2.Results and discussion

2.2.1. Basic shapes

We precipitated silica-carbonate microstructures following the procedure developed by
Noorduin ef al., ™ in which carbon dioxide diffuses into aqueous solutions of sodium metasilicate
and barium chloride. This method circumvents the rigours of preparing gels, as well as allowing
for easier control of the initial concentration of the reactants. This facile preparation method
requires a simple laboratory setup, and the growth of silica carbonate microstructures (biomorphs)
can be confined to 1.5-2 hours. It was found that there are two major pH regions for the evolution
of distinct classes of structural morphologies for these nanocomposite materials. In the first regime,
where the pH is set to between 11.1-11.3, growth is directed away from the bulk pH, which favours
the formation of leaves, helices and globular microstructures. Conversely, at pH 11.8—11.9 can
best be described as a regime where the growth of flower-like microstructures occurs. Here, these
flowers grow towards the bulk pH, giving rise to stems, vases and corals on a substrate positioned
vertically in solution. For successful growth, the commonality between these two pH-induced
growth regions is the necessity of avoiding the zone of optimal silica precipitation, which occurs
at pH 10.5. This essentially means that the decrease in the local pH must be maintained to the left
of this passivating silica deposition zone in regime one, while that of regime two is directed higher,
or to the right (Figure 12a). The structures in regime one are able to do so by growing flat along
the substrate or by twisting upon themselves as they follow a local growth-induced trail of acid in
order to shield themselves from the higher bulk pH. The opposite scenario has been demonstrated
for regime two. Active barium carbonate growth sites become covered with silica when the bulk
pH approaches 10.5, which inhibits growth. This coprecipitation system thus affords us with a
means to design silica-carbonate shapes in a predictable manner based on pH-stimulated responses.

Herein, we aim to replicate the growth of these morphologies by tuning the bulk pH.
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2.2.1.1. Inward-directed growth of helices, leaves and globules

The formation of microstructures that grow along the substrate or by a twisting mechanism was
induced by setting the bulk pH to 11.2. Prior to adjusting the pH, barium chloride was slowly
added to a solution of sodium metasilicate in order to avoid the premature precipitation of silica.
Fluorescein dye, which was added to facilitate optical confocal microscopy studies, completely
dissolved in the pH-adjusted mixture to give a fluorescent green solution. The diffusion of
atmospheric carbon dioxide into the mixture increases the carbonate supersaturation and leads to
the formation of silica-carbonate microstructures on slides positioned vertically in solution. The
results demonstrated herein confirm the presence of double helices, leaves, and globular shapes on
a typical optical micrograph at this pH (Figure 16a). Moreover, although distilled water was used,
the results suggest that the concentration of extraneous ions was not high enough to disrupt the
formation of these shapes. Nevertheless, a switch to deionized water was made in later reactions
to rule out the possibility of interference from foreign ions. Dark field microscopy allowed for the
chiral characterization of the double helices, where the use of an opaque disc limits most of the
light coming from the condenser to only a few scattered beams, which results in a dark background
on which a translucent sample appears if it possesses the ability to reflect light. Since this technique
is best utilized for studying surface features, in addition to the partially crystalline and translucent
nature of these silica-carbonate materials, the chirality of helical microstructures is usually well
defined as is exemplified in Figure 16b, where a right-handed double helix is depicted. Polarized
light microscopy proved to be another useful technique for the morphological characterization of
these microstructures, especially leaf-like shapes. The silica-carbonate leaves were observed as
sheets composed of multiple spherical bands emanating from a single nucleus. Each leaf also
displayed a prominent Maltese cross that extended from the nucleus to the periphery of the
structure when viewed between crossed polarizers (Figure 16¢). The banded patterns are a
characteristic feature of the leaves, originating from the orientational order of its nanocrystals,
which are slightly misaligned with respect to their neighbours. The attractive forces between these
nanocrystals leads to their self-assembly into micron-sized structures. Overall, globular aggregates

seem to occur more frequently when compared to leaf-like and helical
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Figure 16. Silica-carbonate microstructures grown in non-degassed aqueous solutions of BaClz (19 mM)
and Na,SiO; (8.2—8.5.mM), where the former was added to the latter in a 100 mL beaker. The total solution
volume was 15 mL, and was adjusted to pH 11.2, prior to the addition of fluorescein dye (1.40 mM). The
material precipitated on a clean microscope slide positioned vertically in solution, while a petri dish was
used to cover and allow the flow of CO> in through the spout of the reaction vessel. After ca. two hours,
the slide was removed and rinsed twice in distilled water, followed by acetone and finally air dried prior to
the morphological characterization of the shapes: A) optical light micrograph showing the morphologies
(pH 11.2); B) translucent double helix viewed by dark field optical microscopy; and C) a leaf-like shape
displaying a dark extinction pattern when viewed between crossed polarizers of a petrographic microscope.

architectures as can be seen in Figure 17a. This suggests that leaves and helices occur when the
barrier to their formation is overcome, perhaps by way of heterogeneous nucleation as noted by

Kellermeier et al.**

Nevertheless, a closer examination of the biomorphic shapes reveals that they
all must start from a globular aggregate, thereby transitioning from the fractal growth of a barium
carbonate seed under the influence of oligomeric silica species to polycrystalline growth.” The
growth of a leaf is initiated when the radially advancing lamina, extending from the globule, starts
to develop folds of opposite handedness but equal heights along its rims. Since radial growth is
decreasing as a function of time, this type of growth terminates at an apex when the two folds
eventually meet. A helical microstructure could also develop at the apex of a leaf. The growth of
helices is similar to that of leaves in that there is also a lamellar component to their growth and
curling of its two growth fronts of similar height. However, the lamellae in helices are much
smaller and the growth fronts curl in the same sense, most likely in response to the local generation

and diffusion of acid, in contrast to those of leaf-like shapes. Another key factor that determines

whether leaves or helices will form is the degree of contact with a substrate. In Figures 17b-c and
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f, and in general, all the helical microstructures are observed to have grown at some vertical
distance away from the substrate, whereas the leaves grow in direct contact with the substrate
(Figure 17e). The variation in the different types of helical microstructures, such as double helices
(Figures 17b, ¢ and e) and braid-like microstructures (not shown here), can perhaps be explained
by differences in growth rates, with curling in the latter expected to occur at a faster rate.
Furthermore, the transition of a double helix to a single helix (white box in Figure 17¢) represents
the stage at which one growth front begins to curl at a much faster rate than the other, most likely
due to changes in chemical gradients surrounding the growing tip of the structure. Finally,
microstructures with a worm-like appearance seem to arise from a growth front wrapping around

itself (Figure 171).

Figure 17. SEM micrographs showing: A) common as-prepared silica-carbonate microstructures upon their
precipitation on an uncoated glass substrate from a barium chloride/sodium metasilicate mixture at pH 11.2;
B) a left-handed double helix; C) the transition of a right-handed double helix to a single helix of the same
chirality (inset of C); D) a globular aggregate; E) a double helix that grew on top of a leaf; and f) a
worm/caterpillar-like structure.

These results correlate well with the structural morphologies for silica-carbonate
microstructures that have been previously reported by Noorduin et al. at pH 11.1-11.3.74

Moreover, the reaction set-up was tolerant to the use of non-degassed and non-deionized water for
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the preparation of solutions, while the incorporation of fluorescein dye had no bearing on the

outcome of the shapes that were precipitated from solution on glass substrates.

2.2.1.2. Solution-directed growth of stems, vases and corals

The next set of reactions were conducted at pH 11.8 to verify the importance of the second
pH regime for the shaping of silica-carbonate microstructures. The reaction set-up and the
preparation of the solutions were maintained as described in section 2.2.1.1, and only the pH was
modified. The results demonstrate that the shapes typical for this pH regime were successfully
grown under the studied reaction parameters. A field of microstructures terminating in bright and
circular rings at their tops were observed by dark field microscopy (Figure 18a). We postulate that
the brightness of the tips of these structures suggest that they have an inherent capacity to function
as light-directing materials. Bright field microscopy clearly revealed that these shapes are vases
that often appear singly or in pairs (Figure 18b). The size of the vases grown in pairs are
comparable, so their growth is likely to have been initiated at the same time. Other interesting
forms characterized by optical light microscopy were corals (Figure 6¢). This type of
microstructure is defined by multiple wave-like fronts, and were found growing on parts of the

substrate positioned deeper in solution compared to the vases.

Figure 18. Typical images of vase-like microstructures (A—B) and corals (C—D) crystallized on glass
substrates from barium chloride-sodium metasilicate solutions adjusted to pH 11.8, as viewed by dark field
(left) and bright field (right) optical light microscopy.

The morphology of the samples was then investigated by SEM. The overarching principle

governing the morphology and number of microstructures seemed to be the distance from the air-
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water interface, and hence local carbonate supersaturation controlled by the diffusion of CO2. At
the topmost section of the interface, a greater quantity of stems was precipitated on the substrate,
which branched from a central point when the carbonate source was switched to strontium (Figure
19a). These stems are of comparable width, except for sections where fluxes in the CO2
concentration occurred. The higher concentration of COz at the top of the interface leads to the
nucleation and growth of more structures, and since they are close to each other, their widths and
morphologies are confined to the dimensions of stems. The possibility of patterning these
microstructures could be realized by adjusting the CO:2 concentration, simply instigated by
removing and replacing the petri dish covering the reaction beaker during unique stages of their
growth (Figure 19b). In Figure 7b, the black arrows identify the points in time at which the petri
dish was removed, and thus the subsequent thickening of the structures due to greater carbonate
precipitation. Perhaps, even more important, this experimental design points to other intrinsic
properties governing the size of these stems, since they narrow in order to recover the initial widths
set prior to the removal of the petri dish. The stems then make way for the formation of vases,
which can be considered as extensions of stems. Here, a stem first forms but, because the lower
degree of nucleated structures necessarily need more space to expand laterally, it starts to grow
outwards. However, this growing structure then collapses in the middle due to the inability to
buffer the build-up of acid within its own walls, thus giving rise to vase-like shapes (Figure 19c).
In Figure 19c, the presence of both stems and a vases gives credence to the aforementioned growth
theory, as well as highlighting that the passivating effect of silica on the sides of the structures
limits growth and deposition of new material to their tops. The other shape (i.e. corals) found
growing at a greater distance from the vases (i.e. further from the air-solution interface) are fewest
in number and so have even more space to expand laterally (Figure 19d). Interestingly, these corals
resemble many incompletely formed vases which suggests the accumulation and inefficient
buffering of acid within the walls of each unit of the overall structure, which are thus steered away
from each other to minimise exposure to acid. The effect of the local diffusion and exchange of
acid is perhaps best illustrated in cases where two neighbouring structures in close proximity grow
away from each other, such that they develop a certain asymmetric characteristic to their growth

(Figure 19e).
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Figure 19. Examples of silica-carbonate microstructures that exhibit characteristic morphologies and
features when grown from alkali earth metal chloride-sodium metasilicate solutions at pH 11.8, as observed
by SEM: A) similar strontium carbonate stems diverging from a central point; B) a patterned barium
carbonate stem where the black arrows depict the closed position of the petri dish; C) a vase; D) a coral; E)
and two corals showing that growth is restricted in the region between neighbouring microstructures at pH
11.8.

2.2.2. Hierarchical microstructures

The results discussed in sections 2.2.1 and 2.2.2 demonstrate that it is possible to control
the basic morphogenesis of silica-carbonate microstructures by defining the initial pH and with
careful modulation of the CO2 concentration. Furthermore, growth is directional, not only in how
these structures grow in the two different pH regimes, but also in terms of where on the structure
it occurs. That is, growth seems to occur preferentially at the tips or tops of the structures as
opposed to the sides, where silica deposition prohibits growth. These factors then give rise to
simple methods of designing new shapes based on the hierarchical assembly of silica and carbonate
at the active growth sides of previously grown microstructures. These carbonate growth sites could

also be present deep within the structures themselves, such that additional shapes can be inserted
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within these sites. Here, we will use these basic principles to assemble hierarchical microstructures
in conjunction with controlling other parameters such as the addition of salt, temperature and

variation in the alkali earth metal ion source.

2.2.2.1. Stacked barium carbonate shapes

The effect of stacking BaCO3 shapes on top of each other was investigated by transferring
the substrate from a first solution, to which NaCl was added, to another under different growth
conditions. NaCl can be utilized to change the ionic strength of solutions, though its effect may
not be very significant as Noorduin ez. a/’* noted that NaCl only promoted a slight thickening of
the silica-carbonate microstructures. To better understand how temperature can be used to guide
the evolution of these shapes, the second solution was cooled down to about four °C in an ice bath.
It can be seen that the first reaction resulted in the formation of 2D semi-circular and circular
shapes and vases (Figure 20a). However, when the acid from the first reaction was removed by
washing, and the substrate moved into a second 4 °C solution, the thickening of the outer
perimeters of the first set of structures became readily apparent (Figure 20b). This effect can be
attributed to the growth of further silica-carbonate shapes from active carbonate growth sites
formed in the prior reaction. SEM was used to further investigate the morphologies of the
thickened microstructures (Figure 20c). Although there were several vastly different morphologies
observed in this reaction, a few false-colored images could best be used to represent the delineation
between the first and the second reaction for most of these structures. In particular, it can be seen
in Figure 20g that the first reaction produced vases (green), while the second one lead to the
assembly of globules on the top walls of the vases (red). The formation of the globular crystals,
suggesting wall thickening, perhaps due to the enhanced precipitation of carbonate influenced by
the greater CO2 availability and hence carbonate supersaturation at the lowered temperature. The
thickening of the walls of the microstructures also occurred in corals (Figure 20d, pink). Whereas
some parts of the coral structures are terminated with lilypad-like structures (Figure 20d—e). This
lilypad-like characteristic might have already been present from the first step or could conceivably
have developed upon the pinning of the solution meniscus on previously grown structures. With
regard to the latter hypothesis, the structures would be forced to grow laterally in a 2D fashion in
solution in order to have access to new building materials in the form of carbonate and silica.

Finally, hybrid shapes composed of spicules on the bottom and vases on the top were also
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characterized by SEM. The vase component of the hybrid shapes is very likely to have occurred
under the constraint of a competitive growth mechanism between neighbouring parts of the
structures, where only some parts of the spicules evolved into vases in the second step. This is not
surprising, since this solution-directed regime dictates that structures move away from each other
in order to limit the exchange of acid and continue to successfully grow. Furthermore, active
carbonate growth sites seem to be present within these vases from which thick, stem-like
microstructures grew. The combined effect leading to the formation of the hybrid spicules, vases

and stems is a hierarchical shape reminiscent of a calla lily.
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Figure 20. Optical light microscopy (A—B) and SEM (C—G) images illustrating a route to hierarchically-
assembled silica carbonate microstructures from two distinct growth steps: A) circular and fan-like barium
carbonate structures which grew in the first step, where NaCl was added to the reaction solution that was
adjusted to pH 11.8; B—C and g) thickening of the rims of the previously grown and washed structures upon
being placed in a barium chloride/sodium metasilicate solution that was adjusted to pH 11.8 and four °C in
the second reaction step; D, F and G) false colour images highlighting the deposition of material from the
second step (pink, yellow and red) onto active barium carbonate growth sites that were preserved from the
first reaction (green and white); and D—E) lilypad-like features, where the meniscus of the second solution
might have pinned onto the structures grown in the previous step, which forced growth to occur in 2D
instead of 3D.
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2.2.2.2. Accessing core BaCOs3 growth sites

To further expand on the concept of designing hierarchical shapes stemming from the
insertion and growth of structures from deep-lying sites present within previously grown
microstructures, the temperature was first reduced to the temperature of an equilibrated ice-water
bath (4 °C) in the first step and subsequently grown as normal, albeit with increased CO2 exposure
lasting for five minutes in the second step. The reduction of the temperature afforded globular
spheres whose appearance can also be attributed to augmented carbonate deposition and fractal
splitting of the initial seed, as well as subsequent passivation from silica precipitation, similar to
the origins of the globules mentioned above (Figure 21a). Although carbonate deposition increases
at lower temperatures, other temperatures, such as 10 or 15 °C, would presumably have afforded
similar globular spheres. Upon performing the second step, there was a noticeable difference in
the structures, where barium stems inserted into existing crevices within the original spheres, and
subsequently opened into vases when a CO2 pulse was applied (Figure 21b). To verify this
hypothesis, SEM was used to visualize the microstructures, which showed stems and vases
emanating from globular spheres (Figure 21c). Once again, the proximity of a stem to its nearest
neighbours seems to dictates whether or not it transitioned into a vase. Simply put, a high
concentration of CO2 causes these structures to grow rapidly in a relatively short period of time,

so a reduction of the exposure time leads to the formation of smaller, more uniform vases.

Figure 21. Optical light microscopy (A—B) and SEM (C) images evidencing the assembly of complex
silica-carbonate microstructures in two reaction steps: a) globular barium carbonate aggregates grown from
a reaction solution where the pH was adjusted to 11.8 at 4 °C; B) structures showing a transition in the
morphological profile of the previously grown microstructures upon being placed in a strontium chloride
(19.1 mM) and sodium metasilicate (8.2—8.7 mM) solution that was adjusted to pH 11.8 and maintained at
room temperature for ca. two hours; and C) scanning electron micrograph depicting one of the as-grown
structures subsequent to the termination of growth in the second step, where strontium carbonate stems
grew from active growth sites present within the crevices of the globular aggregate, which were further
shaped into crude vases upon the opening of the lid of the beaker for ca. five minutes.
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2.2.2.3. Strontium and barium carbonate microstructures (effects of pH)

The library of hierarchical microstructures could further be expanded by switching the
metal ions in the carbonate from barium to strontium. This is a rational approach in the design
process since barium and strontium carbonates are both orthorhombic, so they are therefore
expected to form similar structures. However, there are observable differences which may be due
to variations in ionic radius (219 versus 253 pm with respect to strontium and barium), electron
shell structure of the respective metal ions, or crystal habits of these metal carbonates.
Furthermore, the solubility of strontium carbonate and barium carbonate at 25 °C per 1000 g of
water were reported to be 0.396 x 10* g/mL and 0.90 x 10* g/mL, respectively.'’! Indeed,
strontium carbonate vases that were taller than previously shown barium carbonate vases (section
2.2.1.2) were observed at pH 11.8 in the first step. Here, small uniform barium carbonate vases,
sprouting from the strontium carbonate vases, originated in the second step, also at pH 11.8 (Figure

22a).

Underscoring the importance of pH in creating steep chemical gradients necessary for the
formation of basic and hierarchical shapes, additional standard or curious microstructures could
also be obtained. For example, at pH 11.8, flower-like barium carbonate shapes could be
assembled on helices grown at pH 11.2 (Figure 22¢). As shown in figure 22b, flowers eventually
evolved at the tips of the fibrillated stems diverging from a central point. This is a rather strange
phenomenon, which suggests that these structures grew from low to high pH. This could have been
due to the diffusion and eventual homogenization of base within the bulk solution, thus changing
the microenvironment of the structures over the course of the reaction. The morphology of these
structures also implies a higher silica content present within the fibrillated sections, which
decreases over time to allow carbonate growth to evolve into flowers, free from the passivating

constraints of silica deposition.
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Figure 22. SEM images of hybrid silica-carbonate microstructures: A) tall strontium carbonate vases (first
step, pH 11.8) into which shorter barium carbonate stems and vases insert in the second growth step (pH
11.8); B) one-pot synthesis of fibrillated stems (lower pH) decorated with barium carbonate crystals (higher
pH); and C) false-coloured microstructure of a flower (red, pH 11.8) that was deposited on top of a double-
helix (green, pH 11.2) in a separate growth step.

2.3. Conclusions

The design of both basic and hierarchical micron-sized silica-carbonate structures were
realized with control over such parameters as initial bulk pH, CO2 concentration, temperature and
the utilization of different carbonate alkali-metal sources. The structures were characterized by

optical light microscopy and scanning electron microscopy.

Distinct classes of microstructures were precipitated based on the initial pH of non-
degassed barium chloride and sodium metasilicate mixtures. At pH 11.2, these microstructures
either grew flat along the glass substrate to form leaves, or from an interface situated along a
globule located at some vertical distance from the substrate. The latter gave rise to various types
of helical microstructures such as worms, double helices, and single helices found at the tip of the
double helix. The emergence of these types of microstructures is consistent with a solution-
shielding effect, as they either twist or grow flat to remain at a local pH on the periphery of the
optimum pH for silica deposition. On the other hand, shapes such as stems, vases and corals were
afforded at pH 11.8, since growth towards the higher bulk pH favours the enhanced deposition and

growth of carbonate, relative to silica, due to their opposite trends in pH-induced solubilities.

The predictable nature of the direction of growth and the types of microstructures obtained
in each regime provided a straightforward approach to the design of hierarchical shapes based on
sequential stacking of different shapes. It was shown that fresh material will deposit on top of the

walls of these structures, leading to wall thickening. The effect of lowering the temperature from
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room temperature to 4 °C is to enhance carbonate deposition and induce the growth of cauliflower-
like aggregates. These aggregates were either used to decorate vases, or to provide additional sites
for inserting stems that grew from carbonate growth sites present within their crevices. The as-
grown stems were further shaped into vases by increasing the exposure of the reaction solution to
COz2. When the reactions were conducted first at pH 11.2, then at 11.8, flower-like shapes with
helical stems resulted. The reactions also tolerated the formation of shapes from hybrid alkali metal
ion sources (i.e. strontium and barium). For instance, tall strontium carbonate vases containing

barium carbonate vases were made in two separate growth stages, both at pH 11.8.
2.4. Experimental

2.5.1. Materials and method

Analytical grade barium chloride dihydrate (BaCl2e2H20), strontium carbonate
hexahydrate (SrCl2e6H20) and sodium metasilicate (Na2SiO3) from Sigma Aldrich, and L-aspartic
acid from Alfa Aesar were used without further purification. All samples were prepared fresh with
distilled water. Microscope slides (75 x 25 x 1 mm) were purchased from Thermo Fisher Scientific
and were either used thus or cut to desired dimensions (55 x 25 x 1 mm). The slides were cleaned
by soaking in Hellmax™ cleaning agent for at least two hours. The slides were subsequently rinsed

in distilled water, air dried and stored in a clean, covered beaker.

Optical light microscopy of the samples was carried out on a Leitz Laborlux 2 Pol S
petrographic light microscope equipped with an Axiocam 105 color camera that interfaced with a
Zeiss light software program. SEM images were obtained using an FEI Inspect F50 FE-SEM
operating at 1-2 keV acceleration voltage in order to minimize charging of the samples (N.B.

without sputter coating).

2.5.2. Experimental conditions for the microstructures shown in Figures 16-
19 (helices, leaves, stems, corals and vases)

Distilled water (100 mL) was added to sodium metasilicate (0.130 g, 1.07 mmol) in a 100

mL beaker and the resulting mixture was stirred magnetically for 10 minutes until the solid

completely dissolved. An aqueous solution of BaClz (3 mL, 0.0755 g, 0.309 mmol, 103 mM) was

delivered dropwise from a 5 mL syringe to an aliquot of the sodium metasilicate (12 mL, 0.127
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mmol, 10.65 mM) solution contained in a 100 mL beaker while swirling. Fluorescein (7 mg,
0.0211 mmol) was subsequently added and the pH of the resulting light fluorescent green solution
was adjusted to either pH 11.2 (helices and leaves) or 11.8 (stems, vases and corals) with 1 M
NaOH and/or HCI solutions. The final concentrations of fluorescein, Na>SiO3 and BaCl> were
1.41, 8.52 and 20.6 mM, respectively. A clean glass slide was positioned vertically in the solution
and the beaker loosely covered with a petri dish in order to allow the flow of CO2 in through its
spout. After ca. 2 hrs, the substrate was removed and rinsed in water contained in a 250 mL beaker
for about 1-2 minutes in order to stop the reaction and to remove any loose precipitate not adhered
to the slide. Finally, the slide was rinsed for 30 secs in acetone, then air dried. Optical light

microscopy and SEM were subsequently used to visualize the as-prepared aggregates.

2.5.3. Experimental conditions for the microstructures shown in Figures 20

and 21 (hierarchical shapes)

In order to make the structures in figure 20, a slide was transferred from the first solution,
to which NaCl (14 mg, 0.35 mmol) was added, to a second solution (without NaCl) that was cooled
down to ca. 4 °C in an ice bath (rinsing in distilled water in between). Aside from these
modifications, the protocol in section 2.5.2 was followed for preparation of the BaClz, Na2SiO3

and fluorescein solutions, and the subsequent reactions at pH 11.8.

The microstructures in figure 21 were prepared by lowering the temperature to 4 °C in the
first step and subsequently grown as normal, albeit with increased CO2 exposure lasting for 5
minutes in the second reaction. In order to access the barium carbonate growth sites present in the
core of the microstructures from the first step, the slide with the as-prepared globular spheres was
transferred to a second solution that contained strontium chloride (3 mL, 0.0489 0.0824g, 0.309
mmol) and Na2SiO3 (12 mL, 0.127 mmol, 10.65 mM). The reaction was subsequently conducted
at room temperature for ca. 2 hours. During this growth period, the petri dish was removed after
ca. 1.5 hours for about 5 minutes in order to increase the flow of CO: into the solution. The petri

dish was subsequently restored to its previous position during the rest of the growth period.
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2.5.4. Experimental conditions for the microstructures shown in Figures 22
(effect of tuning the alkali earth metal ion and pH)

Briefly, the silica-carbonate microstructures in figure 22a were prepared at pH 11.8 by
adding SrCl2 (3 mL, 0.0484 g, 0.309 mmol) to Na2SiO3 (12 mL, 0.127 mmol, 10.65 mM) in a 100
mL beaker in the first step, after which the shapes were grown and washed according to the steps
outlined in section 2.5.2. In the second growth step, the slide with the strontium microstructures
was placed in a 100 mL beaker containing Na2Si03 (12 mL, 0.127 mmol, 10.65 mM) and BaCl:
(3 mL, 0.0755 g, 0.309 mmol, 103 mM). The pH was adjusted to 11.8 and the reaction was

conducted at room temperature according to the protocol established in section 2.2.1.1.

CO, (Air)

H,O

CO, + BaZ*+ H,0 = BaCO, + 2H*
2H* + Si0,2 = Si0, + H,0

Figure 23. Experimental setup for the growth of silica-carbonate microstructures
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Chapter 3. Amino-acid induced chiral vaterite

microstructures

3.1. Attempts to control the chirality of
BaCOs microhelices with enantiopure L-

aspartic acid

3.1.1. Introduction

The interaction between the organic and inorganic components of biological systems leads
to some of the most beautiful (and often chiral) patterns seen in nature, as is nicely demonstrated
by snail shells and the chiral narwhal tusk (Figure 24).4” 4 Moreover, at the molecular level,
important examples of homochirality in nature include D-sugars and L-amino acids. The scope of
such studies has been extended towards the transfer of chirality over multiple length scales, namely
from the molecular to the micron scale, which is in and of itself quite fascinating. Remarkably, the
molecular chirality of an amino acid was templated onto the macroscopic chirality of calcite by
Orme et al.> In our model system, the formation of the right- and left-handed microhelices (Figure
25) occurs with an equal distribution under the dynamic diffusion of COz into a solution of barium
chloride and sodium metasilicate at pH 11.2. To control the handedness of the helices during the
formation we investigated molecular chiral directing agents to break the symmetry towards helices
of a single handedness. At the molecular scale, the influence of enantiomerically pure aspartic acid

on the self-assembly was studied.

Figure 24. Examples of chiral structures that are found in nature: the snail shell (Amphidromus perversus;
left) and the narwhal tusk (right)'%*
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Figure 25. Left- and right-handed microhelices precipitated from the interaction of silica and barium
carbonate in a dynamic CO»-diffusion system at pH 11.2 after ca. two hours

3.1.2. Results and discussion

3.1.2.1. Effect of L-aspartic acid on the chirality of silica-carbonate

microstructures

In order to investigate its effect on the growth of silica-carbonate microhelices at pH 11.2
over a reaction period of 2 hours, L-aspartic acid (0-3 mM) was incorporated into solutions of
NazSiOs3, and BaCl2e2H20. A baseline ratio of the number of right- and left-handed microhelices
was first established in control experiments without amino acid. Here, a total of 125:123 left- to
right-handed microhelices were counted from 6 separate experiments (Figure 26). Subsequently,

the effect of L-aspartic acid on the chirality of these microstructures was investigated.
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Figure 26. SEM images of representative: A) right-handed double spirals and B) left-handed double spirals
in the absence of additive.

Initially, a solution of the additive dissolved in water was added to a mixture of sodium
metasilicate and barium chloride. However, this approach was abandoned due to the low solubility
of the amino acid at neutral pH, and the consequent significant dilution of the other reactants,
which might be one of the possible reasons why these reactions yielded no crystal growth. In order
to overcome these challenges, the additive was first dissolved in an equimolar or slight excess of
NaOH solution (0.12 M), then was combined with the BaClz, which was subsequently added to
the sodium metasilicate. Based on the results, this latter method seems to be a good approach to
avoiding excessive precipitation of silica at the onset of the reaction, while still generating helices
and other regular morphologies at pH 11.2 as visualized by polarized light microscopy and SEM.
The results suggest that concentrations above 3 mM of the additive suppress the growth of the
helices. Nevertheless, growing the biomorphs in the presence of lower concentrations of L-aspartic
acid did not lead to any observed dominance of one handedness of the microhelices over the other
(Figure 27, 3 mM additive). Both left- and right-handed double helices are shown in Figure 27
from the latter experiments in which 31:25 counterclockwise to clockwise double helices were
counted. Similar results were obtained at 23 and 45 uM homochiral L-aspartic acid. It should be
noted that although a slight excess in the number of counterclockwise helices relative to clockwise
ones, and vice versa, may be observed, this is purely random, and does not follow a trend given
the use of only L-aspartic acid . However, a statistically equivalent population of helices is expected

to result as the number of experiments increases.
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30 pm

Figure 27. SEM images of: A) right-handed double helices; and B) left-handed double helices that were
grown with L-aspartic acid (3 mM).

Other structures displaying multiple colours in a spherically-banded pattern, as observed
by polarized light microscopy, were also observed at the highest point of the solution-air interface
in samples that contained amino acid. These structures displayed a maltese cross in addition to
colours characteristic of interference patterns. Although the exact nature of the interaction(s) of
these amino acids with silica-carbonate microstructures is unknown, we can imagine several
scenarios depending on the concentration of the former. At low concentrations of the amino acid,
the interaction with the mineral might not be strong enough to influence the assembly of the
carbonate and silica. On the other hand, too high of an amino acid concentration could lead to
significant binding to the mineral, thus preventing the type of interaction between carbonate and
silica that is necessary for the formation of helices. Interestingly, there might not be an ideal
balance between the ratio of amino acid to carbonate and silica, as there are two distinct processes
that need to be taken into consideration in these reactions. First, the double helices develop on a
micron scale from two twists that approach each other with the same sign, a process which is
purely random, hence the racemic nature of the helices. On the other hand, the use of the amino
acid involves a molecular-scale component that might mean that the two systems will never
overlap in such a way as to influence the micron-scale chirality of the double helices, due to the
vastly different scales on which these interactions are expected to develop. Furthermore, the amino
acid would have to direct the formation of the curved surfaces even prior to their approach and

subsequent transformation to double helices, which may in itself negatively upset the local balance
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struck between the carbonate and silica, and possibly even oligomeric silica species, necessary for

the occurrence of these structures in the first place.

3.1.2.2. Conclusions

In conclusion, we show that the use of enantiopure amino acids does not control the
handedness of silica-carbonate double helices, although there are known examples involving the
transfer of chirality from aspartic acid to some micron-sized CaCOs architectures. Indeed, this
might not even be a feasible method to affect self-assembly of silica and carbonate into homochiral
structures, as we have much to learn about the underlying interactions and reaction mechanisms

of these additives with composite materials as opposed to single crystals.

3.2. Amino-acid induced chiral vaterite

microstructures

3.2.1.Introduction

Calcium carbonate (CaCOs3), one of the most ubiquitous biominerals in nature, exists as
three anhydrous polymorphs: calcite, aragonite and vaterite, with the latter being the most
thermodynamically unstable. In many common CaCOs3 architectures, macromolecules direct the
composition and assembly of the mineral phase, thus forming very elaborate materials. In the case
of the snail shell, the as-formed structure displays chirality, forming either a left- or right-handed
spiral. Chiral symmetry breaking of these BaCO3 microhelices is of fundamental interest due to
their potential use for optical applications. In the literature, most strategies geared towards
controlling chirality, especially of CaCO3, have been centred on the use of biological molecules.
For example, Orme et al.’? used aspartic acid to induce the formation of chiral crystal habits in

calcite crystals.! More recently, Jiang et al.®°

demonstrated the transfer of chirality from L- and D-
aspartic acid, as well as L- and D-glutamic acid, to vaterite toroids. To date, comparable strategies
to direct the handedness of BaCO3/SiO2 helices with amino acids have not been achieved. We
believe that twisted chiral crystal morphologies, namely the vaterite polymorph of CaCOs3, could
be explored as templates to direct the handedness of BaCO3/Si0: helices at the microscale. As a
first step towards controlling the chirality of BaCO3/Si02 helices with chiral vaterite templates, we
focused on attempts to synthesise chiral vaterite using the direct mixing method (Jiang ef al.), as

well as two other similar methods (the ammonium carbonate and the atmospheric COz-gas
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diffusion methods). While these studies are geared towards providing a first step in the future
design of novel functional materials with enhanced properties, it is our hope that they will also

foster a better understanding of growth and chirality in biomineralization processes.

3.2.2.Synthesis of vaterite: Jiang et al. method

Jiang et al.%°

noted that while solutions with enantiomerically pure aspartic or glutamic
acid formed round chiral vaterite (Figure 6) as the main CaCO3 phase, control reactions without
amino acid resulted in the formation of rhombohedral calcite and achiral hexagonal vaterite. Here,
we controlled the CaCO3 polymorphism with a slight modification in this protocol in order to
decrease the vaterite growth induction time. Chiral vaterite was synthesised at pH 10.5 from
solutions of CaCl2e2H20 and Na2CO3 to which homochiral aspartic acid was added. The observed
nucleation density varied as a function of concentration. When the CaCl2e2H>0O and Na2COs3
concentrations were both 1.5 mM, fewer chiral vaterite toroids of a more discrete nature formed
on the glass substrates as observed by optical light microscopy (Figure 28a—b). In contrast, an
increase in the concentration of CaCl2e2H20 from 1.5 to 2.5 mM corresponded to a noticeably

greater population of vaterite toroids (Figure 28c—¢). The fact that the vaterite toroids grew in close

contact can also be attributed to the enhanced nucleation density of the structures in the latter case.

Figure 28. Optical light microscopy images of chiral vaterite toroids that were grown on glass slides at pH
10.5 from solutions containing 20 mM homochiral L-aspartic acid, CaCl, and Na,COs. The concentrations
of CaCl, and Na,COs were 1.5 and 1.5 mM (A, 1 day and B, 3 days), and 2.5 and 1.5 mM (D, 1 day and

D-E, 4 days), respectively. The scale bars in the images are 200 microns (A), 20 microns (B—E).
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We further explored the effect of pH in addition to concentration in another series of experiments.
The findings suggest a lower concentration of NaCOs (1.5 mM) to CaClz (2.5 mM) was also
favourable for growing chiral vaterite at pH 11 (Figure 29a—c). However, when this ratio was
reversed while maintaining the same pH, the chiral spherical vaterite toroids were overgrown with

other vaterite morphologies (Figure 29d—e).

Figure 29. Optical light microscopy images of chiral vaterite toroids that were grown on glass slides at pH
11 from solutions containing 20 mM homochiral L-aspartic acid, CaCl, and Na,COs. The concentrations of
CaCl; and Na,COs were 1.5 and 2.5 mM (A-B, 1 day and ¢, 4 days), and 2.5 and 1.5 mM (D, 90 minutes

and E, 1 day), respectively. The scale bars in the images are 20 microns (A, C—E) and 200 microns (B).

In other studies, we discovered that several other factors influenced the polymorphic
behaviour and growth induction time of CaCOs. For example, equal volumes (50 mL) of sodium
carbonate and calcium chloride- L-aspartic acid solutions were mixed. Here, the concentration ratio
of CaCl2e2H20 to Na2COs3 was set to 1:5 mM, while the pH of the calcium chloride-aspartic acid
solution was increased from 3.5 to 6.8 before adding to the carbonate solution (pH 10). These
conditions induced the formation of both mature and metastable vaterite with roughened textures
after about 4 hours at pH 10.5 (Figure 30). On the other hand, when the calcium chloride to
carbonate concentration was inverted to 5 and 1 mM, respectively, chiral vaterite mostly formed

after one day (not shown). However, significantly more calcite was formed at both concentrations.
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Figure 30. Optical microscopy of calcite and vaterite crystals from solutions of CaCl, (1 mM) and NaCOs3
(5 mM) containing L-aspartic acid (20 mM) at pH 10.5 precipitated on glass at different times: A) ca. 2
hours; B) ca. 4 hours; and C—D) ca. 24 hours. The white arrows point to vaterite toroids which have a very
different appearance after 24 hours due to possible dissolution of the crystals. Scale bars in the images are
all 100 microns.

Irrespective of whether the pH was adjusted to 10.5 or 11, the nucleation density of the as-
grown chiral vaterite toroids was controlled by tuning the CaCl. concentration. A concentration of
2.5 mM resulted in a greater amount of structures grown on the substrates compared to the lower
concentration of 1.5 mM. Other unexpected morphologies, such as high aspect ratio rods, were
grown when the pH was adjusted to 11. In direct contrast to these results, increasing the initial pH
of the calcium chloride-aspartic acid solution (i.e. from 3.6 to 6.8) and either the carbonate or the
calcium concentration (i.e. 1 or 5 mM) lead to a faster induction time/formation of calcium
carbonate in general. However, both ratios gave rise to significant populations of calcite, as well

as fewer chiral vaterite toroids of variable stability and texture.

3.2.3.Synthesis of amino-acid induced chiral vaterite: Ammonium carbonate

method

The synthesis of achiral CaCOs from CaClz solutions in the presence of ammonium

carbonate is well-described in the literature.!®> Here, the decomposition of the ammonium
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carbonate produces ammonia and carbon dioxide. The ammonia increases and buffers the pH of
the reaction upon its diffusion into the crystallization solution. The synergistic effect of both the
presence of an organic compound, homochiral aspartic acid in this case, and the as-produced
ammonium species could also play a role in polymorph selection based on the initial ammonia
threshold concentration, though a systematic study of the latter was not conducted. Variations of
the ammonium carbonate method were used to prepare chiral vaterite from mixtures of
CaCl2e2H20 (0-1.5 mM) and Na2COs (0-2.5 mM) in the presence of L-aspartic acid (20 mM).
The role of temperature (room temperature versus 60 °C) was investigated in these reactions. A
method to synthesise vaterite from the diffusion of atmospheric CO: into solutions of CaCl> was

also developed in our lab.

3.2.3.1. Variation 1: Synthesis of vaterite
from 1 mM CaCl.¢2H.0 and 2.5 mM Na.CO3

(room temperature followed by 60 °C)

In variation 1, the effect of temperature (i.e. room temperature versus 60 ‘C) on the
precipitation of calcium carbonate via the ammonium carbonate diffusion method was studied at
a 1:2.5 calcium to carbonate ratio. The progress of the crystallization was followed first at room
temperature, then at 60 °C for the same solution. The solutions, in 100 mL beakers, along with
freshly ground ammonium carbonate (4—6 g) were kept in a small desiccator. After 12 hours at
room temperature, the reaction was deemed to be progressing too slowly based on the lack of
precipitate detected at this time. Therefore, the desiccator was placed in a 60 °C oven overnight in
order to possibly speed up the precipitation and growth of calcium carbonate. Following a heat
exposure time of 6—7 hours, both spherical chiral vaterite (Figure 31a), irregular vaterite (Figure
31b), as well as immature chiral vaterite (Figure 31c) were formed. The surface of the calcite
crystal shown in Figure 31c displayed etched characteristics. (Figure 31d). After a day in the oven,
the majority of the CaCOs phase formed on the slides was chiral vaterite (Figure 31e). However,
the entire slide (glass and aluminium), including the vaterite toroids, were covered by the
deposition/accretion of many rod-shaped crystals (Figure 31f). Indeed, the crystallization solution
became milky white in appearance during a heat exposure time of greater than 12 hours. The

precipitated material was either due to aluminum hydroxide from aluminum ions and water under
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the influence of ammonia gas, or to secondary CaCOs3 nucleation, although this hypothesis was not

independently verified by carrying out comparative studies in the absence of aluminium substrates.

Figure 31. SEM images showing CaCOs precipitated from a solution of CaCl, (1 mM) and NaCOs (2.5
mM) containing L-aspartic acid (20 mM) at pH 10.5. The reaction vessel was first left undisturbed for
12 hours at room temperature in a closed desiccator containing a vial of freshly crushed ammonium

carbonate, before being placed in an oven at 60 "C. Slides were removed and viewed after selected
times spent in the oven: A—D) 6—7 hours; and E-F) one day.

The above results suggest that the higher temperature increased the precipitation and
growth of calcium carbonate, including a majority of chiral vaterite. However, longer exposure
time (> 12 hours) in the oven at 60 °C, while in the presence of aluminium, might be unfavourable
due to the precipitation and accretion of a large quantity of possible secondary calcium carbonate

particles on the substrates.
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3.2.3.2. Variation 2: Synthesis of vaterite
from 1 mM CaCl2¢2H20 and 2.5 mM Na.CO3

(room temperature followed by 60 °C)

Since it was shown that temperature reduces the time taken for chiral vaterite formation
and precipitation, the viability of eliminating the 12 hour period at room temperature, and instead
subjecting the reaction to heat immediately after the preparation of the solutions and insertion into
the desiccator was investigated. The solutions were prepared as described in section 3.2.2.1 in a
100 mL beaker, which contained CaClz (1 mM), NaCOs (2.5 mM) and L-aspartic acid (20 mM),
and was placed in a closed desiccator (15 cm diameter) with freshly ground ammonium carbonate.
The desiccator was immediately placed inside an oven at 60 °C, which was considered to be the
start of the reaction. However, these conditions favoured the crystallization of achiral vaterite
(Figure 32a-b) on glass substrates after 13 hours. The vaterite crystals, with diameters ranging
from 28-61 microns, appeared flat (inset of Figure 32b), and did not form the tilted platelets that

are characteristic of chiral vaterite even after 2 days.
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Figure 32. Optical light microscopy (A) and scanning electron microscopy (B) images of vaterite
precipitated on glass from a solution of CaCl, (ImM) and NaCO3 (2.5 mM) containing L-aspartic

acid (20 mM) at 60 °C in the presence of ammonium carbonate after ca. 13 hours.

These findings confirm that while heat speeds up the reaction, it also leads to the
uncontrolled crystallization of vaterite by way of a mechanism that disfavours chiral control of the

final structures. This is perhaps not surprising given that heat enhances the production of carbon
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dioxide. Therefore, exposing the desiccator to a high temperature of 60 °C at the onset of the

reaction is not a viable option for the synthesis of chiral vaterite.

3.2.3.3. Variation 3: Synthesis of vaterite
from CaCl2¢2H20 (with or without Na2CO3

at room temperature)

The formation of vaterite was subsequently investigated solely at room temperature due to
the problematic nature of the prior reactions at 60 °C. Flat vaterite microstructures were obtained
at all concentrations of CaCl> and NaCOs even after several days in the presence of ammonium
carbonate (Figure 33). These experimental observations support the finding that homochiral
aspartic acid in the solutions favours the crystallization of vaterite. However, the amino acid
concentration might not be high enough to support the formation of chirality-inducing platelets, in

most cases, under these conditions. Chiral vaterite was only precipitated when the NaCO3, CaCla,

and L-aspartic acid concentrations were 0, 1.5 and 20 mM, respectively (Figure 33b).
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Figure 33. Vaterite toroids were prepared by the ammonium carbonate method and grown on glass slides
from solutions of varying concentrations of NaCOs, CaCl, and L-aspartic acid, which were respectively:
1.5, 1.5 and 20 mM, after three days (A, solution 1); and 0, 1.5 and 20 mM, after five days (B—C, solution

2) and 0, 0.75 and 20 mM (D-E, solution 3). The scale bars in the images are 20 (A, D), 50 (C), and 100
microns (B, E).
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3.2.4.Synthesis of vaterite: the diffusion of atmospheric CO. method

Experimental conditions where atmospheric CO2 flows into reaction solution of NaSiOs3
and Ba/SrClz provide a useful method for dynamically sculpting silica-carbonate microstructures
as they grow. This observation provided the basis for growing CaCO3 from atmospheric COz,
which would potentially not only provide the chiral vaterite for further reactions but also opens up
the future possibility of assembling vaterite possessing even greater hierarchical organization and

interesting morphologies.

Here we developed a method for growing chiral vaterite from solutions of CaCl2e2H20
(1.5 mM) and L-aspartic acid (20 or 40 mM) at pH 10.5. The presence of Na2COs3 (1.5 mM; control
reaction only) and the diffusion of atmospheric CO2 into all relevant solutions provoked the
precipitation of chiral vaterite on glass coverslips (Figure 34). No noticeable effect was detected

upon increasing the amino acid concentration from 20 to 40 mM.

RS Rl - 1 PRI
V2 b, : 4 ®

o
] o) * EX > . . 3
- i s ! :::) P ) g'l’): p ° 5 ®
~ ) 0 B < 2
Qe 0 2 g) &Y w%i %o @ o @
- D = .
oo ¢ %% Ok e o P |
) - @ 3 \.)0:) % ) h S o o
U] A -,‘ r «@
° » L 6'! A 4‘4 o) ® 90 O/
® - @ e s T, ®
Py ! O * n ~ (‘J ) %, o s
> M o % e & { ) ) %, )
@~ g r o S ) -/ > % %6, o !
3 © 2 Q
1 Q o
) 2 95 £79 /‘ s @ > <
-.ve ; : 99 @ ® o
< q', ") e g L ") . 9 )f\ o

® @ e
— h —

Figure 34. Vaterite toroids grown on glass slides from solutions into which CO» was allowed to diffuse,

and at varying concentrations of NaCOs, CaCl, and L-aspartic acid, which were respectively: 1.5, 2.5 and

20 mM after one day (A) and four days (B); 0, 2.5 and 20 mM after one day (C); and 0, 2.5 and 40 mM

after one day (D) and four days (E). The scale bars in the images are all 20 microns.
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3.2.5.Conclusions

Based on these results, we can conclude that the most promising reaction conditions for
the synthesis of chiral vaterite via both Jiang et al. and the atmospheric CO:z diffusion methods
were obtained when the respective calcium chloride and the sodium carbonate concentrations were
1.5 and 1.5-2.5 mM, and 2.5 and 0 mM, respectively. In comparison, the ammonium carbonate
methods either produced chiral vaterite of non-uniform morphologies (room temperature to 60 °C,
variation 1), achiral vaterite (60 °C, variation 2) or a mixture of achiral vaterite and a minority of
chiral vaterite (room temperature, variation 3). Furthermore, the results underscore the major effect
that both pH and sample preparation method have on polymorph selection in calcium carbonate

mineralization.

3.2.6.Nucleation of BaCO3; on CaCOs;

3.2.6.1. Introduction

The use of chiral additives has no measurable effect directly on the handedness of the silica-
carbonate helices. However, we are able to use chiral additives to control the handedness of chiral
vaterite. Furthermore, it has recently been shown that BaCO3/Si02 double helices can be nucleated
specifically on each calcium carbonate polymorp.”® This now opens an exciting opportunity: can
we use chiral vaterite crystals to control the handedness of BaCO3/SiO2 helices? The ability to
control the chirality of these helices could even bring us one step closer to using these silica-
carbonate materials to manipulate light.!** In this work, we present the current state of where we
are in terms of attempts to control the chirality of silica-carbonate microstructures with chiral

vaterite prenucleated on either glass or aluminium substrates.
3.2.6.2. Results and discussion

3.2.6.2.1. Effect of chiral vaterite on the chirality of silica-carbonate

microstructures

In order to investigate the effect of chiral vaterite on silica-carbonate microstructures,
helices, in particular, BaCO3; and SiO: were precipitated on glass substrates that contained
prenucleated chiral vaterite whose synthesis was described above. The reactions were carried out

by the CO2-difussion method in 100 mL beakers at pH 11.2 to facilitate the nucleation and growth
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of helices on the substrates over a reaction time of 1.5-2 hours. Typical BaCl2e2H20 and Na2SiO3

final concentrations were maintained at ca. 20 and 8.7 mM, respectively.

Figure 35a shows vaterite on the part of the slide that was located above the meniscus of
the crystallization solution. The chirality of the vaterite was determined to be right-handed due to
the spirals of the toroids tilting in a counterclockwise manner (inset of Figure 35a). To study the
effect of growing silica-carbonate helices in the presence of chiral vaterite, the previously
submerged section of the slide was also analysed by SEM. The helices mostly nucleated
independently of the vaterite, and instead grew directly on the slide where other characteristic
morphologies, such as leaves, were also present (Figure 35b). A close-up view of the
microstructures revealed that both the structural integrity and the chirality of the vaterite were
maintained, as well as the similarity in the dimensions of the vaterite and the base of the helices

growing in its vicinity (Figure 35b).

Figure 35. Scanning electron micrographs depicting the crystallization silica-carbonate microstructures in
the presence of chiral vaterite after 2 hours: A) right-handed vaterite not exposed to solution; B) helices and
vaterite on the section of the slide that was immersed in solution; and C) helices growing in the vicinity of
a vaterite toroid.

Figure 36a depicts the growth of a relatively straight double helix on a vaterite toroid, where the
actual spiralling behaviour does not immediately start at the original nucleation point. Tracing the
origins and deducing the chirality of other hydrid carbonate structures can be slightly more
complicated as shown in Figure 36b. Here, the surface coverage of the vaterite toroid by the helices
is greater, and it appears to grow towards and then down the side of the toroid before making
contact with the substrate. The subsequent growth of the helices is defined by an upward tilt in
curvature, and the formation of tighter coils as its bulbous end eventually comes in contact with

its elevated base. A spiral-like feature is clearly visible on the tip of the helices, which suggest that
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they are also right-handed, since the formation of the former is known to occur with the
preservation of chirality. Elsewhere, and in addition to providing direct evidence that these helices
do not always start growing from large bases, it is also observed that their growth does not
terminate upon making contact with an obstacle, such as vaterite, but instead display a deviation
in their growth direction (Figure 36¢). Finally, leaves growing on the substrate tended to grow
around any vaterite in its direct path (Figure 39d). Other silica-carbonate microstructures grew
directly on calcite, either as a helix emanating from a single point (Figure 36e) or a leaf covering

the surface of the underlying structure (Figure 36f).

Figure 36. SEM images showing the growth behaviour of various silica-carbonate microstructures
including: A—B) helices growing on chiral vaterite; C) change in growth direction of a double helix after it
made contact with a vaterite toroid; D) leaves; and E-F) microstructures growing on calcite

3.2.6.3. Conclusions

The abovementioned results indicate that it is quite challenging to gain control over the
nucleation of silica-carbonate helices on chiral vaterite, which is in part due to the randomness of
nucleation events as well as the inherent unfavourable interstitial energies involved in the

alignment of these two different types of carbonate. Moreover, the crystallization solutions might
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not have been sufficiently degassed to influence the discrimination in the position of nucleation,
similar to that reported by Noorduin ef al.”* Another challenge in potentially using chiral vaterite
to template the chirality of these helices lies in the distance from the point of nucleation at which
their formation starts. It would perhaps be more impactful if the beginning of helix formation
closely coincides with nucleation on vaterite, otherwise the chirality of the former would be
random. One potential way to achieve a cleaner base for the spirals is to incorporate Chicago Sky
Blue dye (CSB) in these reactions; CSB seems to increase the growth rate of leaves as well as
decrease the bases of helices (refer to Chapter 4). Our results were not conclusive since the vaterite

content on the slides was very low in comparison to calcite.
3.3. Experimental

3.3.1. Materials and method

Analytical grade barium chloride dihydrate (BaCl2e2H20), and sodium metasilicate
(Na2S103) from Sigma Aldrich and L-aspartic acid from Alfa Aesar were used without further
purification. All samples were prepared fresh with distilled water. Microscope slides (75 x 25 x 1
mm) were purchased from Thermo Fisher Scientific. The slides were cleaned by sonicating twice,
first in deionized water for ca. 5—8 minutes and then in isopropyl alcohol for 5 minutes. The slides

were subsequently air dried and stored in a sample boxes.

3.3.2. Experimental conditions for the structures shown in Figures 25-27

(silica-carbonate microhelices)

In the reactions investigated, BaClz solution (3 mL, 0.309 mmol, 103 mM) with dissolved
L-aspartic acid was added to Na2SiO3 (12 mL, 0.127 mmol, 10.65 mM). Typical BaCl2e2H20 and
NazSiOs final concentrations were maintained at ca. 20.6 and 8.7 mM, respectively, while the
amino acid concentration was limited to a range of 0-3 mM. For example, 4.433 mL of a 0.12
mol/L NaOH (0.530 mmol) solution was added to L-aspartic acid (0.316 mmol) in a 25 mL vial to
obtain a clear solution. This solution of basic additive was combined with BaCl. and was then
divided to give a volume of additive-BaClz that was 0.363 mmol in BaClz and either 0.023 or 0.045
mmol in additive. The rest of the reaction was conducted at pH 11.2 by the CO»-diffusion method
in 100 mL beakers in the manner described in section 2.5.2. Here, the microstructures were

precipitated on glass slides (55 x 25 x 1 mm) over a reaction period of 2 hours.
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3.3.3. Experimental conditions for vaterite shown in Figures 28-30

In a 100 mL beaker, 50 mL of a 40 mM aspartic acid solution was added to 0.3 or 0.5 mL
of'a 500 mM calcium chloride (CaCl2e2H20) solution. This solution was diluted with 24.5-25 mL
deionized water (Solution A). 1.5-2.5 mL of a 100 mM sodium carbonate (Na2CO3) solution,
diluted with 23.5-25 mL water, was added to solution A. The total reaction volumes were fixed at
100 mL. The final concentrations of Na>2CO3 and CaCl2e2H20 were either 1.5 mM or 2.5 mM,
while the amino acid had a concentration of 20 mM. The pH of the mixture was subsequently
adjusted to either 10.5 or 11 +/-0.2 (Figures 28 and 29, respectively with 1 M NaOH or HCI. The
beakers, into which glass coverslips were dropped, were sealed with parafilm and left undisturbed
at room temperature. The glass coverslips were subsequently removed at different times, rinsed in
deionized water followed by ethanol or acetone, and air dried, before analysis beneath the

microscope in order to obtain a time course of the crystallization reaction.

3.3.4. Experimental conditions for vaterite (Figures 31-32, room temperature
and/ or 60°C, Variation 1 & 2)

Several variations to the above protocol (section 3.3.3) were made, where the effect of
changes in temperature (room temperature versus 60 ‘C) on the precipitation of calcium carbonate
via the ammonium carbonate diffusion method was studied at a 1:2.5 mM calcium to carbonate
concentration ratios. The progress of the crystallization was followed first at room temperature,
then at 60 °C for the same solution (variation 1: 1:2.5 calcium to carbonate concentration ratio),

entirely at 60 °C (variation 2: 1:2.5 calcium to carbonate concentration ratio

In variation 1 (Figure 31, section 3.2.2.1), Na2CO3 (13.60 mg in 25 mL water) was added
to CaCl2e2H20 (8.90 mg , 6.05 mmol) dissolved in aspartic acid (25 mL, 40 mM) in a 100 mL
beaker. Final concentrations of CaCl.e2H20, Na2COs3, and amino acid were 1, 2.5 and 20 mM,
respectively. All the samples were prepared fresh with deionized, degassed water. The beaker,
covered with a petri dish to allow the diffusion of gas in through its spout, was then placed in a
closed small desiccator (15 cm diameter) along with freshly ground ammonium carbonate (4—6 g)
in a 12 mL glass vial. After 12 hours at room temperature, the desiccator was subsequently placed

in a 60 “C oven overnight in order to speed up the precipitation and growth of calcium carbonate.
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Slides were removed from the beaker at different times (6—7 and 12 hours in the oven) and washed

prior to analysis by optical light microscopy and SEM.

In Variation 2 the solutions were prepared as described above in a 100 mL beaker, which
contained CaCl2 (1 mM), NaCOs (2.5 mM) and L-aspartic acid (20 mM), and was placed in a

closed desiccator (size) with freshly ground ammonium carbonate (Figure 32). The desiccator was
immediately placed inside an oven at 60 "C. The glass slides with the as-grown structures were

removed and washed after 13 hours or two days.

3.3.5. Experimental conditions for vaterite (Figures 33, room temperature,
Variation 3)

Samples were prepared in 100 mL beakers from stock solutions of L-aspartic acid, Na2CO3
and CaClz with concentrations of 40, 100 and 500 mM, respectively. Solutions 1 and 2 were
prepared by mixing CaClz (0.3 mL) with L-aspartic acid (50 mL), followed by deionized water (25
mL). NaCOs (1.5 mL), diluted with water (23.2 mL), was only added to Solution 2. For Solution
3, the volume of CaClz (0.15 mL) was reduced by half before adding L-aspartic acid. Additional
water (49.7 and 49.85 mL, respectively) was required to dilute Solutions 2 and 3 to a total volumes
of 100 mL. The final concentrations of Na2COs3, CaClz and L-aspartic were 0, 1.5 1.5, 1.5, and 20
mM (solution 1), 20 mM (solution 2) and 0, 0.75 and 20 mM (solution 3). The pH of the solutions
was adjusted to 4.5 with freshly prepared NaOH (1 M) prior to being placed in a small closed
desiccator, along with freshly ground ammonium carbonate (5g) in a 20 mL vial covered with
parafilm. A needle was used to make several holes in the parafilm in order to allow the diffusion
of NH3 and CO:z into the solutions. Glass slides, dropped to the bottom of each beaker prior to
being placed in the desiccator, were removed after several days and rinsed in 2 separate portions

of deionized water, followed by ethanol and were subsequently air dried prior to analysis.



67

3.3.6. Experimental conditions for vaterite (Figures 34, room temperature,

atmospheric CO: gas-diffusion method)

Stock solutions of CaCl2e2H20 (500 mM), Na2CO3 (100 mM), and L-aspartic acid (40 mM) were
prepared with deionized water and stored as per the method outlined in section 5.2.4. The pH of

the solutions was adjusted to 10.5.

CaCOs was precipitated by preparing three different solutions that contained CaCl2e2H20,
Na2COs, and L-aspartic acid. First, Na2COs3 (0.225 mL), diluted with water (7.2 mL,) was added
to a CaCl2e2H20 solution (0.075 mL), containing L-aspartic acid solution (7.5 mL) in a 20 mL
beaker. The final concentrations of Na2CO3, CaCl2e2H20 and L-aspartic acid were fixed at 1.5, 2.5
and 20 mM, respectively. The second and third solutions contained only CaCl2e2H20O (0.075 mL),
L-aspartic acid (7.5 and 15 mL, respectively), and additional water (7.42 and 0 mL, respectively).
While the final concentration of CaCl2e2H20 in both solutions was 2.5 mM, the L-aspartic acid
concentration of the second and third solutions was 20 and 40 mM, respectively. The total reaction
volume was about 15 mL in all cases, while the pH of the mixtures was subsequently adjusted to
10.5 with 1 M NaOH and/or HCI. The beakers were loosely covered with petri dishes to allow the
flow of atmospheric COz in through the spouts, and were subsequently left undisturbed at room
temperature. Glass slides, which were dropped into the solutions before the beakers were covered,
were subsequently removed after one or four day(s). The slides were then rinsed in deionized water

followed by acetone, and air-dried before analysis.

3.3.7. Nucleation of silica-carbonate helices on substrates with pre-

assembled chiral vaterite architectures (figures 35-36)

In order to investigate whether chiral transfer from vaterite to silica-carbonate
microstructures might occur, helices in particular, BaCO3; and SiO2 were precipitated on glass
substrates that contained prenucleated chiral vaterite whose synthesis was described above (section
3.3.3). The reactions were carried out by the CO2-difussion method in 100 mL beakers at pH 11.2
to facilitate the nucleation and growth of helices on the substrates over a reaction time of 1.5 to 2
hours. Typical Na2Si03 and BaCl2e2H20 final concentrations were maintained at 8.7 and 20 mM,

respectively.



68

Chapter 4. The growth of silica-carbonate microstructures

in the presence of Chicago Sky Blue

4.1. Introduction

Spurred by lessons learnt from the ability of nature to “design” biominerals with a high
degree of control over their shape, size, mineral phase and hierarchical assembly over multiple
length scales, a multitude of bottom-up research strategies have been geared towards developing
self-assembled inorganic materials having superior functionality and complexity.!%-1% Indeed, it
is well-known that the physical and chemical properties of a material are intertwined with its
function. These materials are expected to have significant ramifications in building devices with
nanoscale components for application in optics, electronics and perovskite-based semi-
conductors.!® 19114 Of particular interest are 3D emergent microstructures, characterized by long-
range orientational order and highly curved surfaces, which can be synthesized from the coupled
reaction of the carbonates of barium and strontium with silica in alkaline environments (Figure
13).7* These shapes, coined as biomorphs, include cardioidal sheets/leaves, helicoids, “worms”
and flower-like and globular structures. The acid-catalysed mechanism implicated in the formation
of bimorphs has largely been based on indirect evidence until recently when Garcia Ruiz et al.
used a chemical probe to gather evidence which directly supports the autocatalytic nature of the
coprecipitation reaction between silica and carbonates.*® They found that the reaction proceeds
with the spatial and temporal oscillation of pH at the growth front, most likely due to carbonate
precipitation leading to a reduction of the pH, which subsequently triggers silica precipitation and

an increase in pH according to equation 1 and 2:

CO,(g) + Ba** (aq) + H,0 (1) BaCO;(s) + 2H* (aq) (equation 1)

2H" (aq) + SiO3 (aq) Si0, (s) + H,0 (I) (equation 2)

They also found that the growth front of the structures evolves at a rate of ca. 0.2
microns/min, while local pH oscillations were calculated to occur up to 2 microns beyond the
growth front.®* 8¢ In addition, silica precipitation may very well be the rate determining step in the

growth of these microstructures, where the barium carbonate nanorods provide confinement of the
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diffusing acid. In theory, the protons produced could either be sequestered for the poly-
condensation of various large, slow-diffusing siliceous oligomers or, more undesirably, increase

the dissolution of the carbonate.

We theorise that the growth/size of the silica-carbonate microstructures could be enhanced
by slowing down the diffusion of the as-generated protons away from the growth fronts of the
evolving microstructures. One possible way of accomplishing augmented growth is by coupling
the coprecipitation reaction to a slow-diffusing catalyst that buffers these protons and concentrates
them at the growth front, thus speeding up the precipitation rate of silica and carbonate as well.
However, it should be noted that it would be difficult to decouple the influence of this catalyst
from slow-diffusing silica oligomers that could theoretically be formed in solution and give rise to

a similar effect.

In order for a compound to function as a buffering agent capable of modulating the uptake
and release of protons, it would have to possess several key features such as an acidic group(s),
solubility in water and an appropriate molecular weight that could slow down the speed of its
diffusion. Chicago Sky Blue 6B (CSB; Figure 37) has been identified as a promising candidate,
after it was first studied in our labs as an additive for the in situ modification of barium carbonate
crystals. The incorporation of CSB powder in a solution of sodium metasilicate and barium
chloride adjusted to pH 11.2 dramatically increased the size of double helices from 50 pm to over
200 um (Lukas Helmbrecht and Wim Noorduin unpublished results) in 1.5 to 2 hours. Upon closer
inspection of the molecular structure of the dye (Figure 37), we deduced that the presence of its
acidic groups that can release and accept protons allow it to function as a slow diffusing buffer,
which could explain the reason for the augmented growth of the double helices in ca. 1.5-2 h. In
support of our buffer theory, Abbott et al. reported that the pKa of CSB is 10.50,'"> which would
place the dye within the desired buffering range and pH for growing microhelices and leaves.
Furthermore, they also reported that the dye is able to form higher order aggregates,'!® which we
presume would further slow down the rate of CSB diffusion. CSB has attractive properties such
as its solubility in water, due to the presence of its sulfonate groups, which is about 1 mg/mL and

its high molecular weight (992 g/mol).
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Figure 37. Molecular structure of 2,2'-(4,4'-(3,3'-bis(methoxy)biphenylenebis(azo))bis(8-amino-1-
hydroxynaphthalene-5,7-disulfonic acid) tetrasodium salt (Chicago Sky Blue 6B)

In this work, we aim to investigate whether a slow-diffusing buffer in conjunction with the
coupled reaction of carbonate and silica can enhance the growth of biomorphs. In doing so, we
deduce the role of CSB in the growth of silica-carbonate microstructures. From a theoretical
standpoint, if CSB is capable of buffering or positively influencing the reactions at the desired pH
(<11.3), then this will translate to the growth of larger structures relative to those in control
reactions without the dye at fixed reaction times. The concept of slow diffusing buffers as catalysts
in these precipitation reactions is also of fundamental interest, as these kinds of processes may also
play a role in biomineralization, which is quite a paradoxical effect, since it becomes necessary to
slow down one process in order to speed up another. Moreover, the ability to control the size,
structural morphology, hierarchical texture and composition of high surface area-to-volume

materials is of practical importance in fields such as catalysis, optics and electronics.”® 7118

4.2. Results and discussion

4.2 1. Growth of silica-carbonate microstructures in the presence of Chicago
Sky Blue (CSB) solution at pH 11.3

Solution pH plays a very important role in the formation of silica-carbonate
microstructures, and is regulated locally by the feedback mechanism that exist between silica and
carbonate ions. During this regulation process, protons are generated and consumed as a
consequence of silica poly-condensation and barium speciation of CO3* ions, which are produced
by the breakdown of carbonic acid upon the diffusion of CO: into a solution of barium and silicate

ions. However, as previously mentioned, these protons diffuse away from the growth fronts at a
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rate that is faster than the rate at which the as-produced microstructures evolve. Thus, this set of
experiments was geared towards studying how the growth of the microstructures might respond if
proton diffusion was slowed down by incorporating a compound capable of buffering in the regime

of interest.

BaCOs crystals were grown on glass, stainless steel or aluminium substrates for 1.5-2 h at
an initial pH of 11.2—11.3 in silica-rich solutions containing CSB dye at concentrations ranging
from 0-0.161 uM (details in section 4.3.3). Optical light microscopy was used to study the as-
grown crystals, whose morphologies and alignment of nanocrystals, as inferred by the extinction
patterns produced when the samples were viewed between crossed polarizers, were found to be
consistent with that of biomorphs. However, it was revealed that at 0.034 uM CSB, the leaves
were noticeably larger than those observed in the control experiments without dye, with the leaves
being measured along their longest axis (the c-axis). Whereas the long diameter of leaves in control
reactions do not usually exceed 80 microns, those crystallized in the presence of 0.034 uM CSB
were about twice as large at the end of the reaction (Figure 38a). Even more promisingly, the leaf
shown in Figure 38b measures ca. 400 microns. As was previously mentioned, it is unusual for
silica-carbonate leaves to be this large. A reason to explain how this large leaf arose could be the
fusion of two or more smaller leaves, but it becomes readily apparent that there was only one initial
BaCOs crystal nucleus, present in the centre of the circular extinction pattern, from which a single
leaf originated. The dye then becomes the most likely candidate to both catalyse and explain these
observations concerning enhanced leaf growth. Furthermore, the morphology of this leaf is rather
irregular since the leaf either circumvented or grew in an almost spirular manner around
barriers/terminated BaCOs crystals present in its path, while maintaining the alignment of its
nanocrystallites. This is perhaps indicative of the reaction-controlled mechanism of silica-
carbonate biomorph growth. Furthermore, with increasing CSB concentration, there was a trend
towards smaller structures, including leaves (e.g. Figure 38c, 0.125 uM) and double helices, with
globular structures, a common feature of reactions with a CSB concentration of 0.161 uM. It then
becomes clear that the CSB enhances growth up to a certain concentration, but then starts to
interfere with the normal interaction of barium and silica. Taking a closer look at the other leaves,
some of the crystals were observed to be blue, indicating the incorporation of dye. In conclusion,

the results are consistent with our hypothesis that CSB is able to enhance the growth of
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microstructures (albeit at lower concentrations), which we believe is achieved by the buffering of
protons produced in situ, which might augment the precipitation rate of both silica and carbonate.
The latter processes could likely serve to supply building blocks to the growing fronts at a faster

rate, which would then force the microstructures to grow faster over a fixed reaction time.

Figure 38. Optical light microscopy images showing the effect of CSB solution at two different
concentrations on the growth of silica-carbonate leaves at pH 11.3 in 1.5-2 h: A-B) enhanced leaf growth

at 0.034 uM; and C) typical diminutive leaf growth at 0.125 uM. Scale bars in the images are 100 microns
(A and B), and (C) 50 microns. The c-axis is denoted by the line in (A).

4.2.2. Direct addition of CSB powder to solutions of barium and silicate at pH
11.3

As previously mentioned, we initially used CSB as a means of dyeing BaCO3 biomorphic
crystals prior to their formation in silica-rich environments. The dye in the form of a powder was
added directly to a solution containing silicate and barium ions at pH 11.3. This resulted in the
formation of super helices that were ca. 200 microns in length after 1.5-2 h. Although this is an
unconventional addition method for studying the effects of an additive upon the formation of
crystals, we then decided to follow up on these interesting results, since CSB is clearly able to
enhance the growth rate of silica-carbonate microstructures when added as either an aqueous

solution or as a neat powder. Interestingly, preliminary results suggest that the method of addition
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of CSB in these reactions seem to influence the super growth of specific morphologies, which are

leaves in the case of CSB solution, and helices when CSB powder was used.

Silica-carbonate microstructures were crystallized from mixtures both in the presence and
absence (i.e. control experiments) of CSB powder at an initial pH of 11.3. After setting the pH of
a solution of barium and silicate ions, known amounts of the dye were slowly added to 15 mL
volumes of the solution in separate 100 mL beakers with stirring for 1-2 minutes. Even when the
mixtures were stirred for longer periods of time, the CSB did not dissolve completely and was
dispersed as very fine particles within the mixtures. However, the mixtures became bluer as the
amount of added CSB dye was increased, which suggested an increase in the amount of dissolved
dye as well. There was an overall increase in the population of leaves in mixtures that contained
CSB. When 1.18 mg of the dye was used, both leaves and microhelices were observed (Figure
39a). However, a greater population of leaves were produced when the amount of dye was
increased to 2.04 mg (Figure 39b) and 2.64 mg (Figure 39¢). The overall increase in nucleation
density and polydispersity in leaf size could be due to undissolved dye forming secondary
nucleation sites, which presumably grow at a slower rate than primary nucleated structures, since
the energy barrier to continue growing/depositing material on surfaces that are already present
might be lower when compared to smaller, more recently nucleated sites. Furthermore, since the
growth of these microstructures is sensitive to the local diffusion of acid, their sizes are limited to

the proximity between neighbouring structures.

Figure 39. Optical light microscope images of silica-carbonate microstructures that were grown on glass
substrates from solutions containing CSB dye: A) 1.18 mg; B) 2.04 mg; and C) 2.64 mg in 15 mL. The
scale bars in the images are all 500 microns.
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Although a preponderance of leaf-like microstructures was observed in this set of
experiments, the same could not be said of the helical microstructures. This could be because the
CSB powder affects not only the way the microstructures nucleate and grow, but also how these
microstructures interact with the substrate. That is, perhaps the presence of the dye stimulates
processes that favour growth on extrinsic surfaces, rather than intrinsically, which occurs when the
growth fronts of two helices curl upon each other. Or it could be that lower nucleation densities
achieved without CSB are essential for the formation of helices. Nevertheless, it should once again
be noted that CSB powder has been proven to catalyse the morphogenesis of super helices in the
past, but it appears that such occurrences take place only within some unknown and very narrow
window of opportunity. Outside of this timeframe, the apparently delicate balance between the
coupling of the dye and the coprecipitation reaction shifts and can no longer be exploited to

generate super structures.

4.2.3. Silica-carbonate crystallization reactions with CSB powder at pH 11.9

The inability of CSB to perturb the growth of microstructures in solutions at initial pH 11.9
relative to those at pH 11.2—11.3, under certain conditions, is one possible way of relating the
effect of the dye to pH, and thus its ability to influence the outcome of the coprecipitation reaction
only when the bulk and/or local pH is within its buffering range. Thus, the morphological
evolution of silica-carbonate microstructures as a function of the amount of dissolved CSB at pH
11.9 was also investigated. The microstructures formed in the control reaction without CSB is
shown in Figure 40. Close-up views of these structures reveal the formation of typical stems (not
shown), flowers (Figure 40e) and vases (Figure 40f), with diameters of about 40 microns. Spike-
like features are observed in the flowers, which is indicative of the limited capacity of silica to
buffer the acid produced in parts of the structure from which it is isolated. In the presence of 0.067
uM CSB added as a solution (Figure 40b), the microstructures were virtually indistinguishable.
Upon adding CSB powder directly into the solutions (Figure 40c—d), similar microstructures to
those in the control reaction were observed. However, a CSB concentration of 0.101 uM tended
towards mostly vases, which were incompletely formed most likely due to the release and

uncontrolled diffusion of acid between neighbouring structures.
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Figure 33. SEM images showing the silica-carbonate microstructures that were grown from solutions at
pH 11.9 with CSB dye at different concentrations: A) 0 uM; B) 0.067 uM (1 mL of a 1 mM stock solution);

C)0.071 uM* (1.06 mg); and D) 0.103 uM* (1.54 mg). Close-up view of microstructures from the control
solution: E) flower-like barium carbonate; and F) vases. (*apparent concentration)

Taking into consideration the abovementioned results, it is evident that the growth rates of
the microstructures were not enhanced and that the diffusion of acid away from the growth fronts
was not being controlled in reactions with CSB. This indicates that CSB is not able to buffer acid

diffusion locally at pH 11.9, which is logical since its pKa is 10.50.

4.2.3. Crystallization of BaCO3; microstructures in the presence of Chicago
Sky Blue (CSB) powder at pH 11.3

So far, the results suggest that it is possible to mediate the crystal growth of silica-carbonate
microstructures with CSB, which occurs at pH 11.3 but not at pH 11.9. Here, we think that this is
because CSB facilitates the buffering of acid produced locally in these reactions. However, we
only have indirect evidence in support of this point, which does not rule out the possibility of other
mechanisms/explanations for how the dye is able to influence the crystallization reactions.
Moreover, additional verification was required to deconvolute the effect of the dye on the
formation of BaCO3 from that of the overall coprecipitation reaction, since it was not known if the

dye could replace silica in its role as an initiator of biomorphic shapes. Thus, we excluded silica
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from the next set of reactions at initial bulk pH 11.3 in order to explore other means by which the

dye may influence BaCO3 growth and assembly.

BaCOs was first crystallized from mixtures that were prepared by the direct addition of
CSB powder (0, 1.18, 1.54, 2.04, and 2.48 mg) to a 15 mL volume solution of barium ions (20
mM) at pH 11.3. SEM was used to visualise the as-formed structures that precipitated on
aluminium substrates. Reactions that were performed in the absence of the dye (Figure 41al)
produced crystals in the form of rockets/columns (Figure 41a2), short columns emanating from a
central point (Figure 41a3), and branches (Figure 41a5), amongst others. Here, all the observed
structures terminated in fine, acicular tips, whereas the corresponding morphologies in the
presence of CSB by and large did not contain these features. This can perhaps be attributed to the
influence of the dye on crystal shape, which was further evidenced by the transitions to several
other different types of morphologies upon the relative increase in dye concentration in the
crystallization mixtures. The most noteworthy of these morphologies are dumbbell (Figure 41b4)
and closed pseudo-faceted shapes (Figure 41b6), flower-like (Figure 41c3) and flocular (Figure
41c4) aggregates, and randomly stacked rods (Figure 41d4) when the amount of dye was 1.18,
1.54, and 2.04 mg, respectively. It is likely that several of these shapes, including the flowers,
originate from the interaction of preformed building units, whose formation and stabilization is
perhaps mediated by the dye, as they subsequently go on to stack on-top of each other, thus forming
larger aggregates. Perhaps the most interesting example of how the CSB dye is able to exert control
over the morphology of BaCOs crystals can be seen in Figure 41e, where many olivary-like (inset
of Figure 41e3) structures that are about 2 microns in length, as well as pseudo-ovoid crystals with
triangular excrescences (Figure 41e4), and which measure ca. 7 microns in length, and pseudo-
hexagonal shapes of rough texture (Figure 41e6) were observed. The miniaturization of the crystals
seen here can perhaps be related to a higher dye concentration, and hence an enhanced control over
the assembly of building material, which is likely confined to only certain locations and specific

arrangements, thus giving faceted crystals.



77

Figure 41. SEM images of various morphologies of BaCOj crystals formed on aluminium slides upon the
diffusion of CO, into aqueous BaCl, solutions (15 mL) without CSB (A) or with CSB powder (B, 0.079

uM*; C, 0.103 uM*; D, 0.137 uM*; E, 0.167 uM*) or with CSB solution (F, 0.067 uM) after ca. 1.5 h.
(*apparent concentration)
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4.2.4. Crystallization of BaCO3; microstructures in the presence of Chicago
Sky Blue (CSB) powder at pH 11.9.

Fundamental experiments were conducted without silica at pH 11.9 in order to assess the
effect of varying concentrations of CSB dye on the growth of barium carbonate, as well as to see
the effect of the dye at a pH far from its pKa. In the control reaction without dye (Figure 42al—
a4), typical morphologies such as stacked crossed-shaped rods, and rods with dendritic growth at
one end, and wrapped candy-like microstructures were observed. On the other hand, barium
carbonate microstructures were subjected to appreciable modifications in the presence of the dye.
In reactions containing 0.067 uM of the dye (Figure 42b1-b4), the barium carbonate crystals were
more tapered at the tips. Furthermore, the structure displayed in figure 42b3 might be due to either
barium carbonate splitting, or the assembly and subsequent stacking of several crossed-shaped
needle-like units, thus forming bundles. Spindle-shaped (Figure 42b3, 5 x 2.5 microns) and
pseudo-hexagonal (Figure 42b4, 3 x 3 microns) barium carbonate was also observed at 0.067 uM
CSB. These morphologies are consistent with restriction and modification of barium carbonate
growth at this dye concentration. Barium carbonate crystals that were formed from solutions
containing 1.03 mg (apparent concentration 0.071 uM) (Figure 42c1—c4) of the dye appeared to
be less modified than those seen when the final dye concentration was 0.067 uM (from solution).
This is expected since the dye does not completely dissolve at the pH of the reaction when added
directly as a powder to crystallization solutions. Therefore, the true concentration does not overlap
with the apparent concentrations of the dye when added as a powder. The morphologies observed
at 1.54 mg of the dye (apparent concentration of 0.103 uM, Figure 42d1-d4) were more compact
and/or spherically branched (Figure 42d2) versions of the crossed-shaped and rod-like (Figure
42d3) structures previously mentioned, while floc-like (Figure 42d4) and ball-like (not shown)
microstructures were also observed lower down on the substrate. In all cases, there were varying
degrees of nucleation and growth of the microstructures with distance along the slides, being
greatest at the top and comparatively reduced lower down. This trend correlates well with the
availability of atmospheric CO2 which influxes into the reaction vessel, and hence bulk carbonate

supersaturations, also decreases with distance from the solution-air interface.
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Figure 42. Scanning electron micrograpphs showing the effect of varying the amount of CSB dye added
on some of the major morphologies of barium carbonate microstructures that were grown at pH 11.9 on

aluminium substrates from 15 mL volumes of solutions. A) 0 uM. B) 0.067 uM (1 mL of a 1M stock
solution). C) 0.071 uM* (1.06 mg). D) 103 uM* (1.54 mg) (*apparent concentration).

Overall, although there is clearly greater modification of barium carbonate with increasing
amounts of dye added, the basic morphologies (crossed-shaped and rod-like) are preserved.
However, when crystallization is conducted in the presence of 0.067 uM CSB, added as a solution,
barium carbonate microstructures are shorter and more spindle-shaped and hexagonal than rod-
like. Furthermore, these results suggest that CSB does not enhance the growth of barium carbonate

at pH 11.9, which is consistent with our slow-diffusing buffer hypothesis.
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4.2.5. Silica-controlled crystallization of BaCO3; microstructures at 37 °C and

pH 11.3 in the presence of Chicago Sky Blue (CSB) powder

When the reactions were conducted at 37 °C, the biomorphs exhibited morphologies that
were quite different from those observed at room temperature. In the presence of dye amounts of
0.5 mg (apparent concentration 0.034 uM) in a 15 mL volume of solution, the structures resemble
sheets having a 3D appearance, and displayed multiple folds along their lengths (Figure 43a—f).
Upon closer inspection of these structures, it was revealed that they arise from the nucleation of a
spherical core from which short ribbons and sometimes long 3D sheets, growing in space, evolve
(Figure 43h—1). The central cores emanating ribbons were flower-like in appearance, and their size

appeared to be limited by the proximity to other neighbouring structures (Figure 431). Furthermore,

some of these fibre-like structures had a helical component (Figure 431).

Figure 43. Optical light microscopy and SEM images showing the effect of CSB (0.5 mg; 0.034 uM*)
dye on the growth of silica-carbonate microstructures at 37 °C and a pH of that were grown from solutions
atpH 11.3. A—F) 3D and trumpet microstructures. G) Blue structures indicating the incorporation of CSB.
H-I) Flower-like microstructures sometimes terminated in helices. (*apparent concentration)
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At a higher initial amount of the dye (1.5 mg; apparent concentration 0.103 uM), networks
of fibres were the dominant feature seen growing on the glass slide (Figure 44a, c). It is believed
that these fibres were produced when a BaCOs crystal nucleated flat side down, then started
growing at both ends at approximately the same rate (Figure 44d, h)). In Figure 44b, small sheets
that eventually go on to form several filaments around its edges over time, such that neuron-like
patterns were created. These filaments, though in very close proximity, appear to be discreet when
viewed by SEM (Figure 44c—d). In Figure 44f, it can be seen that two filaments grew orthogonally
to each other. At some point during their growth, the filament on the right probably contacted the
other filament, causing the sudden precipitation of a small amount of silica, seen on the left of the
vertical filament. This suggests that the growth of biomorphs might occur in the wake of a moving

acid front.

Figure 44. Optical light microscopy and SEM images of silica-carbonate microstructures formed at 37 °C
upon the addition of CSB dye (1.5 mg; 0.101 uM*) to a solution of silicate and barium ions that was
adjusted to pH 11.3, and covered loosely to allow the influx of CO; in through the spout of the 100 mL
beaker. A—C) Networks of filaments, some of which exhibit a similar appearance to biological neural
networks. D and H) Images of a discrete filament that grew from a central BaCO; crystal that nucleated
flat-side down. E, G and M) Leaf- and 3D sheet-bearing filaments, albeit a less common occurrence than
observed at a lower concentration of the dye. F) SEM image possibly depicting further evidence of the acid-
catalysed nature of these reactions through the precipitation of a small amount of silica (on the substrate to
the left of the vertical filament) when a filament contacted another filament growing orthogonally to it. I—
L) Images of single helices, which differ from the double helices and single spirals normally observed at
room temperature. H) A propeller-like microstructure which may be the first step towards forming
sheets/leaves upon the deposition and space-filling assembly of material between its “tentacles”. (*apparent
concentration)
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Another feature of the above reaction is the formation of filaments in the form of single
helices (Figure 44i—1), which to the best of our knowledge have not been reported at or above room
temperature. These filaments are initially helical, but can sometimes transition to a straight or less
twisted structure at some point during growth, which may represent a fundamental switch in the
growth process. For example, there may be different precipitation ratios of silica to carbonate at
the start of the reaction compared to the latter stage. This scenario might lend itself to one of the
components, likely silica, being more active (i.e. dominating growth) as the reaction progresses,
and the pH diminishes significantly enough to manifest itself in this abrupt morphological change.
Nevertheless, these helices represent true biomorphs as can be seen from the nanocrystallites in

the close-up SEM view of one of the structures (Figure 44k).

Although the network of filaments was produced at 37 °C in the presence of 1.5 mg of the
dye (apparent concentration 0.101 uM), but not at the aforementioned lower concentration (0,5
mg; apparent concentration 0.034 uM), the trend towards 3D and filament morphologies seem to
be a feature of reactions at elevated temperatures. Indeed, Bittarello et al.® noted that thin
filaments and trumpet-like shapes of barium carbonate crystals formed at 50 °C, possibly due to
changes in fluid dynamics, transport mechanism and local supersaturation values, while regular
sheets and helicoids were always generated under static conditions and in solutions with very high

concentration gradients.
4.3. Experimental

4.3.1. Materials and method

Analytical grade barium chloride dihydrate (BaCl2e2H20), and sodium metasilicate
(NazSi03) from Sigma Aldrich , and Chicago Sky Blue 6B Dye from Alfa Aesar were used without
further purification. All samples were prepared fresh with degassed, deionized water. Microscope
slides (24 x 24 x 1 mm) were purchased from Thermo Fisher Scientific. Aluminium sheets were
purchased from Goodfellow and cut to specific dimensions (20 x 20 x 2 mm). The slides were
cleaned by sonicating twice, first in deionized water for ca. 5-8 minutes and then in isopropyl

alcohol for 5 minutes. The slides were subsequently air dried and stored in dust-free sample boxes.
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4.3.2. Base Solution

Sodium metasilicate (0.067 g, 0.55 mmol) was dissolved in degassed, deionized water
(37.5 mL) in order to obtain a solution (14.6 mM) contained in a 100 mL beaker. This solution
was kept covered to limit exposure to COz2 and used within 5 to 20 minutes in order to reduce the
variation in the growth of silicate species due to polycondensation of silica over time. A solution
of barium chloride dihydrate (0.074 g, 0.30 mmol, 50.5 mM) was also prepared in water (6 mL).
An aliquot of the previously prepared Na2SiO3 solution (9 mL, 14.6 mM) was pipetted into a 100
mL beaker containing the barium chloride solution (6 mL, 50.5 mM). The pH of the resulting
solution ([silicate] = 8.76 Mm, [Ba*" ] = 20.2 mM) was then adjusted to 11.2-11.3, or 11.8-11.9
using dropwise addition of 1 M HCI and/ or freshly-prepared KOH, in order to induce the growth
of double helices or flowers, respectively. Glass or metal substrates were positioned vertically in
the sloped slots of a homemade sample holder, which was subsequently placed directly in the
reaction solution. The beaker was then loosely covered with a petri dish to allow the flow of
atmospheric COz2 in through the spout, and was left undisturbed at room temperature for 1.5-2 h,
unless specified otherwise. After the desired growth period, the sample holder was quickly
removed and placed in a beaker of water, and the slides were then individually removed and rinsed

in a second beaker of deionized water followed by acetone, then air dried.

4.3.3. Chicago Sky Blue (CSB) solution (with silica, pH 11.3)

CSB stock solutions (0.8 — 1 uM) were prepared by dissolving the dye up to its solubility
limit in water, and were then added to the crystallization mixture in a selected concentration range
(0.034-0.161 uM) in order to study the effect of the dye on the growth of the as-prepared
biomorphs. The masses and volumes mentioned above in section 4.3.2 were scaled proportionally
in order to create a base solution of barium (101 mM) and silicate (14.6 mM) ions, which could
then be divided amongst several beakers, such that they each contained an equal volume (12 mL),
prior to the addition of H20 (0-3 mL) and/or CSB solution (0-3 mL, 0—1 mM) was added to
separate 100 mL beakers containing barium and silicate ions at pH 11.2—11.3, thus setting the total
reaction volume to 15 mL. The final concentrations of Na2SiO3 and BaCl: were 8.2 and 20.2 mM,

respectively. The reactions were then conducted in the manner described in section 4.3.2.



84

4.3.4. CSB powder (with silica, pH 11.3)

BaCOs solution (12 mL, 100 mM) was diluted with water (9 mL) prior to the slow addition
of Naz2SiO3 (36 mL, 14.6 mM) and subsequently adjusted pH to 11.2—11.3. Mixtures with apparent
concentrations of 0, 0.079, 0.106, 0.136 and 0.177 uM were prepared by incorporating 0, 1.18,
1.57, 2.03 and 2.63 mg CSB, respectively, into 15 mL volumes of the solution of barium and
silicate ions. The CSB powder was not dissolved completely and was dispersed as fine particles
throughout the blue mixtures. Although the final concentrations/amounts of dissolved dye were
unknown, the mixtures became noticeably bluer with amount of dye added. Final concentrations
of Naz2Si03, and BaCOs were 8.78 and 20.2 mM, respectively. The reactions were then conducted

in the manner described in section 4.3.2.

4.3.5. CSB powder or solution (with silica, pH 11.9)

In a 100 mL beaker, an aqueous solution was prepared by dissolving Na>SiO3 (0.1005 g,
0.823 mmol) in degassed, deionized water (56.2 mL). An aliquot of the Na2Si103 solution (45 mL,
14.6 mM) was added to BaCl2e2H20 (0.37 g, 25 mL, 60.6 mM) that was prepared with freshly
degassed deionized H20. The pH of the resulting solution was 11.95 and was not adjusted further.
The solution was then divided amongst four 100 mL beakers such that each contained 14 mL of
the BaCl2-Na2Si0s solution. Various amounts of water (0—1 mL) and CSB powder (0, 1.06 and
1.54 mg) or CSB solution (1 mL, [CSB stock] = 1 uM) were then slowly added to these mixtures
while stirring magnetically. While the volume of the mixtures was fixed (15 mL), the final
concentration of CSB, Na>SiO3 and BaCl> were 0, 0.067, 0.071, 0.103, 8.78 and 20.2-mM,
respectively. Tape was used to secure one glass slide (Thermo Fisher Scientific 24 x 24 x 1 mm)
and one aluminium slide (20 x 20 x 2 mm) inside each beaker, which was then loosely covered
with a petri dish and left undisturbed at room temperature for 1.5-2 h. The reactions were then

conducted in the manner described in section 4.3.2.

4.3.6. Control reaction 1 (CSB powder or solution, without silica, pH 11.3)

A solution was prepared by dissolving BaCl2e2H20 (0.444 g, 1.82 mmol) in degassed,
deionized water (84 mL). The resulting solution (21.7 mM), with its pH raised to 11.2—11.3 by the
dropwise addition of 1 M NaOH, was then divided amongst five 100 mL beakers such that they

each contained a volume of 14 mL. Degassed, deionized water (1 mL) was then added to four of
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the beakers, which resulted in the same final total reaction volume (15 mL). After this, powdered
CSB (0, 1.18, 1.54, 2.04, and 2.48 mg) was slowly added to the BaClz solutions (15 mL, 20.2 mM)
in the 100 mL beakers while stirring with magnetic stirring. In one of the beakers, CSB solution
(1.03 mL), prepared by dissolving CSB powder (1 mg/mL or 0.067 uM in water), was added
instead of water. The apparent concentrations of the solutions with CSB powder or solution were
0,0.079,0.103, 0.137, 0.167 uM, while the final concentration of BaCl: in each solution was 20.2
mM. The crystallization of BaCO3 was allowed to take place on glass and aluminium slides for
1.5-2 h, and the remainder of the experiment was conducted in the same manner described in

section 4.3.2).

4.3.7. Control reaction 2 (CSB powder, without silica, pH 11.9)

A crystallization reaction was initiated by dissolving BaCloeH20 (0.37 g, 1.51 mmol, pH
6.63), contained in a 100 mL beaker, in degassed deionized H20 (70 mL). The solution pH was
subsequently adjusted to 11.96 using 1 M KOH. An aliquot of the resulting mixture (55 mL) was
then divided amongst four separate 100 mL beakers such that each contained the same volume of
BaClz solution (14 mL, 21.6 mM). Water was added to bring the total volume of these solutions to
15 ml followed by adding CSB powder (0, 1.18 and 1.51 mg), in a selected concentration range
between zero and the solubility maximum with magnetic stirring. CSB dissolved in water (1 mL,
[stock] = 1 uM) was added to the rest of the previously prepared barium chloride solution. The
apparent concentrations of the solutions with CSB were: 0, 0.067, 0.079, and 0.101 uM. The final
concentration of BaCl2 was 20.2 mM. The pH of the mixtures was adjusted a final time to 11.91
by adding 1 M HCI or KOH. Tape was used to secure glass and aluminium slides in each beaker
which was left undisturbed at room temperature for 1.5-2 h. To stop the reactions, the slides were

removed and rinsed in water, followed by acetone and then air dried.

4.3.8. Silica-controlled crystallization of BaCO3s microstructures at 37°C and
pH 11.3 in the presence of Chicago Sky Blue (CSB solution)

In general, the aqueous growth solution was prepared by adding H20O (9 mL) followed by
NazSi03 (36 mL, 14.64 mM, ) to BaCO3 (12 mL, 101 mM ), then adjusting the pH to 11.2-11.3
with 1 M HCI/KOH The mixture was then divided amongst four 100 mL beakers such that each

contained 14.25 mL. Various amounts of water and CSB (stock concentration was ca. 1 uM) were
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then slowly added to these mixtures, to obtain a final volume of 15 mL, while stirring. Final
concentration of CSB, and Na2SiO3, and BaCO3 were 0.034, 0.067, 0.100, and 8.78 and 20.2 mM
mM, respectively. A sample holder containing 4 glass or aluminium slides were inserted into each
beaker, which was then loosely covered with a petri dish, wrapped in aluminium foil. Controls
were left undisturbed at room temperature while the other beakers were either placed in a
temperature-controlled room or water bath at 37 °C for 1.5-2 h, and 4/8 h in other cases. To stop
the reactions, each sample holder was quickly removed and placed in a beaker of water, and the
slides were then individually removed and rinsed in a second beaker of water followed by acetone,
then air dried. In order to eliminate the possibility of structures growing in solution falling onto
the substrate during the removal and washing steps, the beakers were alternatively flooded with
water until the biomorphs growing on top of the solution were removed and the initial blue solution

with CSB became clear and the initial crystallization solution was replaced by water
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Chapter 5. Conclusions & Future Work

The search is ever ongoing to create or improve existing materials that aim to meet both
today’s and future challenges. Yet, for useful new materials to be developed, strategies to control
a wide range of physical and chemical properties that can be directly translated to function must
be realized. However, the limited scope of current techniques to independently control important
aspects, such as shape and composition, poses a fundamental challenge to developing such
functional materials. The convergence of old and new research hints at the exciting possibility that
the study of silica-carbonate shapes might yet be a new paradigm for assembling new materials
via a bottom-up approach. In this regard, the work of Noorduin et al.”* is an important milestone
in the field, starting with strategies conceptualized to direct the growth of silica-carbonate shapes
on substrates, thus taking basic shapes to another dimension where more complex, hierarchical

8104 demonstrated the

microstructures are possible. More recently, Noorduin and Helmbrecht 201
transformation of silica-carbonate shapes to perovskites, while eliminating shape-composition
constraints. Inspired by the work of Noorduin et al.,” this thesis aimed to explore several aspects
of the growth process important to the design of silica-carbonate shapes from solutions at alkaline

pH (10-12).

The programming of basic silica-carbonate microstructures into more complex, 3D shapes
was conducted by replicating the work of Noorduin et al. in Chapter two. First, this involved
defining a set of initial conditions (i.e. atmospheric CO2 concentration, pH and temperature) for
the growth of particular, basic shapes, which provided nucleation and growth sites for additional
shapes in subsequent growth steps. Thusly, we constructed a library of basic and hierarchically-
assembled micron-sized shapes that tolerated both barium and strontium ions. Our findings support
the conclusion that certain pH regimes are conducive to the formation of distinct classes of
microstructures, such as helices at pH 11.2 that yield to flower-like shapes at pH 11.8. This effect
is believed to originate from the directionality of growth in such a manner as to minimize any
interactions with the local optimum pH zone for the deposition of silica, which is known to

passivate growth.

In Chapter three, we attempted to control of the chirality of helical silica-carbonate shapes
using chiral molecular (amino acids) and microscale (chiral vaterite) chiral directing agents. Here,

double helicoids were allowed to grow from pH-adjusted reaction mixtures to which aliquots of
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homochiral aspartic acid were added, or on substrates that contained pre-assemble chiral vaterite.
We were eventually able to successfully make chiral vaterite from an existing literature procedure
as well as from the novel application of other sub-methods utilised in our labs. This involved the
ammonium carbonate method, in addition to the diffusion of atmospheric CO2 into a solution of
CaCl: ions in the presence of L-aspartic acid. Through these experiments, we were not able to
control the handedness of the emergent microhelices with chiral directing agents. The amino acid
results suggest we have much to learn about the underlying interactions and reaction mechanisms
of these additives, which might be vastly different in composite materials as opposed to single
crystals. Furthermore, inventing new strategies to overcome the randomness of nucleation events
as well as the inherent unfavourable interstitial energies involved in the alignment of barium
carbonate and vaterite present further challenges to directing the chirality of the former with the

latter.

Perhaps, the next logical step to address the challenges mentioned above might be the use
of larger molecules to control the handedness of silica-carbonate helices, since smaller ones, such
as enantiopure aspartic acid, have been unsuccessful. Antifreeze proteins and various biomimetic
polymers are interesting candidates for large molecules that could be utilized in these types of
studies on chiral control.>% ''® Moreover, it would also be interesting to grow the microhelices on
substrates with higher densities of chiral vaterite which increases the possibility of the double

helices growing directly on these chiral crystals.

Finally, the effect of Chicago Sky Blue dye (CSB) on the formation of silica-carbonate
microstructures was studied and presented in Chapter 4. We found that CSB was able to accelerate
the growth of large structures under certain conditions, an effect that we do not yet have a clear
picture of. However, we think that this is perhaps due to the capacity of the dye to function as a
slow-diffusing catalyst that slows down the movement of locally-generated acid from the growing
fronts of these microstructures. Thus far, follow-up studies with other dyes (Helmbrecht and
Ariane, unpublished results) suggest that CSB might be unique in its ability to enhance the growth
rates of the as-formed structures. Nevertheless, future investigations could involve synthesizing or
screening a wider library of other dyes as candidates to accelerate the growth rate of silica-

carbonate microstructures.



Chapter 6. Appendix

Table 1. Space groups of calcium carbonate polymorphs and barium carbonate

Crystal Crystal system | Space group
Calcite Trigonal R3c
Aragonite Orthorhombic | Pmcn
Vaterite Hexagonal P63/mmc
Barium carbonate | Orthorhombic | Pnma
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Notes: A space group describes the complete set of symmetry characteristics of a crystal. These

symmetry transformations leave a crystal in an undistinguishable position in 3D space from the

original when performed.

In the above space group notations, the first letter (P or R) represents the Bravais lattice type, the

first number represents rotation through 360°/n about a screw axis, the second number in

subscript indicates translation about the screw axis following rotation, reflection planes normal

to the rotation axis are denoted by the letters m (mirror plane), and a and ¢ (glide planes), while

the letter n represents a diagonal glide plane.
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