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ABSTRACT
Pathways for Metastable Carbonate Synthesis

Michael L Whittaker

Carbonate minerals are integral to life on earth, as reservoirs for CO, in the earth’s natu-
ral carbon cycle and as the skeletal elements of abundant organisms like corals and plank-
ton. Because of its relevance, availability, and low toxicity, calcium carbonate is also an
important model system for phase transformations in aqueous solutions. However, it of-
ten does not conform to classical theories of nucleation, prompting a critical reevaluation
of both the pathways of carbonate mineralization and the theories that describe them.
Most importantly, it has been shown that amorphous calcium carbonate (ACC) is fre-
quently a precursor to crystalline calcium carbonate during precipitation, in both biologi-
cal and inorganic systems. Amorphous precursors influence phase transformations in sev-
eral ways, including decoupling densification of ions in solution from their arrangement
on a crystalline lattice, altering solution thermodynamics, creating new interfaces, and
changing kinetic barriers. To exert control over these processes in vivo, organisms gener-
ally confine precipitation reactions to small volumes, often within lipid membrane vesi-
cles. Herein, I describe in vitro model systems designed to elucidate and replicate biologi-
cal mineralization pathways. Giant unilamellar vesicles are shown to slow the rate of crys-
tallization of ACC by excluding nucleation accelerants, and by preserving the high kinetic

barriers to lower energy phases that result. Phosphatidylcholine, one of the most abun-
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dant natural lipids, does not interact strongly with ACC, but the interfacial chemistry can

be tuned by changing the lipid charge or reducing steric shielding. Microfluidically pro-
duced water-in-oil emulsions were used as liposome analogs to study crystallization ki-
netics. In ensembles of hundreds of emulsion drops, we show that vaterite forms from
ACC via a classical, two-step nucleation process. We also extend the classical theory of
nucleation to highly confined aqueous systems, where the formation of a nucleus changes
the system composition. In systems chemically similar to ACC, amorphous strontium
carbonate (ASC) is also observed in liposomes, but crystallizes rapidly, while amorphous
barium carbonate (ABC) is not. We show that ACC can be made with over 50% barium,
forming ACBC, but crystallizes at a dramatically faster rate with increasing barium. I
demonstrate that this process dramatically departs from the classical description applied
to ACC crystallization. It can be explained by the increasing short- and mid-range order
in ACBC with increasing barium, which resembles that of crystalline Ca,..Ba,CO; and se-
lectively lowers the barrier to its formation relative to lower-energy structures. This Ca,.
xBaxCO; phase has been misidentified as calcite in the literature, but we solve the struc-
ture, assign the new spacegroup R3m, and call it balcite. Balcite is only thermodynamical-
ly stable above 525°C, and is over 30% harder than calcite. In the absence of calcium, I
show that ABC is a highly transient precursor to a previously uncharacterized BaCO5-H,O
phase. This phase forms as very thin (10 nm) and extremely anisotropic platelets, which
themselves recrystallize rapidly into witherite (BaCOs;). These examples demonstrate the

power of amorphous precursors to enable metastable crystalline materials through ther-
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modynamically downhill transformations, and the ability of confined volumes to reduce

the rate of these transformations and enable their quantification.
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1. Nucleation on surfaces and in confinement

1.1 Abstract

A review of current literature supports the notion that organisms may achieve na-
noscale control over the hierarchical assembly of organic-inorganic materials by com-
partmentalizing reactions into small volumes containing specifically functionalized mac-
romolecules. Confinement may introduce a degree of determinism to the stochastic pro-
cess of nucleation by greatly reducing the number of nucleation events, allowing an or-
ganism to control nucleation using ‘soft’ organic substrates. In this way the polymorph,
orientation, shape, and size of a crystalline building block can be selected, and its assem-

bly into a larger structure orchestrated by the organic matrix.

1.2 Introduction

Mineralized tissues support locomotion, predation and defense; are used for sens-
ing acceleration, gravity, light, and magnetic fields; and often double as nutrient/waste
storage." Many of their remarkable properties emerge from the hierarchical organization
of organic and inorganic building blocks (Figure 1.1). Despite new experimental tech-
niques'® and continuous improvement of computational approaches,®’” we are still far
from understanding how the organism directs mineral nucleation and subsequent pro-
cesses that lead to assembly.®'® This review focuses on our current understanding of two
critical aspects of biomineralization — how self-assembled surfaces direct location, orien-
tation, and timing by heterogeneous nucleation, and the role of confinement within small

volumes on the rate of phase transformations.
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Figure 1.1. Heterogeneous nucleation and confinement in biomineralization. A. Coccoliths are elements of
the extracellular coccosphere in the coccolithophores, a class of unicellular marine algae. Heterococcoliths
are comprised of a ring of elaborately shaped calcite single crystals attached to an organic base plate. B.
Coccolith synthesis is confined within vesicles inside the cell, and involves heterogeneous, oriented nuclea-
tion in specific locations in the periphery of the baseplate.'""' C. Limpets are intertidal mollusks that graze
on rocks using exceptionally hard, iron oxide-based radula teeth. During mineralization, goethite crystals
nucleate on a preformed matrix of chitin fibers." E. In magnetotactic bacteria, magnetite nanoparticles are
confined within magnetosome vesicles, allowing for alignment and navigation in magnetic fields."*"® G,H.
Calcium phosphate mineral precipitates in intracellular vesicles observed in neonatal mouse calvaria, a
model for human bone mineralization.'®

1.3 A brief review of nucleation in biomineralization

Biomineralization typically starts with precipitation from a supersaturated aque-
ous solution.®'” The driving force for the formation of a new phase with the chemical

formula [(Al) Ky B2k, - (Ap) ki] can be expressed in terms of the supersaturation

141k
o=In [M] (1.1)
Kgp

where Kj;, is the solubility product of the new phase. Clusters of the new phase arise from

concentration fluctuations. According to classical nucleation theory (CNT), a cluster that
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is exactly of critical size, the nucleus, is in unstable equilibrium, meaning that both loss

and gain of additional building blocks will reduce its free energy. Smaller clusters will on
average shrink, larger ones grow. The reversible work of nucleation W* is the free energy

cost (barrier) associated with the formation of a spherical, incompressible nucleus

we = L (Vm)2 r (1.2)

3 \RT/ o2

where y is the (average) surface free energy of the newly-formed interface and V}, is the
molar volume of the new phase.'® As discussed in the article by Sear,' the intrinsic nu-
cleation rate J;, i.e. the number of nuclei formed per unit time and unit volume, then

takes the form*

w*

Jy X e kT (1.3)
In the presence of heterogeneous nucleators, the height of the barrier is reduced by a
structure factor, S, that depends upon the specific geometry of nucleus and interface.”
Alternatively, the impact of heterogeneous nucleators can be expressed by assigning a net

22,23

effective surface free energy ¥,

het o o~ir S = o~ (7 28 (1.4)
The nucleation rate is extremely sensitive to the presence of heterogeneous nucleators,
about which little is known in bulk experiments. As a consequence, determination of y
from nucleation rate data is very difficult and a wide spread of the values are reported, for

instance for calcite (64-1480 mJ/m?).2*?® Similar to other crystalline solids, nucleation at
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moderate supersaturation is expected to proceed extremely slowly when heterogeneous

nucleators are absent.***> Metastable amorphous calcium carbonate (ACC), however,
forms readily under the same conditions. While ACC is frequently observed in vivo and in
vitro, the mechanism of its formation and subsequent transformation into one of crystal-

line polymorphs remains the topic of much debate.®*’

1.4  Nucleation on surfaces

Irrespective of whether a metastable phase such as ACC precedes the formation of
a biomineral, the onset of mineralization likely involves heterogeneous nucleators. In bi-
omineralization, this includes fibers and membranes constructed from (macro)molecules
of the organic matrix, phospholipid bilayers with associated macromolecules that delimit
the mineralization site, and the surface of any precursors present.?®*® A particularly im-
pressive example is the nucleation of a ring of calcite crystals with alternating orienta-
tions on the organic baseplate of the coccolith; there are many more (Figure 1.1)."'1¢-3%2

The impact of the interface on nucleation density, polymorph, and crystallographic
orientation is apparent in studies of self-assembled monolayers (SAMs).**® Early reports
attribute rapid nucleation of calcite on carboxylate-terminated alkanethiol-based SAMs to
a close match in lattice parameters, but ignore the effect of strain at coherent interfaces.>*
More recently, it has become clear that during oriented nucleation, both sides of the in-
terface cooperatively reorganize.®® A fundamental limitation of the early experiments is

that conclusions were necessarily based on observations made fairly far into the growth

stage. Much detail regarding relative rates of nucleation and subsequent growth rates of
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nuclei, for instance in different orientations, is therefore lost, and unambiguous interpre-

tation challenging.

Microfluidic devices can generate supersaturated solutions and maintain a con-
stant flow parallel to a functionalized interface, while allowing in situ observation.** Het-
erogeneous nucleation rates of calcite on SAMs were found to be consistent with the pre-
dictions of CNT,??3% and provide estimates of ¥, in the range of ~70-100 mJ/m? for
polysaccharide- and alkanethiol-functionalized surfaces. Furthermore, there is a direct
relationship between y,.; and the free energy of binding between calcite and a series of
functional groups, consistent with the conventional wisdom that “good binders are good
nucleators”.”

Functional patterning of substrates is thought to be integral to controlling the lo-
cation of nucleation events, and by extension, hierarchical assembly in biomineraliza-
tion.?”® Looking ahead, such patterning will be essential to improving our understanding

of cooperative effects such the synergy gained from the presence of both carboxylate and

amine-terminated SAMs in the formation of amorphous silica.*’

1.5 Nucleation in confinement

We refer to systems as confined if (a) the phase transformation occurs from one or
more small volumes of a supersaturated solution and (b) transport of at least one building
block of the new phase is prevented between the volumes. After division of a bulk system
into a large number of small volumes, only a subset of them will contain suspended nu-

cleators,® and phase transformation cannot ‘spread’ from one volume to the next. In the



26
ideal case, the boundary is a poor heterogeneous nucleator and the rate converges to that

of homogenous nucleation.***!
Phase transformation in confinement will appear to slow down unless very large
numbers of droplets are observed. This is because in any system consisting of N identical

volumes Vg, with a uniform steady-state intrinsic nucleation rate Jy, the fraction of drop-

. . . . 42
lets in which nucleation has occurred is

f=1-e Ivivat (1.5)
The time until nucleation has occurred in 50% of the droplets (7, ;) is inversely propor-
tional to the number and the volume of the droplets (Figure 1.2a, b). In other words, even
if the barrier is unchanged, the extrinsic nucleation rate, /] = J,NV,, decreases with the
size of the system.

When confinement approaches the nanoscale, the assumption that nucleation
does not affect the composition of the aqueous phase breaks down. For example, if nucle-
ation of an AB solid at some initial g, consumes an amount of A and B such that their ac-
tivities each drop to one half, supersaturation is reduced by Ao = g, — oy = 1.4, where o
is the final value. As a consequence, the particle that just formed is subcritical in size and
cannot be the nucleus. This effect is more pronounced in smaller confining volumes, for
less soluble precipitates, and at lower initial supersaturation (Figure 1.2c).

One can show that at a given g; in a confined system of radius R, only a particle

with radius r « R, that meets the following equality is in equilibrium after formation:
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YVm 1 r3 g
ekNaTT 4 — — 02 =) 1.6
N (1.6)

where N, is Avagadro’s number (derivation in chapter 2). Below a critical initial supersat-
uration ¢;, this equation does not have a solution and nucleation cannot occur. Above o7,
the smaller of two solutions corresponds the nucleus, the larger to the particle in final,

stable equilibrium, i.e. the end point of the phase transformation (Figure 1.2d,e).
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Figure 1.2. The effect of confinement on nucleation. (A) Plot of the fraction f of N volumes in which nuclea-
tion has occurred against log time (Jy=10"m?s™; V4= 65 pL). (B) Log-log plot of 7 7, vs. N showing the in-
crease in conversion rate with system size. (C-E) Effect of confinement in spherical containers with R.=30
nm on supersaturation for calcite particles (Ky,=10"** M?, V;;=36.9 cm*/mol, y=0.1 J/m?). (C) Fractional drop
in supersaturation as a function of particle radius r. (D) Contour plot of the left hand side of Equation (1.6)
as a function of the initial supersaturation and the particle radius. The solution of Equation (1.6) is indicat-
ed by the red contour line. (E) Contour plot of the critical supersaturation o] for nucleation of calcite as a
function of the surface free energy and the confining radius.
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Figure 1.3. A. Calcite crystals nucleated on the (oo1) plane on a SAM of HS(CH,),,SO; supported on Pd.*® B.
Nucleation rate as a function of supersaturation for calcite nucleated on SAMs with a range of functional
head groups follows predictions of CNT, with constant slope proportional to the interfacial energy, y.”* C.
ACC rather than calcite precipitates in confinement in giant liposomes, and is stable for long periods of
time.** D. Calcium phosphate precipitates formed in double emulsion droplets eventually transform into
hydroxylapatite.*® E. Calcium carbonate precipitation in aqueous droplets trapped on a patterned SAM re-
sults in extended stability of ACC, but eventually calcite forms; this is likely due to heterogeneous nuclea-
tion at the triple line or on the SAM.*® F. ACC formed in semi-confining pores (d = 800 nm) in a track-
etched membrane.*’ G. Partial confinement between a cylinder and a flat substrate resulted in differential
stabilization of several metastable intermediates that are typically observed sequentially in hydroxylapatite
synthesis.*’

Closely resembling ideal confinement, individual acoustically levitated drops have
been used to identify amorphous precipitates of MCO; (M = Ca, Sr, Ba, Mn, Cd, Pb) that
remained transiently stable for hundreds of seconds.”® Larger quantities of precipitate
produced in a conceptually similar way can be achieved by spray-drying drops with ultra-
sonic air flow.** However, these techniques rely on reaction quenching due to the rapid
evaporation of water, making quantification difficult. Liposomes establish a confined vol-
ume within an aqueous phase more closely resembling those found biology, and have

been used to study phase transformations of iron oxides, calcium phosphates, and earth
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alkaline carbonates (Figure 1.3a).°>®' When CaCO; is precipitated in liposomes between

50 nm and 50 pm in diameter (~130 aL to 130 nL), ACC forms rapidly and the supersatura-
tion with respect to calcite is reset to o = In[K4°C/K&l®| ~ 4.8. This increases the nu-
cleation barrier. In sufficiently small liposomes, the supersaturation may even fall below
o;, such that calcite formation becomes impossible. Where nucleation is possible, the
time until it is observed in 50 out of 100 liposomes further increases by a factor of 10* for
the largest, and a factor of 10 for the smallest liposomes when compared to a bulk reac-
tion in 130 mL, because of the effect of small volumes on the extrinsic nucleation rate.
Taken together, confinement effects dramatically delay the formation of calcite and in-
crease the life time of ACC.**

Surfactant-stabilized micro-emulsions of aqueous droplets in oil offer low polydis-
persity and improved efficiency of encapsulation (Figure 1.3b).***? In the CaCO, system,
confinement in droplets trapped on a patterned SAM (V4 ~ 1 pL, Figure 1.3d) resulted in a
rapid ACC formation but delayed nucleation of crystalline polymorphs, despite the pres-
ence of a relatively powerful nucleating surface.®®> Confinement further allowed investi-
gating the impact of reagent concentrations on CaCO; polymorph selectivity, and of solu-
bility and nucleation of KNO,.>*

A range of effects consistent with confinement has been observed in systems
where unlike in liposomes or droplets, transport of building blocks is possible in at least
one direction in space. For example, it has been inferred that the nucleation rate of calcite

decreases more rapidly than that of ACC as the diameter of pores in track-etch mem-
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branes is reduced from 3 um to 200 nm (Figure 1.3f).*”*® Similar observations were made

in the calcium phosphate system.’® The wedge between a solid half-cylinder resting on a
flat substrate constitutes a yet more complex system (Figure 1.3d), where the degree of
confinement can be thought of as rapidly increasing with decreasing distance to the con-
tact line.*®*” Consequently, metastable precursors of crystalline calcium carbonates, sul-
fates, and phosphates persist for much longer times closer to the contact line. As a result,
the “Ostwald” sequence of increasingly stable phases observed over time in the bulk sys-
tem is instead patterned in space. While quantitative treatment of these partially con-
fined systems is more difficult because much depends on geometrical parameters, diffu-
sivities, and mixing, they can be used to rapidly screen for metastable precursors that are

very challenging to observe in bulk reactions.

1.6 Conclusions

Heterogeneous nucleation and confinement are integral factors to biological con-
trol over location, timing, and polymorph selection in biomineralization, but remain chal-
lenging to probe quantitatively. This review highlights recent in vitro experiments that
show that the influence of heterogeneous nucleators can be understood in the context of
CNT without needing to invoke “non-classical” effects. Based on recent experiments and
simple thermodynamic considerations, we suggest that there are three ways in which
confinement reduces nucleation rates of crystalline biominerals. Amorphous intermedi-
ates appear to be less affected. As a result, the lifetime of amorphous precursors can be

dramatically longer, even in the absence of any stabilizing additives. This effect may open
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a window for the organism to manipulate the amorphous material with a low risk of spu-

rious nucleation. Controlled transformation into a crystalline polymorph could then oc-
cur by introducing a heterogeneous nucleator into the confined volume, before, or after

the amorphous intermediate has formed.
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2. Nucleation theory in confinement

2.1  Confinement

It likely comes as no surprise that squeezing material into small spaces can cause it
to behave differently than in the large systems our intuition is accustomed to. Indeed, the
first effect of confinement described in chapter 1 (equation 1.5 and Figure 1.2A and B) is
simply one of perception. If we rapidly mixed concentrated solutions of CaCl, and Na,CO;
and were instructed to determine the moment precipitation took place in a 1 L bottle, and
then compare to a 0.1 L beaker and a 0.01 mL conical tube, we would likely see immediate
precipitation in all three cases. This may lead us to conclude that the size of the container
does not impact the precipitation rate. Unfortunately, our intuitive experience would fail
as the container shrunk to, for example, 10 L. This is not simply a limitation of the speed
of our visual processing or resolution. Instead, in our macroscopic viewpoint we are bi-
ased towards things that happen, at the expense of what is not happening!

When we determine the moment that we perceive crystallization to occur, we are
looking for signs of a precipitate: cloudiness, opacity, a change in color. These are rela-
tively easy to distinguish from transparent aqueous solutions. But what we fail to recog-
nize is that at the moment we detect the first signs of precipitation, in most of the solu-
tion there is still nothing happening! Since it is much more difficult to determine where
crystallization is not occurring than where it is, we assert that crystallization has hap-
pened somewhere. But as we shrink the size of our container, the probability that we are

looking at a region in which “nothing” is happening grows faster than the probability that
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we are looking at something, because on average, most of the solution does not contain

precipitates.

Even though the processes in large and small containers occur at the same rate
(the same supersaturation, etc.), it takes longer, on average, in smaller volumes. This is
the principal effect of confinement. Therefore, if we look at small enough volumes, we
should begin to see a clear distinction between nothing (supersaturated solution) at the
earliest times and something happening (precipitation) over time. This concept has been
utilized by atmospheric scientists interested in understanding the nucleation of ice crys-

58-60

tals at the supercooled conditions of the troposphere in experiments like those de-

scribed in section 1.5.

2.2 Impurities

Despite the increasing utilization of confined systems, crystallization rates meas-
ured in large numbers of small volumes still rarely agree qualitatively with classical nu-
cleation theory. Part of the problem has been known since Fahrenheit in 1794, but proven
difficult to solve even now: As sure as death and taxes, aqueous solutions contain impuri-
ties. An ‘impurity’ is a catch-all description for an entity that that differs in composition
or phase from the newly forming precipitate or the parent phase from which it forms.
These impurities may be benign and have no influence on nucleation, but they may also
present geometries and/or interfaces that are more favorable for nucleation than the sur-

rounding bulk solution. '
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A second advantage of miniaturization is that while not all impurities can be elim-

inated, they are, by definition, trace components and in a finely divided system are rele-
gated to a small fraction of the total. Turnbull was the first to quantify this effect, noting
that the crystallization rate of liquid metal drops decreased as the size of the drops
shrank, until a lower limit was reached.®® This rate may be due to the onset of homogene-
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ous nucleation®® or heterogeneous nucleation on the interface.

2.3 Precursors

A final consideration needed to understand phase transformations in confinement
is the formation of metastable phases that precede the final, equilibrium structure. It has
been observed in many systems that metastable materials generally have lower interfacial
energies than more stable materials with the same composition.'” Because the nucleation
barrier is so strongly dependent on the interfacial energy (Equation 1.2) even slightly low-
er values of y can lead to a dramatic acceleration of the nucleation rate.

Reduction in the barrier height for metastable precursors is a consequence of low-
er metastability (lower free energy) at the length scale typical of a nucleus. This can be
seen schematically in Figure 2.1, where the barrier between free ions in the supersaturated
solution and ACC is lower than that to vaterite and calcite. In fact, the barrier to ACC
may be negligible if it forms through spinodal decomposition as some have suggested.
66182 1t has recently been suggested that thermodynamic stability may in fact be a re-

quirement for metastable materials to form.%®
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With increasingly reliable simulations and materials databases, hypothetical struc-

tures can be ranked based on stability and compared to known phases. There appear to
be predicted phases that energetically reside between two known materials, but have not
been realized experimentally. This seems to conflict with the Ostwald-Lussac rule of stag-
es, which implies a direct cascade of transformations from lower to higher stability. It
may be the case that the Ostwald-Lussac rule is only a heuristic that does not apply to all
transformations. Another possibility is that intermediate phases do form, but are too
small and too transient to observe. Alternatively, it may be that the thermodynamic sta-
bility of the critical nucleus, not the bulk phase, that determines the sequence of trans-
formations, and that the inclusion of both interfacial and bulk energies changes the order
of stability relative to bulk free energies alone. This last case may be difficult to investi-
gate experimentally. However, in highly confined aqueous systems, it may be possible to
reduce the number of nuclei to one. This paradigm may offer clues about how to investi-
gate the process of nucleation and the energy balance of a critical nucleus, but also re-

quires a reevaluation of classical nucleation theory.



W_ (KT,
m 100 .A. o (D ?
surface energy :"-
|
i} |
= {
g
2 50 ot \
2 5
w i
% i "n
§ Au 20 —— (‘D ':','\‘ ‘Il @
5| bulkfree energy 104 D et N4 aterite
2 — ¢ ‘\ L)
4 a3 P
0 ACC ®Ca2++ CO,? calcite
Radius, r

Figure 2.1. Barriers to classical nucleation. The tradeoff between favorable bulk free energy (Ap) and unfa-
vorable surface energy (o), lead to an activation barrier given by W  at a critical radius r (a). In the CaCO;,

system, nucleation from supersaturated conditions (1) leads to the formation of ACC (2) more rapidly than
crystalline polymorphs due to its smaller (hypothesized) activation barrier. Once ACC equilibrates with the

solution (3) the activity of ions in solution is reduced and the expected barrier to calcite nucleation reaches
100 kT, a nearly insurmountable barrier.

2.4  Classical nucleation theory

Equation 1.6 and Figure 1.2 show that the formation of a critical nucleus in con-
finement changes the system composition in a non-negligible way, violating one of the
fundamental assumptions of classical nucleation theory. In condensed (non-aqueous) sys-
tems, such small system sizes would likely depart from a continuum description and re-

quire special atomistic treatment. However, aqueous systems are typically around s0 M
water and less than 1 M ions, meaning that ~98% of the volume is not directly participat-
ing in the transformation, such that these systems can be described by continuum theory

and still be sensitive to very small changes in the system composition. A derivation of

Equation (1.6) in Chapter 1 was omitted for space, but will be presented in full here.

36
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In solution, individual ions form clusters through concentration fluctuations. In

undersaturated solutions (o < o) these clusters inevitably dissolve back into individual
ions because the energy penalty of creating a new interface between the solution and the
cluster, y, is greater than the energy gained by bringing ions together. In supersaturated
solutions (¢ > 0) a cluster may form that reaches unstable equilibrium with the surround-
ing solution. This cluster is the critical nucleus. Because it is in equilibrium, it has a well-

defined pressure difference across its interface, given by the Laplace-Young equation

PP —P* =(C, + C)y (2.1)

where C, and C, are the principle curvatures. For a spherical nucleus

pF—pr =2 (2.2)

The case of very small nuclei may represent the limit of applicability for the continuum
description of mechanical stability in Equation 2.2,°* and may be a source of departure
between the theory and experiments. Nucleus size depends on the solution composition
and conditions, so the possible violation of this assumption must be evaluated on a sys-
tem-by-system basis.

From Equation 2.1 nucleation is not a constant pressure process. Therefore, the
Gibbs free energy cannot be used to determine the energy barrier to nucleation. In fact,
the Gibbs free energy change for nucleation can be shown to be zero.?® If the conditions

for equilibrium during nucleation are constant chemical potential, 1, temperature, T, and
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volume, V, the Landau potential, 2, describes the change in free energy. The Landau po-

tential before nucleation is

Qinitiar = V127 (a;, PY) (2.3)
where QF is the Landau potential per unit volume in the aqueous phase. After nucleation,

the Landau potential is

Opinat = (V = VI (@, P + V"2 (a;, PF) + A'y (24)
where .(25 is the Landau potential per unit volume in the solid phase and A" is the interfa-
cial area of the critical nucleus. The change in Landau potential upon nucleation is there-

fore

Qrinar — Linitiat = Wi =V (PP —PY) + A’y (2.5)
Where Wy is the reversible work of nucleation. We assume the nucleus is spherical, giv-
ing
_ amr*3

Wi = —— (PP — P*) + 4mr*?y (2.6)

And using Equation 2.2 for the difference in pressure between solution and nucleus, Wy

can be written as

« _  lemy?®
R ™ 3(pB-pa)?

(2.7)
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An arbitrarily shaped nucleus will have a different shape factor, but the same dependence

ony and (P® — P%). For an incompressible nucleus, the dependence of the chemical po-

tential on pressure is simply given by

uf (P) = i (PP) = Vi (P° = PF) (28)
where V,,,; is the partial molar volume of component i. In a two-component system, the
difference in pressure is then fixed by the conditions for (unstable) equilibrium, Ay, be-

tween 8 and « for each component A (i.e., Ca**) and B (i.e., CO5*)

us(ag, P*) = us(ap, P*) + Vy 4(PP — P%) (2.9)
ug(ag, P*) = up(ap, P*) + Vi, s (PP — P%) (2.10)

Solving Equations 2.9 and 2.10, AP = (PP — P%) is given by

AGrcrtl—wHB
ap = —=ny (2.11)
where V,f is the molar volume of the solid and AG,‘;_)MB is the molar free energy change

upon the formation of a nucleus of § in a.

2.5 Nucleation in aqueous solution

We are interested in the pseudobinary system CaCO;-H,O, in which a solid CaCO,
particle (f) nucleates within an aqueous solution («) containing Ca** and CO;™ ions. The
thermodynamic condition for nucleation is that the solution is supersaturated, as defined

in Equation 1.1. Supersaturation is set by the activity product, AP, of the ions in solution
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AP =], (2.12)

The solubility product, K, defined as the product of the activities, a;, of the components

in equilibrium with the solid given by

Ky = I1; af (2.13)
When activities are low, like af for insoluble solids, they are often approximated by con-
centrations, as given in Equation 1.1.
An AP larger than K, provides the thermodynamic driving force to overcome the

. .. . . . 2
pressure difference across the critical nucleus in Equation 2.11. It is customary?® to ap-

. a->a+ . .
roximate AGY™ B in Equation 2.11 as
m

AGy**F = RTIn<= = RTo (2.14)

m
sp

We can then rewrite equations (2.2) and (2.7) as

* :ZVTQZ

ok (2.15)
. 16m(2vf 2y3
WR == T(F) ? (216)

This is the critical radius and activation barrier for classical homogeneous nucleation.
These quantities determine the rate at which phases form in the absence of heterogene-
ous nucleators, represented schematically in Figure 11a. Using literature values for Ky,
and y of calcium carbonate phases ACC, vaterite, and calcite, the barrier heights for ho-
mogeneous nucleation relative barrier to the free ions in solution are given in Figure

1.1b.* Details are given in chapter 5.
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2.6 Effects of confinement

Assume that nucleation occurs in a small container with impermeable walls and a
constant volume of supersaturated solution Vi onr. The supersaturation prior to nucleation
shall be opre. Solving Equation 1.1 for the AP, we can determine the activity product in the

container prior to nucleation with respect to the equilibrium solubility product of £3,

AP,.. = Ky,e%0re (2.17)
If we continue to assume an AB type solid (A = Ca**, B = CO5*) and equal amounts of A

and B in the liquid phase, the activity of either A or B is given by

a; = VAP = [Kpe? = [Kype: (2.18)

The formation of a cluster with volume V. requires the following amount of A and B

VnuC
Tp =y Ve =5 (2.19)

where pg is the density of the § phase and M is the molecular weight. The activity of A

and B in the confined volume therefore drops by

AaA'B — p_ﬁ VTI.U.C — Vnuc (2.20)

If the volume fraction of the nucleus in the confined volume, f; is

f = Jnuc (2.21)

Vconf

then we can write the activity of A and B in the confining volume after nucleation, apost, as
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Jpre

Apost = Apre — AaA,B = Kspe 2 - E (2.22)
With this, we can write
opre f 2
APyos: = ( Rope —V—ﬁ) (2.23)
m
Opre f

" l 1/KS]:)@ 2 —E .y apre f 294
O_post_nT— nQZ—KSpV£ (2.24)

Note that 0, is the supersaturation with respect to a particle of f with a flat interface
(infinite radius), after the formation of one nucleus with a critical radius given by Equa-
tion 2.15.

Nucleation removes monomers from a, lowering their activity. The supersatura-
tion therefore changes. CNT assumes that these changes are very small. However, in a
confined volume, this may not be the case. If we require that @ remain supersaturated

throughout the entire process of critical cluster formation,

post = /Ksp (2.25)

Then, we can substitute Equation 2.22

Opre f
Kpe 2 —2 > /Ky (2.26)
and solve for the volume of the cluster
Ipre
f<VE Ry (72 —0pre) (2.27)

The maximum volume fraction of the nucleus is therefore
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fmax = V‘I‘rll;’\/ Ksp (epT - 1) (2.28)

Equation 2.28 is valid for both homogenous and heterogeneous nucleation (i.e., nuclei of
any shape). If we assume that the shape of the nucleus is that of a spherical cap with con-

tact angle 0, we can write

Vi (0) = S 7514 (2 — 3cos6 + cos*6) (2.29)
If we further assume that the confining container is spherical with radius Rconf, we can

rewrite

3
f= %(2 — 3c0s6 + cos®6) <ch—m) (2:30)
conf

£ =102 — 3c0s0 + cos?0) (— 21 i (2.31)

~ 2 RTopreRconf .

3
o Ipre _ (2-3co0s0+cos38) 2)/Vn€

O-post =2ln|e = 4\/@‘/1?1 <RT0'preRconf) l (232)

This is the supersaturation after the cluster has formed. The condition nucleation in con-
finement is therefore g5, > 0. To find the radius of the container such that a remains

supersaturated after nucleation for a given initial supersaturation oy,.,

0< 0% (2.33)

3
pre  (2-3cosH+cos36) < 2)/Vn€ )

< .
1<e : Py (2.34)

RTopreRconf

1/3

Ipre _ 3 B

Rconf >(ez — (2 3cos¢9+czs ) < 2YVm ) (2.35)
4. [KspVi, RTopre
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A different approach is to ask what is the radius, r, of a § phase precipitate that is in equi-

librium with « after it has formed. This is equivalent to the radius at g,,s;, so by rearrang-

ing Equation 2.15

1 2yVH,
Terit RT

(2.36)

Opost =
Again, assuming a spherical particle and container, we can substitute Equation 2.18 into

Equation 2.22 and arrive at

Opost Opre

[Rpe 2z = /KspeT—é (2.37)

which states that the activity of ions in solution after the critical cluster has formed is

equal to that prior to cluster formation minus the ions removed to form the cluster. Sub-

stituting Equation 2.31 for f; and Equation 2.36 for 0,5, we arrive at Equation 1.6

YVm 1 3 gj

ekNaT 7 4 W —e2=0 (2.38)
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3. Outline

3.1  Motivation

As Henry Ford said, “Nothing is particularly hard if you divide it into small jobs”.
Biomineralization is particularly hard to study because of the small length scales at which
processes of interest occur, the existence of hard/soft and buried materials interfaces, and
the interconnectivity between the biomineral and the rest of the organism that creates
and sustains it. My motivation in this dissertation is to divide commonly observed bio-
mineralization strategies into simple, independent, in vitro analogs and explore their con-
sequences in isolation. Specifically, I chose confinement in small volumes, the precipita-
tion of metastable precursors, and the use of biomineralization proteins to affect crystal-

lization.

3.2 Overview

My investigation of the role of confinement begins in chapter 5. Synthetic giant
unilamellar vesicles (GUVs) are a model system employed by my predecessor, Chantel
Tester, to extend her work on 100 nm - 1 pm liposomes to visible length scales. After
Chantel established that ACC persisted in GUVs up to 100 um in diameter, I explored the
generality of this effect in other carbonate systems. Specifically, I replicated her experi-
ments with CaCO; using SrCO; and BaCO,;. In chapter 6 I extend Chantel’s investigation

of the effects of lipid chemistry on ACC precipitation in small liposomes to GUVs.
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Vesicles were important to establish fundamental concepts of confinement, but

proved to be too unstable to withstand high salt concentrations for long periods of time.
This motivated the implementation of an emulsion based system, in which a fluorinated
oil containing an amphiphilic surfactant stabilized aqueous drops against coalescence for
weeks. | learned droplet synthesis microfluidic techniques through a 2-week visit to the
Fraden lab at Brandies University, and brought them back to investigate ACC crystalliza-
tion. Mineral precipitation destabilized the droplets, however, requiring the design of a
storage chip in which to store the drops separately while precipitation was initiated. Jack
Cavanaugh undertook the task of designing and fabricating the device and running the
experiments, which are summarized in chapter 7. An ongoing investigation into the ef-
fects of biomineralization proteins extracted from sea urchins using Jack’s device is pre-
sented in chapter 8.

I change gears in chapter 9, moving away from confinement and instead focusing
on bulk samples. Through synchrotron based X-ray characterization and other bulk tech-
niques, the effects of barium on ACC structure at the nanoscale are presented. Chapter 10
contains a detailed description of the crystallization of ACBC to a previously unrecog-
nized phase we call balcite. Balcite is metastable but is highly persistent, and exhibits en-
hanced mechanical properties, described in chapter 1. Finally, a synthesis of the first
known BaCO;-H,O phase we call gortotowskite is described in chapter 12. These results
are summarized in chapter 13, and a few of the most promising extensions of this work are

proposed.
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4. Summary of experimental techniques

This chapter will provide an overview of the experimental techniques used to char-
acterize the structure and transformation of metastable carbonates. Of primary im-
portance is the ability to quickly distinguish amorphous materials from crystalline ones,
for example using the absence of birefringence under crossed polarizers in optical mi-
croscopy, or diffraction of electrons or X-rays. Techniques specifically suited for the direct
characterization of amorphous materials, like X-ray absorption spectroscopy (XAS) and
X-ray total scattering for atomic pair distance distribution function (PDF) analysis, pro-
vide greater detail on the structural motifs exhibited by these materials.

While these measurements reveal many static aspects of persistent materials like
ACBC, other metastable carbonates like ABC and gortotowskite transform rapidly. These
materials must be characterized in situ or quickly after formation. Synchrotron X-ray
scattering at small- (SAXS), medium- (MAXS) and wide angles (WAXS) in conjunction
with stopped-flow mixing enabled millisecond time resolution to capture very rapid
transformations in situ. Snapshots of these reactions, literally frozen in time, were ob-
tained by cryo-scanning transmission electron microscopy (cryo-STEM) of aqueous sam-
ples vitrified by plunge-freezing at various times during precipitation.

Complimentary vibrational spectroscopy techniques of Fourier transform infrared spec-
troscopy (FTIR) and Raman provided information about carbonate anions and water,
which interact with X-rays and electrons much less than heavier atoms like calcium and

barium. High-temperature methods like thermogravimetric analysis (TGA) and differen-



48
tial scanning calorimetry (DSC) were used to determine the amount of residual water as-

sociated with precipitates formed in aqueous solution, and to accelerate transformations
that were slow at ambient temperature. Together, these techniques help elucidate the
structure of metastable carbonates, both amorphous and crystalline, from the perspective

of all the atoms in a material.

4.1 Polarized light microscopy

Optical imaging using polarized light is an experimentally straightforward method
for establishing the presence or absence of macroscopic crystals. This is critical for de-
termining whether the amorphous precipitate within an emulsion drop has crystallized,
for example in chapters 7, 8, and 10. In an experiment, unpolarized light is sent through a
linearly polarized filter (polarizer) before passing through the sample. The light emerging
from the sample is passed through a second linearly polarized filter (analyzer) with an
orientation that is rotated 9o° with respect to the polarizer. All light that does not change
polarization due to its interaction with the sample is attenuated by the analyzer, causing
the field of view to appear dark. Samples that alter the polarization of the incident light
allow at least some fraction to be transmitted through the analyzer and onto a detector.
Light that passes between medium 1 (e.g., air) and medium 2 (e.g., sample) changes speed

and direction according to Snell’s law

sinf4 ) (4.1)

sinf, nq
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where 6 is the angle of light propagation relative to the surface normal, and n is the re-

fractive index. In isotropic materials, like amorphous solids, n is independent of the direc-
tion of propagation and light polarized in any direction will propagate with the same
speed. The result is that 6 will be unchanged after interacting with the sample. However,
for crystalline materials, n differs along different crystallographic directions in any of the
anisotropic symmetry groups, which includes all crystalline polymorphs of CaCO;. For
example, in calcite the c-axis index is 1.658 while the a-axes index is 1.486. In this case,
light changes polarization due to interaction with the crystalline solid, and the analyzer
attenuates only part of the total intensity. Crystalline regions therefore appear bright
against a dark background. A striking example of birefringence is also observed in the
Maltese cross pattern of balcite spherulites, reflecting the radial orientation of many small
crystallites that alternate between complete extinction and transmission every 45° (chap-

ter 11).

4.2 Vibrational spectroscopy

Ions in carbonate minerals vibrate with characteristic frequencies that are depend-
ent on structural symmetry and sensitive to composition. These vibrational frequencies
(or modes) have energies corresponding to the visible and infrared portion of the elec-
tromagnetic spectrum, where FTIR and Raman spectroscopies are ideally suited. These
complimentary techniques rely on the absorption (FTIR) or inelastic scattering (Raman)

of light. Whether a vibrational mode will absorb or scatter is dependent on its symmetry.
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Modes for which there is a net dynamic dipole are IR active, while those with a net polar-

izability are Raman active.

Carbonate anions are roughly trigonal planar in all carbonates, but additional con-
straints imposed by neighboring ions, whether in a crystalline lattice or amorphous ag-
gregate, alter their vibrational mode symmetry and frequency. This allows structures with
different carbonate environments to be distinguished by modes that are Raman and/or IR
active, and by the frequency of vibration. For example, the symmetric stretching mode
(v,) can be used to distinguish calcite, with a Raman shift of 1086 cm™, from vaterite,
which exhibits three Raman active v; modes at 1074, 1080, and 1090 cm™. Amorphous car-
bonates contain a distribution of carbonate configurations and therefore the peaks are
much broader (v, full width at half maximum, FWHM = 23.5 cm™ in ACC) than in crystal-
line compounds (calcite v; FWHM = 2.0 cm™). In addition to carbonate vibrational modes
(also called internal modes or optical phonons), collective vibrations of both anions and
cations (lattice modes or acoustic phonons) are also observed in vibrational spectroscopy.
In a crystalline solid these appear as relatively sharp, low-frequency peaks, while in an
amorphous solid a broad continuum of modes is generally observed.

Raman and FTIR spectroscopy were used to characterize the impact of barium on
ACC (chapter 9), and to investigate the effects of barium on calcite and balcite (chapters
10 and 11). Structural water in gortotowskite was confirmed by FTIR (chapter 12). Because

water is only weakly Raman active, this technique was uniquely suited to interrogate the
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structure and composition of precipitates in liposomes (chapters 5 and 6) and emulsion

drops (chapters 7, 8, and 10) in situ.

Raman spectra were obtained on a Horiba LabRam confocal Raman microscope
with a laser of wavelength A = 532 nm, operating at a power of 49 mW, and using a dif-
fraction grating with 1800 gr/mm, resulting in a final spectral resolution of 0.39 cm™. For
dried powders, approximately 5 mg was pressed onto a glass slide for Raman analysis. Mi-
crofluidic storage devices were inverted so that only a thin cover glass separated the drop
from the microscope objective. All spectra were recorded from individual precipitate par-
ticles using 50x or 100x objective lens in air (0.9 NA, minimum resolution ~361 nm). Mode
centers, relative intensities, and full peak width at half maximal intensity (FWHM) were
determined by fitting one or more Gaussians to the spectral region of interest. Fitting was
performed manually using in-house code written in Mathematica.

Bulk FTIR spectra from KBr pellets containing ~5.0 wt% ACBC powder were ac-
quired in the range from 400-4000 cm™ on a Thermo Nicolet Nexuz 870 FT-IR in trans-
mission geometry, with a spectral resolution of 1-4 cm™. To prepare samples, ~8 mg of the
dry powder was mixed with ~160 mg KBr in a mortar and pestle. Approximately 25 mg of

the mixture was then pressed into a partially transparent window at 7 MPa.

4.3 (High resolution) powder X-ray diffraction

For over a century, the ability of crystals to diffract X-rays has been indispensable

for elucidating the structures of solids. Bragg’s law defines the condition for constructive
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interference. Monochromatic electromagnetic radiation with a wavelength, A, will diffract

from lattice planes separated by a distance, d, when

nd = 2dsinf (4.2)
where n is an integer and 6 is the angle of incident radiation. In an XRD experiment the
intensity of an X-ray beam is measured over a wide range of angles, 6. High intensity
peaks are recorded when the Bragg condition is satisfied. In powder samples with ran-
domly oriented particles, like those investigated throughout this work, diffraction is iso-
tropic, and one dimensional profiles capture all necessary structural information.

When the Bragg angle is rewritten as the magnitude of the scattering vector, g, de-

fined as

q= 4ns;lin9 (4.3)

diffraction profiles from different X-ray sources (e.g., laboratory vs. synchrotron) with dif-
ferent radiation wavelengths are normalized to equivalent scales. Experimental patterns
can then be compared to reference profiles for phase identification by qualitatively
matching the location and relative intensity of peaks. This is the case for crystalline pre-
cipitates found during ACBC synthesis (chapters 9 and n). For sufficiently high quality
data like that obtained from synchrotron sources, structure-based models like Rietveld
refinement can help determine the crystallographic symmetry, lattice parameters, and

crystallite size (chapters 10 and 1).
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Because the constructive interference of X-rays makes diffracted signal orders of

magnitude more intense than the diffuse scattering between Bragg peaks, the absence of
diffraction is a strong indication that a material is amorphous. The absence of diffraction
was used to confirm that ACC and ACBC precipitates were indeed amorphous (chapters
9, 10, and 11). Emergence of subtle Bragg peaks with increasing barium content estab-
lished the composition at which ACBC could no longer be synthesized by our method.
Lab source X-ray diffraction patterns were acquired on a Rigaku Ultima diffrac-
tometer using copper Ka radiation (A = 1.504 A), 20 = 0.05° step size, and sample-to-
detector distance of 285 mm. Synchrotron powder XRD was performed at sector 5-BM-D
and sector 11-BM of the Advanced Photon Source at Argonne National Laboratory. At 5-
BM-D the wavelength, 1, was set to 0.2748 A (50.00 keV) and collected on a MAR345 two-
dimensional plate detector. Data were calibrated with polycrystalline silicon and integrat-
ed with Datasqueeze. At 11-BM a wavelength of A = 0.414529 A (29.9097 keV) was set with
a Si(im) double crystal (bounce up geometry) and focused with a sagittally bent Si(i11)
crystal in the horizontal and a 1 meter Si/Pt mirror in the vertical, enabling a resolution of

26 = 0.001°.°® Where necessary, patterns were indexed with JADE2010 software.

4.4  X-ray total scattering for pair distance distribution function analysis
When XRD is carried out to very high angles (i.e., # - go° or ¢ — 30 A™1) infor-
mation can be gleaned not only from the Bragg peaks but also the diffuse scattering in

between and underneath. A wider range g (generally written as an upper case ‘Q’ by this
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rebellious community) is needed in order to capture the total scattering from diffuse fea-

tures that are not sharply peaked at a very narrow range of Q. Real-space information
about defects and local order that are often obscured by the reciprocal space (Q-space)
representation can be obtained. This technique is also particularly important for charac-
terizing the structure of amorphous materials, which do not diffract and only exhibit dif-
fuse scattering.

X-ray total scattering intensity, I(Q), is collected over a wide range of ¢ for a sam-
ple with known composition. Then, the contribution to scattering from individual ions
with a concentration ¢; and X-ray form factor fi(Q) is subtracted from I(Q) and normal-

ized by the sample averaged scattering intensity to give the structure function, S(Q)

_HQ-Xicilfi(@l?
S@ = e (4.4)
This quantity describes the distribution of ions within the sample in reciprocal space. The

real space atomic pair distance distribution function (PDF), G(r), is then obtained by tak-

ing the Fourier transform of the reduced structure factor, Q[S(Q) — 1],

G(r) =2 [ QIS(Q) — 1] sin(Qr) dQ (45)
where Qmax and Qmin are the limits of experimental data collection. Fourier termination
artifacts arise if Qmax - Qmin is too small, highlighting the importance of collecting data
over a large range of Q.

The PDF is the probability that ion pairs are found at a given distance. As ex-

pected, broad features that rapidly decay in amorphous materials starkly contrast to the
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sharp pair correlations that reflect the long range crystalline order of, e.g., calcite. PDF

analysis was used to compare ACBC to ACC and calcite (chapters 10 and 11). This real
space representation of the structure in PDF quantifies what was hypothesized from the
absence of Bragg peaks in XRD: order in ACC and ACBC extends over at most ~1 nm. Sim-
ilarities in the PDFs of ACBC and balcite were used to compare local order in these mate-
rials and support a mechanistic description of the transformation between the two (chap-
ter 10 and 11). PDFs were also calculated from simulated ACBC structures and closely
matched those determined experimentally. Simulations provided deconvoluted radial dis-
tribution functions (RDF) for each pair of ions, something that is not possible without an
atomistic structural model.

X-ray total scattering was performed at the Dow-Northwestern-Dupont collabora-
tive access team (DND-CAT), Sector 5-BM-D of the Advanced Photon Source at Argonne
National Laboratory. The X-ray energy (20.000 keV, A = 0.6195 A) was selected with a
Si(111) monochromator, and calibrated with a Mo foil at the Mo K-edge. Data was collect-
ed in Bragg-Brentano geometry with a Huber D8219 diffractometer (260 = 4-169°). The step
size was 0.5° and the dwell time was 10 s. Four Si-drift solid state detectors with multi-
channel analyzers (MCA, ~250 eV resolution at 20 keV) were used to simultaneously
measure elastic scattering, Ca K-edge, and Ba L-edge fluorescence. Total fluorescence sig-
nal was used to normalize the g-dependence of the elastic scattering. Spectra were also
normalized for incident beam intensity measured with an ion chamber (pN, = 550 Torr

and pAr =16 Torr). Scattering from the sample holder and Compton scattering were sub-
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tracted, and an absorption correction applied based on sample composition using

GetPDFx2 package.®’

4.5 Small-, medium-, and wide angle X-ray scattering

stopped flow
synchrotron mixer WAXS SAXS

X-ray Beam
\\ | sample @ MAXS e
| _—
focusing y

Slits
Figure 4.1. Schematic of time-resolved X-ray scattering configuration. A stopped-flow mixer allowed for rap-
id and repeatable precipitation in solution. The aqueous precipitate was passed through a thin walled (100
pm) glass capillary, where scattering was acquired over a continuous range of scattering vectors q = 0.002 -
5 A® with three separate detectors.

monochromator

If instead of measuring X-ray scattering at large g (returning to the more common-
ly used lower case convention), interest is focused on the region q <1 A1, information
about the shape, size, and arrangement of particles themselves can be obtained. Scatter-
ing at small g has the same physical basis as diffraction or diffuse scattering at higher ¢,
namely, variations in electron density. However, because these variations are much larger
than the X-ray wavelength, the resulting patterns are interpreted with a separate theoret-
ical framework. Synchrotron sources enable X-ray intensities sufficient to penetrate thin
(< ~1 cm) samples and rapidly collect data over a large range of ¢ using two dimensional
detectors. Combining these sources with a stopped-flow mixing device, precipitation in

aqueous samples can be observed with millisecond time resolution.
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Wide angle X-ray scattering (WAXS) is conceptually identical to XRD. Instead of

sequentially measuring intensity at discrete increments of g, an entire 2D pattern is ob-
tained simultaneously, and azimuthally integrated to reveal Bragg peaks (from crystalline
samples) or diffuse scattering (from amorphous materials or aqueous solutions) over the
range 1 < q < 10 A"1. Medium angle X-ray scattering (MAXS) bridges an intermediate
range (0.1 < ¢ <1A™1) between WAXS and small angle scattering (SAXS). Bragg diffrac-
tion from features with periodicity on the nanometer scale that are outside the range of
conventional WAXS can observed in MAXS. In addition, MAXS records the high-q tail of
scattering from the SAXS region, where the typically large range of intensities (> 10° in
many samples) results in significant noise in this region when collected on a SAXS detec-
tor alone. Scattering from larger objects, like ABC particles or gortotowskite platelets, is
measured g < 0.1 A~1 in SAXS.

In analogy to diffraction by atoms, particles may have a regular arrangement or pe-
riodicity which gives rise to coherent scattering. However, particles precipitating from
solution, like ABC and gortotowskite in chapter 12, are assumed to have no such spatial or
orientational correlation over the short time intervals (< 5 s) of the experiments. There-
fore, they can be treated as dilute, non-interacting particles that only scatter incoherent-

ly. In this case, the scattering amplitude A(g) for a single particle of volume v is

A@Q) = [,p(e™ " dr (46)
where p(r) is the electron scattering length distribution relative to the surrounding me-

dium and r is the particle radius. The intensity is given by
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1(q) = A" (@A) = |[, p(r)e T dr|” (4.7)

where A*(q) is the complex conjugate of A(q). This general expression can be solved ex-
plicitly if the particle shape (hence, p(r)) is known. However, significant information can
be obtained without exact knowledge about the scattering objects. For example, the in-
variant, Q,, is a measure of the total scattering intensity from the sample and is directly

proportional to the precipitate volume

Q== 4*1(q)dq (4.8)
The invariant is completely independent of how the atoms in a system are arranged, and
is applicable across all g. Morphological characteristics can also be deduced from scatter-
ing data. For instance, by defining the radius of gyration, Ry, of an arbitrarily shaped par-

ticle as

o [rip(adr
Ko = Fomar (4.9)

scattering from any shape or size particle can be analyzed the limiting regimes of ¢ << 1
Alandg-1A-L.

At g << 1471, the scattering amplitude can be expressed as a truncated power series of

equation 4.7, and the intensity given by

qZRZ

I(q) = p;vie 5 (4.10)
commonly known as Guinier’s law, where p, is the (assumed) constant scattering length

density within a particle. Particle dimensions can be calculated from the R, extracted
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from a plot of logI(q) vs. q2. For example, the thickness, T, of flat platelets like gorto-

towskite is given by

T =+2R, (4.11)
Guinier’s law fails in the limit of ¢ — 1A, In this region Porod’s law dominates, and is

expressed as

2mp3Ss

I(q) = 4 (412)

where S is the total surface area of a particle. For 3D particles, it follows that I(q) « q¢~*.

However, if any of the particle dimensions, d,,, become small such that ai —q 1471,
m

scattering from the surface can no longer be ignored and S will have a g dependence. In
such a case, I(q) < g7, where P is the Porod slope. For a thin disk or platelet, P = 2. This
is the behavior exhibited by gortotowskite at small q. Non-integer values of P intermedi-
ate to 2D disks or 3D spheres, like those from gortotowskite at ¢ — 1 A~ can be described
as fractals.

These two limiting regimes can be unified with minimal loss of detail, where the
scattering intensity from low and high g can be considered independent and additive,?®

giving a total scattering intensity

Il(q) = Zi Gie 3 +e 3 (413)

(ng)z (ng,(:O)2 erf (ﬂf’ Fi
B; Ve
q

where i is the number of scattering levels (e.g. 2 for discs, one each for the thickness and

diameter), G = p5v?, and B = 2mpZS. Ry co is the cutoff radius from a smaller level, effec-
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tively limiting the contribution of smaller particles on the scattering from larger ones and

allowing multiple regimes to be treated independently.

Simultaneous SAXS/MAXS/WAXS was conducted at beamline 5-ID-D at the Ad-
vanced Photon Source (APS). A wavelength of 0.7293 A& (17.000 keV) was selected with a
silicon (111) monochromator and calibrated with lanthanum hexaboride (WAXS) silver
behenate (MAXS) or glassy carbon (SAXS). Two-dimensional images were collected sim-
ultaneously on Rayonix LXi170HS (WAXS and MAXS) and MXi70HS (small-angle) CCD
area detectors at distances of 199.83, 1012.68 and 8503.3 mm. Pixels (0.08860 mm) were
binned 2x2 for high g resolution and 6x6 for high time resolution (chapter 12). Transmit-
ted beam intensity was monitored using a CdWO, crystal-coupled diode which was used
to correct for any incident beam and sample transmission variation. Standard corrections
for flat field response and spatial distortion were applied in the vendor software. Isotropic
scattering patterns were corrected for varying incident beam intensity and sample trans-
mission using a CdWO, crystal-coupled diode in the beam stop. The data was then nor-
malized to an absolute scale using the measured transmission, sample thickness, and a
scale factor calibrated from water. Two-dimensional images were radially integrated and
corrected for polarization and detector geometry with GSAS-II??, a vendor applied offset
was then subtracted and the scattering intensity corrected based on the measured trans-
mitted beam intensity using beamline software Data fitting was performed in the Irena

package® for Igor Pro. The ‘Unified Fit’ model®® was applied to all data.
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Using a syringe pump, 500 uL of each solution were mixed in a stopped flow mix-

ing device (Biologic SFM400) controlled with Bio-kine software. Mixed solutions were
passed through a thin walled fused quartz capillary (100 pm). Data collection was soft-
ware triggered to begin simultaneously with solution flow. A minimum time resolution of
50 ms, following an initial 10 ms dead time resulting from the device geometry, was

achieved.

4.6 X-ray absorption spectroscopy

The preceding discussion of X-ray diffraction and scattering relied on the elastic
scattering of X-rays by electrons. However, X-rays are also absorbed by ions in a solid
through the photoelectric effect that won Einstein his Nobel Prize in 1921. This is an ine-
lastic interaction that is necessarily associated with a transfer of energy. Energy lost by
the X-ray photon is absorbed by an electron, which is promoted to an excited state. Using
X-rays in the 1-100 keV energy range, core electronic levels can be excited with chemical
specificity. For example, the binding energy of core electrons in calcium is 4.038 keV
while that for barium is 37.441 keV. By using X-ray energies near 4 keV, the absorption
from calcium changes dramatically more than barium, and the resulting information will
be chemically specific. X-ray absorption spectroscopy (XAS) is the broad term that de-
scribes the investigation of this absorption process. In addition to chemical specificity,

XAS probes only the local environment around a given ion and therefore is agnostic to



62
long-range order, making it a common but powerful technique for characterizing amor-

phous materials.
Beer’s law describes the intensity of light, I, absorbed by a material with a thick-

ness t, and an absorption coefficient y

[=1,(1—e ") (4.14)

At most X-ray energies u is a smooth function of energy, E, that decays as E 3

W) = 55 (4.15)
m

where Z is the atomic number of the material and V}, is the molar volume. This origin of
this absorption is the excitation of valence electrons, which generally occupy finely
spaced energy levels near the continuum level. However, when the X-ray energy ap-
proaches that of the binding energy of a core electron, there is a discontinuous jump in
u(E) due to absorption, called the absorption edge. X-ray absorption near-edge structure
(XANES) describes the features occurring within ~30 €V to either side of the edge energy.
These include pre-edge features from transitions to energy states that lie below the con-
tinuum, like the 1s = 3d or 1s = 4p transitions at the calcium K-edge, a shift in the edge
energy based on oxidation state, coordination number, or coordination geometry, and the
‘white line’, the most intense feature above the absorption edge.

While XANES is commonly used for qualitative comparisons, the theory of X-ray

absorption is not well developed for energies very close to the absorption edge. More

quantitative information can be obtained by analyzing the so-called fine structure in the
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u(E) > 30 eV above the absorption edge. This can be expressed as y, the the X-ray absorp-

tion fine structure (XAFS),

_ H(E)—po(E)
X(E) ==, (4.16)

where p, (E) is the absorption from an isolated atom in the absence of fine structure, and
Au,(E) is the difference in absorption below and above the absorption edge.

The photoelectron promoted by the absorbed X-ray can be scattered back to the absorb-
er, which modulates its local electronic density of states. Scattering of the photoelectron

is more easily understood when it is treated as a wave, with a wavevector k equal to

2m(E-E,)
h2

(4.17)
where E, is the absorption edge energy and m is the electron mass. If a significant portion

of the fine structure is measured (~ 1 keV above the absorption edge), the extended X-ray

absorption fine structure (EXAFS) is given by

1 (k) = 3, SN, —2k207 Mk)sm[szj+5i(k)] (4.18)

kR?
SZ: amplitude reduction factor due to the core-hole in the absorber
N;: number of atoms of type i (scatterers) around the absorber
R;: distance of atom of type i from the absorber
o/ : root mean squared displacement from the equilibrium position, R;, of atom of type i
fi(k): atomic scattering amplitude of atom of type i, which varies with k

6;(k): scattering phase shift of atom of type i
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A(k): inelastic mean free path

Values for S2, N;, R;, and ¢/ can be obtained by fitting experimental data to equation 4.18,
provided the f;(k) and §;(k) are known. The average coordination number around both
barium and calcium in ACBC and balcite were determined this way and compared to
crystalline reference compounds (chapters 9, 10, and 11).

Measurements were performed at the Dow-Northwestern-Dupont collaborative
access team (DND-CAT), Sector 5-BM-D of the Advanced Photon Source at Argonne Na-
tional Laboratory. Samples were spread on 8 um Kapton tape and kept dry under a stream
of He gas. Calibration at the Ca K-edge was performed with a geological Iceland spar (cal-
cite) standard, for which the edge energy was set at 4038 eV. ACBC samples were meas-
ured relative to this value. Data was analyzed using the Demeter package.”””" Normaliza-
tion and background subtraction were carried out in Athena using Autobk. y-data were
weighted by k, k*, and k3 between 1.6 < k < 1.5 A~ for the Ca K-edge and between 2 < k <

14 A1 for the Ba K-edge.

4.7  X-ray fluorescence

Filling of the the core hole created by the promotion of a photoelectron places a
limit on the lifetime of this excited state, and thus the magnitude of the EXAFS. However,
this process also releases an amount of energy that is equivalent to that originally ab-
sorbed by the photoelectron, and is, like EXAFS, element specific. If a material is illumi-

nated with monochromatic high-energy X-rays, all atoms with absorption edges below
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the X-ray energy will undergo excitation, and the filling of these core holes (also called

fluorescence) will result in the emission of X-rays of lower energy than the incident beam
that are characteristic of the elements in the material. Therefore, this process can be use-
ful for chemical identification.

X-ray fluorescence (XRF) occurs in all elements, but is particularly well suited for
heavier elements like calcium and barium, and was therefore used to measure the con-
centrations of these elements in bulk samples of ACBC and balcite. Intensities of XRF
peaks are directly proportional to the atomic concentrations, after correcting for absorp-
tion and Compton scattering.

The barium mole fraction, x, of single-phase balcite was determined on a custom-
built X-ray fluorimeter with an Ag-anode operating at 15 mA and 4o kV. Detector calibra-
tion was performed using the Fe and Mo K, lines of a stainless steel ingot of known com-
position. Background scattering was subtracted from the raw spectra, and corrections for
matrix absorption and Compton scattering were applied using XRF-FP v5.2.7 software
from CrossRoads Scientific. Integrated barium L, ; and Ca K, fluorescence intensity was
obtained by fitting Gaussian peak profiles to all calcium and barium fluorescence peaks.

From the barium L, ; and calcium K, fluorescence intensities, x was determined.

4.8 Electron microscopy

Electron microscopy is unrivaled in its ability to image nanoscale objects in real

space. Surface features, including the overall particle size and shape, can be investigated
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with scanning electron microscopy (SEM). A 1-20 keV electron beam is focused to a sub-

nanometer probe with electromagnetic lenses and rastered across the sample. Most of the
incident electrons penetrate the sample and are absorbed. The inelastically scattered elec-
trons that manage to escape from the sample surface have greatly reduced energy from (<
100 €V). These low energy electrons are strongly impacted by the distance that they travel
in the sample, providing topographical contrast. Some of the incident electrons are scat-
tered elastically, a process which is highly sensitive to the atomic number of the illumi-
nated region in the sample and provides compositional contrast. SEM was used to image
ACBC and balcite particles in chapters 9, 10, and 11.

SEM was performed on approximately 5 mg of dry powder was deposited on car-
bon tape, attached to a piece of single-crystal silicon mounted on an aluminum holder
and coated with ~8 nm osmium with an SPI OPC-60A Osmium Plasma Coater. Imaging
was performed in a Hitachi S4800 FE-SEM or Hitachi S8030 operating at 10-20 keV at a
working distance of ~10 mm.

Scanning transmission electron microscopy (STEM) is conceptually similar to
SEM. Like in SEM, an electron beam is rastered over the sample, but in STEM the samples
are thin (< 1 pm) and accelerating voltages are higher (100-200 kV) to reduce the fraction
of the incident beam that is absorbed. Imaging of secondary electrons is also possible in
STEM. In addition, high angle annular dark field (HAADF) images can be obtained from

the electrons scattered elastically away from the axis of the primary beam. Heavier ele-
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ments, like barium, have larger elastic scattering cross sections and therefore produce

brighter contrast in HAADF.

Using a sample holder maintained at cryogenic temperatures, frozen samples can
be imaged in STEM. For example, aqueous suspensions of particles can be deposited on a
conventional TEM grid and plunge frozen in liquid ethane. This process cools the sample
at a rate of > 100,000 K/s, vitrifying water before ice crystals can form and preserving the
state of the system in a nearly undisturbed state. This technique was used to image gorto-
towskite particles in chapter 12.

Conventional transmission electron microscopy (TEM) uses similar samples and
accelerating voltages to STEM. One significant advantage of TEM is that the focused, ras-
tered beam is replaced with a broad beam that illuminates the sample simultaneously.
This allows for the collection selected area electron diffraction (SAED) from specific sam-
ple regions. SAED is conceptually similar to X-ray diffraction. The electron wavelength (2
= 0.037 A at 100 keV) is smaller than the interplanar spacing of a crystal lattice and con-
structively interferes when the Bragg condition (equation 4.2) is satisfied. Similar to
WAXS, SAED enables simultaneous measurement of diffraction over a large range of ¢
with a two dimensional CCD detector. Because electron beams can be focused to relative-
ly small sizes with electromagnetic lenses, diffraction from sample volumes only a few
hundred nanometers across can be achieved. Using this technique, ACBC was found to be

amorphous on the >100 nm length scale from the absence of strong diffraction and the



68
presence of diffuse, isotropic rings (chapters 9 and 11). SAED was also used to investigate

the structure of thin gortotowskite platelets (chapter 12).

4.9 Electron energy loss spectroscopy

Electron energy loss spectroscopy is performed in the STEM. The same type of ine-
lastic scattering of the incident beam that produces secondary electrons in SEM is also
responsible for the deceleration transmitted electrons in STEM. In fact, the transfer of en-
ergy from incident electrons to electronic states in the sample is analogous to absorption
of X-rays in XAS. If an incident electron, with an energy (100 keV) much greater than the
binding energy of a core electron (4.038 keV at the calcium K-edge) excites the core elec-
tron into the continuum, the incident electron will have lost an amount of energy equal
to the binding energy (4.038 keV). Instead of increasing the electron beam energy to pass
over an absorption edge, as was done with the X-ray beam in XAS, all of the inelastically
scattered electrons are collected simultaneously and focused into an EELS spectrometer.
These inelastically scattered electrons are separated by their energy relative to the trans-
mitted beam with a strong magnetic field. The result is an EELS spectrum which exhibits
absorption edges directly analogous to those measured in XAS. In addition, the intensity
of the transmitted beam (zero-loss peak) can be used to determine the thickness of sam-
ples with known composition. The presence of barium in gortotowskite platelets, and

thicknesses of approximately 10onm, were confirmed by EELS.
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4.10 Energy dispersive spectroscopy

Many of the X-ray techniques descried above have analogs in electron microscopy,
like WAXS and SAED, XAS and EELS. Energy dispersive spectroscopy (EDS) is the elec-
tron analog to XRF. Instead of exiting a core electron with X-rays, the inelastic scattering
responsible for EELS, as described in section 4.9, also results in core holes generated by
excited electrons that produce characteristic X-rays as the core holes are filled. While the
details of the excitation process differ between X-rays and electrons, the fluorescence
process is identical in both cases.

EDS was collected using AZtec software (Oxford Instruments) using an Oxford AZ-
tec X-max 8o SDD EDS detector. Spectra were collected from rectangular areas approxi-
mately 5 pm x 5 pm within five separate particles and averaged. Data were fit with a
Gaussian peak profiles and converted to atomic percent using calibrated standards MgO
(Mg K-edge 1.0 - 1.4 keV), CaCO; (Ca K-edge 3.5 - 3.9 keV), and BaTiO; (Ba L-edges 4.3 -
5.7 keV). The cation mole fraction for barium (or magnesium) was normalized by the to-

[Ba) _ _ [Mg]
[Cal+[BaJ’ [Ca] +[Mg]

tal cation mole fraction to give x = to give the overall composi-

tion Ca,..Ba,CO; or Ca,.x\Mg,CO;. Line scans across balcite and calcite particle cross sec-
tions were collected at 30 keV for a minimum of 600 seconds total collection time, with
100 ps dwell time at 50 nm intervals. Data was smoothed with a mean filter distance of
five, and normalized to the overall composition measured on a 5 pm x 5 pm rectangular

area.
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4.11 Thermal analysis

Vibrational spectroscopy revealed the presence of water in ACC, ACBC, balcite,

and gortotowskite but could not be used to quantify the exact amount. For that, samples
were heated at a constant and well controlled rate on a sensitive microbalance in order to
remove structural water. The weight lost upon the removal of water could then be com-
pared to the initial mass of the sample to determine the molar concentration water. This
process, called thermogravimetric analysis (TGA), is commonly used to quantify the
amount of volatile components in otherwise stable materials. Simultaneously acquired
differential thermal analysis (DTA) was used to determine whether weight loss was exo-
thermic or endothermic by comparing the actual sample temperature with that set by the
constant heating rate. Differential scanning calorimetry (DSC) is complimentary to DTA,
and can be more precise because it relies on measuring the power delivered to the sample
necessary to keep it at the set temperature and equal to that of a reference sample that
does not undergo any thermal transitions.
TGA and DTA was performed simultaneously using a Mettler Toledo SDTA851. Analysis
was performed on ACBC powders dried in vacuum for exactly 24 hours after synthesis.
Approximately 5 mg of the dry powder was held at 30 °C for 10 minutes to stabilize the
sample environment, then heated to 1000 °C at a rate of 10 °C/min under dry N, flowing
at a rate of 20 mL/min.

Weight change was tracked by the variable a, defined as

Wo—W; Aw

@ ="er = (4.19)
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where w, is the initial weight and w; is the instantaneous weight. The total fractional

weight change, a1, is the value of « at the final weight, wi= wy. Total fractional weight loss,
A ar, is defined as 1-at. Fractional weight loss upon crystallization, A «, is defined as o,-
O, where o, and «a., are the values of «a at temperatures corresponding to either side of
the crystallization exotherm peak in differential scanning calorimetry, determined using
the StarE v8. software package (Mettler Toledo). When multiple crystallization peaks
were present, o, was chosen as the end of the final crystallization event. The molar water

content, n, of the powders was calculated from

_ My,o/ar
(1-xpa)Mca+txpaMpa+Mc+3Mo

n (4.20)

where M is the molecular mass of the subscripted species, the numerator is the molar
fraction of water, the denominator is the molar fraction of Ca,.,Ba,CO;, and x is the stoi-
chiometric coefficient determined by XRF.

Differential scanning calorimetry and TGA were conducted in parallel on separate powder
samples drawn from the same batch. Heat flow data in DSC was corroborated by simulta-
neous DTA (SDTA) performed during TGA runs and was in good qualitative agreement.
Differential scanning calorimetry was performed on a Mettler Toledo DSC822e using the
same approximate sample mass and N, flow rate as TGA, with the same heating schedule
up to the instrument maximum of 500 °C. The crystallization temperature T, was calcu-
lated from the onset of the crystallization exotherm in DSC curves determined with the

StarE v8.1 software package.
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4.12 Inductively coupled plasma — optical emission spectrometry

While the composition of ACBC and balcite can be determined by XRF or EDS,
these techniques tend to be accurate only to within + 1%. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES) has a sensitivity in the parts-per-million, and is
therefore the gold standard for stoichiometry determination. It is also inherently easier to
examine aqueous samples, like the starting solutions used to make ACBC and balcite in
chapters 9, 10, and 11.

The barium mole fraction of solutions of the starting materials (x*d) was deter-
mined by ICP-OES, using a Thermo iCAP 7600 instrument. Solutions were diluted 100x in
water and then 200x in 3% by volume aqueous nitric acid. Intensities for the four strong-
est emission lines of barium (4 = 230.424, 233.527, 455.403, and 493.409 nm) and Ca (1
=315.887, 393.366, 396.847, and 422.673 nm) were recorded in both axial and radial geom-
etries. Intensities were converted to absolute concentrations using a calibration curve
recorded for a series of eight standard solutions ranging from 10 ug/mL to 4 ng/mL that
were prepared by serial dilution. An average concentration and standard deviation for

barium and calcium was determined from 8 individual values (4 different emission lines

feed feed _ [Ca]

in two geometries each). Finally, x TCal+ (AT

was calculated according to x using the

limits of uncertainty for individual measurements as bounds for the reported error.
ICP-OES was also used confirm the composition of some ACBC samples. An ali-

quot of the dry powder (~1 mg) was dissolved in 3% nitric acid (10 mL), and then diluted
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by 100x in 3% aqueous nitric acid. This solution was then measured in the same way de-

scribed above.

4.13 Nanoindentation

Nanoindentation is a commonly used technique to interrogate the mechanical
properties, including indentation modulus, E; and hardness, H, of small samples.”® A shal-
low triangular pyramid (Berkovich) diamond indenter, with pyramid face normal at
65.27° from the indentation axis, is pressed into a flat sample at a constant loading rate
until either a fixed load or displacement is reached. The load, P, and displacement, h, are
recorded during indentation. Normally both plastic and elastic deformation occur during
the formation of an indent, which makes the loading curve difficult to interpret. Howev-
er, it is assumed that only elastic recovery occurs upon unloading, so that the unloading
curve contains much of the useful information in a nanoindentation experiment.

The stiffness, S, is simply given by

_ar
T dh

S (4.21)
This is taken as the initial slope of the unloading curve, as van der Waals and other adhe-

sion forces begin to dominate at lower loads. The elastic contribution to the indent, or

sink-in hs, is calculated from

hy = e (4.22)
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where Pp.y is the maximum load (or the load at maximum displacement). The contact

height, h, is then given by

he. = hpgx — hs (4.23)
The contact area of the indenter is calibrated on a sample of known harness and stiffness
to correct for deviations from ideality. Typically fused silica, which exhibits minimal pile-
up and has a low E/H, is indented to an h. comparable to that in the sample of interest.

The (known) hardness is simply given by

Pmax
H = me (4.24)

and so the area can be fit with an empirical function

A =Yno Cnh?™? (4-25)

Updated methods for area calibration have also been described.”” Samples can be indent-
ed with a calibrated tip and the hardness found straightforwardly from Equation 4.24.

From the same curve, E; can be extracted from

Jrts

E = 2BVA

(4.26)
where 8 = 1.

Balcite powders were mounted in EpoTek epoxy resin, with a 4:1 ratio of base to
curing agent, cured for at least 24 hours at room temperature. Flat surfaces were obtained

via argon ion milling in a Leica TIC3X equipped with a cryo-stage, operating at 8 kV and 3
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mA, 510° mbar, and a stage temperature set point of -25°C. Milling was followed by air

plasma treatment at 6-10” Torr for 2 min for a final surface cleaning. Nanoindentation was
performed in a Hysitron TI 950 Tribolndenter using a Berkovich diamond indenter ge-
ometry to a peak load of 1000 uN. Tip shape and piezo control were calibrated with a
fused quartz standard prior to testing each sample. Particle surfaces were imaged with the
same in diamond tip before and after indentation. Porosity in the center of the spherulite
particles, measured from the root-mean-squared height profile from images obtained
with the indenter tip, required indents to be taken from ~5-10 um thick shells on the out-
side of the particles that were fully dense and had roughness less than 1 nm rms. After
elastic relaxation, indents were approximately 50 nm deep and 1.5 um across. At least 10
measurements across at least 3 particles each were collected for as-synthesized balcite,

balcite heated to 600°C, spherulitic magnesian calcite, and single crystalline calcite.
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5. Controlling nucleation in giant liposomes

5.1 Abstract

We introduce giant liposomes to investigate phase transformations in picoliter
volumes. Precipitation of calcium carbonate in the confinement of DPPC liposomes leads
to dramatic stabilization of amorphous calcium carbonate (ACC). In contrast, amorphous
strontium carbonate (ASC) is a transient species, and BaCOj; precipitation leads directly

to the formation of crystalline witherite.

5.2 Results and discussion
The use of metastable amorphous minerals is a widespread strategy in biological
crystal growth.”® Prominent examples are the synthesis of single crystalline spicules using

747
an ACC precursor,”*"®

vesicle-borne amorphous calcium phosphate in bone mineraliza-
tion,”” and use of amorphous iron oxides.”® It is conceptually related to sol-gel processing
of ceramics,” may involve a fluid/fluid transition similar to those observed in protein
crystallization,®”® and has generated a lot of interest as a possible model system for non-
classical nucleation. *'%°

At this time, there is a fascinating disconnect between experimental observations,
theoretical considerations, and simulations regarding the stability of ACC in confinement.
Several groups have reported an increased lifetime for ACC when confined in pores,*” be-

tween crossed cylinders,*® in picoliter droplets,”® within a silica coating,® or in

liposomes.?*®® In bulk solution, crystallization of ACC particles larger than 70-100 nm was
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reported. 3% Navrotsky argued that there is a threshold size, below which amorphous

nanoparticles are thermodynamically more stable.'” However, others have pointed out,
and simulations have confirmed, that for CaCO; this crossover should occur at a radius of
o2 nm, 415886

Noting that synthetic ACC contains up to one formula unit of water, has a long
lifetime while dry, and appears to dehydrate over time even in solution, it has been sug-
gested that biological stabilization may rely on preventing release of or contact with wa-
ter. °>818788 While this may be true in certain in vitro systems, biomineralization general-
ly occurs in compartments delimited by phospholipid bilayer membranes that have high
permeability for water.”® In fact, ACC nanoparticles up to 200 nm in diameter can be syn-
thesized in phospholipid vesicles (liposomes) where they remain stable against crystalli-
zation in direct contact with water. #® Therefore, liposome reactors are ideally suited to
study the dual roles of confinement and the membrane itself in biological crystallization.

Herein, we study CaCO; phase transformations in giant liposomes (d = 20-50 pm).
We demonstrate confinement in giant liposomes results in ACC particles that are excep-
tionally stable despite a much increased size and exposure to water. We attribute the ex-
tended stability to the exclusion of heterogeneous nucleators and qualitatively compare
the kinetics of phase transformations observed for Ca, Sr, and Ba carbonates.

Giant liposomes were synthesized using the method of Horger and coworkers.®®

Briefly, a dry film of phosphatidylcholine (PC) supported on agarose was gently hydrated

with 1 M aqueous CaCl,. The resulting liposomes are 20-50 pm in diameter (Figure 5.1A),
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with varying number of lamellae. Ca®* remaining in solution outside the liposomes was

exchanged against an isosmotic solution of NaCl. Precipitation of CaCO; in the lumen, i.e.
the aqueous interior of the liposome, was initiated by addition of aqueous (NH,),CO;.
8283 Within 4-5 min, a large number of precipitates appear all at once throughout the lu-
men (Figure 5.1B), consistent with homogenous nucleation, nucleation on suspended nu-
cleators, or spinodal decomposition, but not heterogeneous nucleation on the membrane.
6,61

Particles rapidly aggregate and sink to the bottom of the liposome (Figure 5.1C/D).
Over the course of 24 h, further aggregation and coarsening leads to formation of a
roughly textured mass that has a diameter of 10-40 pum. Precipitates are not birefringent
and remain so for up to 8 days. Confocal Raman spectra recorded in situ show the typical

features of bulk synthetic ACC (Figure 5.2 and SI).”® SEM reveals that aggregates consist
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20 um

Figure 5.1. (A-F) Light microscopy images of Ca-loaded giant PC liposomes (A) before the addition of
(NH,),COj;; (B) within 5 min after addition, a great number of particles precipitate; (C-D) within 2 h, parti-
cles aggregate and sink to the bottom (two different focal planes shown); (E-F) within 24 h, the aggregate
condenses and exhibits a rough surface, but under polarized light is not birefringent (F); (G-H) SEM images
of an isolated ACC aggregate (G), consisting of ACC nanoparticles 650 + 5 nm in diameter (H)

of spherical particles ~ 650 nm in diameter (Figure 5.1G/H). In combination, this is strong
evidence that liposome-encapsulated ACC is identical to hydrated ACC precipitated in
bulk.

For bulk ACC, however, moisture in the ambient air is sufficient to cause crystalli-
zation.”® Confocal fluorescence microscopy reveals that ACC does not form on or coat the
membrane, suggesting that the interaction is weak (SI). As Langmuir monolayers of PC
do not prevent nucleation of vaterite and calcite,®’ we can rule out that the membrane
itself stabilizes ACC. To further confirm that ACC precipitates are stabilized exclusively by
confinement, liposomes were lysed with detergent (Figure 5.3). As soon as liposomes
break open, we observe rapid precipitation of calcite, and concurrent dissolution of ACC.

Calcite crystals preferentially form on the glass substrate in the vicinity of the dissolving
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precipitate. While we cannot exclude that some calcite crystals nucleate on the surface of

ACC particles, it is clear that this does not occur in the liposome before lysis.
We estimate that the total volume of the ACC aggregate in a giant liposome with d

= 50 pum to be of 2-3x10%> pm’. This aggregate consists of ACC nanoparticles that are each
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Raman shift (cm™)
Figure 5.2. Raman spectra of (i) a liposome-encapsulated ACC aggregate recorded in situ, and of bulk syn-
thetic (ii) ACC, (iii) vaterite, and (iv) calcite powders.

~1,000 times larger in volume than current estimates for the threshold of stability, and
they are in direct contact with water. It is thus unlikely that a) there is a threshold size for
the stability of the particles, and b) that limiting the ability to release water, or limiting
the contact with water stabilizes ACC in this system. However, ACC could be kinetically
stable in the absence of suitable heterogeneous nucleators for one of the crystalline pol-
ymorphs This is analogous to the classical observation that small liquid metal droplets
display large supercooling on account of a low number of heterogeneous nucleators.*® For
liposomes, it is well documented, if poorly understood, that large molecules and particles
are encapsulated at rather low efficiency.” Thus, it is conceivable that the number of het-

erogeneous nucleators in the liposome is lower than in bulk.
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Figure 5.3. Lysis of liposomes (black arrowhead) with 3% Triton-X results in dissolution of encapsulated
ACC (asterisk), and re-precipitation of calcite in the immediate vicinity (white arrowheads). (A) Bright field
(BF) images taken over ~ 5 min, and (B) polarized light (Pol) images taken immediately after images in A.
The white circle indicates the size of the original ACC precipitate.

To establish how general this phenomenon is, we investigated the precipitation of
SrCO; and BaCO; at approximately equal initial supersaturation (o = 12, see SI). Precipita-
tion of SrCO; is similar to CaCO;, with many small precipitates formed within the first 3-4
minutes. that do not exhibit birefringence (Figure 5.4). However, within 5-10 min, one bi-
refringent particle appears that grows rapidly while the first-formed precipitates dissolve.
In the case of BaCO;, there was no intermediate precipitate and one or more spherulitic
sheaves were observed as early as one minute into the precipitation. Birefringent precipi-
tates were identified as strontianite (SrCO;) and witherite (BaCOj;) by in situ Raman mi-
croscopy (SI). While we were unable to record spectra for the transient SrCO; precipitate,
we interpret the absence of birefringence and the rapid dissolution-reprecipitation as evi-

dence that it is metastable ASC. We find no indication for the formation of amorphous
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barium carbonate (ABC). Tremel and Gower previously reported evidence for transient

ASC and ABC.**%

Within the time resolution of our experiments, there is no difference in the rate by
which ACC and ASC are formed. However, the lifetime of the amorphous metal carbonate
decreases dramatically, from at least 710° s for ACC to 2-3-10” s for ASC to infinitesimal,
for (hypothetical) ABC. This is to be expected if the lifetime of the amorphous carbonate
is determined by the relative height of the barrier to nucleation of the amorphous vs. the
crystalline carbonate (Scheme 5.1). While the barrier to ACC formation (W;*) is low (and
may be absent entirely in case of spinodal decomposition®®'), the absence of a heteroge-
neous nucleator for one of the crystalline polymorphs results in a very high barrier
W, 222 Thus, ACC forms rapidly, decreasing the supersaturation o for the crystalline
polymorphs because the activities of Ca** and CO,* are now set by the solubility of ACC.
As W* oc 6% the resulting increase in barrier height - by a factor of up to ~5 in our system
— kinetically traps metastable ACC (W,). In the case of SrCO;, the barrier to nucleation of
ASC is likely similar in magnitude to that of ACC. The barrier for strontianite formation,
however, is significantly reduced. Even though ASC precipitates first, lowering supersatu-
ration, the resulting delay is brief. As soon as strontianite nucleates and grows, the result-
ing drop in ion activities leads to rapid dissolution of ASC. Finally, the barrier to witherite
nucleation appears to be close to or below that of ABC.

The acceleration of the rate of crystallization from calcite to witherite could be a

consequence of a lower barrier to homogeneous nucleation (SI). As heterogeneous nucle-
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ation in most systems remains far more likely, relative rates are likely also affected by the

interfacial energy between nuclei of the crystalline polymorphs and the liposome mem-

brane, the amorphous precursor, or random impurities.

10min B 2min 10 min

Figure 5.4. Precipitation of SrCO; (A) and BaCOj, (B) in giant PC liposomes. Absence of birefringence in (A)
at 4 min indicates formation of ASC Blrefrlngence in A at 10 min, and in B at 4 min and 10 min indicates
rapid nucleation and growth of crystalline strontianite and witherite, respectively. Scale bar represents 10
pm.

Obviously, organisms that choose confinement to control biomineralization must
carefully engineer the surface properties of the confining structure and of any surfaces

within.

53 Conclusions

From these experiments, we draw two important conclusions with implications for
biological and bio-inspired crystal growth in confinement: I) nucleation kinetics of the
crystalline Ca/Sr/Ba-carbonate can control the lifetime of the amorphous carbonates; II)
exclusion of heterogeneous nucleators for ACC present in bulk may be an intrinsic feature

of mineralization in intracellular compartments. Given the diverse chemistry of lipids, it
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may be possible to tune liposome composition to prevent, or control nucleation of specif-

ic polymorphs. We envisage that giant liposomes will emerge as a powerful platform to
study the role of confinement also of proteins and pharmaceuticals. Clearly, however,
CaCOs; is special in that ACC can be stabilized with minimal effort. Whether this is fortui-

tous, or a consequence of evolutionary optimization of lipid structure or biomineral use,

is another fascinating topic.

AF

vaterite
aragonite \
\ calcite

Scheme 5.1. Suggested free energy diagram for phase transformations in supersaturated solutions of calci-
um, strontium, and barium carbonate. Formation of the amorphous phase is controlled by the relative
height of barriers W,* and W.,*, its lifetime by W,*. Solid lines correspond to processes observed in giant
liposomes, dashed lines to those not observed.

witherite

strontianite

54 Materials and methods

5.4.1 Materials

Agarose II (Amresco, Solon, OH). 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (Rhodamine-PE) (PC, Avanti Polar Lipids, Alabaster, AL). Calcium chloride di-

hydrate (BDH Chemicals, Westchester, PA). Strontium chloride hexahydrate (Alfa Aesar,
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Ward Hill, MA). Barium chloride dehydrate (EMD Millipore, Billerica, MA). Ammonium

carbonate, Sodium chloride, Dichloromethane (Mallinckrodt Baker, Phillipsburg, NJ).
Calcein (TCI America, Portland, OR). Molecular Porous Membrane Tubing (MWCO:
3500, Spectrum Laboratories, Rancho Dominguez, CA). Unless otherwise noted, all solu-
tions where prepared in ultra-pure water (p = 18.2 MQ cm) prepared with a Barnstead
NanoDiamond UF + UV purification unit.

5.4.2 Liposome preparation

The procedure for the preparation of giant liposomes was adapted from Horger
and coworkers.®® Agarose films were deposited on a glass coverslip by dip coating one
side of the glass onto the surface of a melted 1 wt% agarose solution. The agarose films
were then dried at 40°C overnight in a convection oven. The lipid films were deposited by
pipetting 50 pL of 5 mg/mL lipids in dichloromethane onto the agarose-coated coverslip.
Dichloromethane was removed by placing the films under vacuum for at least 20 min. To
form liposomes the lipid+agarose films were rehydrated by submerging the coverslips in 1
mL of aqueous CaCl,, SrCl, or BaCl, for 1 h. The concentrations of the CaCl,, SrCl, or
BaCl, solutions were 1.0, 0.17, and 0.77 M, respectively (see below for a discussion of the
supersaturation). To remove unencapsulated cations the resulting liposome suspension
was dialyzed against 500 mL of isosmotic aqueous NaCl. The dialysis bath was replaced 4

times over 24 h.
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5.4.3 Precipitation inside liposomes

Precipitation of calcium, strontium, and barium carbonate inside the giant lipo-
somes was initiated by gentle mixing of 8oo pL of liposome suspension with 200 pL of 1.5
M (NH,).CO; for a final concentration of 300 mM (NH,),CO;. Liposome suspensions
were imaged in a Leica DMI600ooB microscope equipped with polarized light optics. Due
to the small size and rapid movement of initial precipitates of witherite (BaCO,), their bi-
refringence is difficult to capture, but is obvious when observed by eye.

5.4.4 Supersaturation inside liposomes

Assuming that equilibration outside the liposome, transport CO, and NH; across
the membrane, and equilibration inside the liposome are fast compared to the timescale
of phase transformation, and neglecting activity coefficients and pH effects, the maxi-
mum possible supersaturation for the crystalline polymorphs calcite, strontianite, and
witherite inside the liposomes is o = In([M*'][CO;*]/K;,) ~ 18 for all three cations.
Accounting for speciation and activity using Visual MINTEQ, we expect upper limits for
the supersaturation Gaicite < 10.8, Ostrontianite < 12, and Oyitherite < 11.5. Note that there will be
a time interval during which the supersaturation increases rapidly, and that the final val-
ue may not be reached if an amorphous carbonate precipitates early in the process. Given
that precursor growth is fast compared to trans-membrane transport,83 the supersatura-
tion inside liposomes after formation of the precursor will remain approximately constant
and close to o = In(Ksp, amorphous/Ksp, crystalline). For ACC and calcite, we calculate o

= 4.8 based on pKsp, ACC = 6.4 (refg4 or o = 5.6 based on pKsp, ACC = 6.04 (refgs).
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While the overall development of the supersaturation over time for SrCl2 and BaClz-

loaded liposomes is likely similar, in the absence of solubility data for the amorphous car-

bonates, equivalent supersaturation values cannot be calculated.

5.4.5 Lysis of liposomes

Lysis of phospholipid membrane was performed 4 h from the addition of ammoni-
um carbonate, by addition of 100 pL of 30 wt% Triton-X to 9oo pL of liposome suspen-

sion.

6. Influence of lipid chemistry on ACC precipitation in liposomes
6.1 Introduction

Exclusion of heterogeneous nucleators, prevention of Ca** transport between lipo-
somes, and the resulting large barriers to crystalline CaCO; at the solubility limit of ACC
were cited as likely explanations for the extended lifetime of ACC in liposomes. In this
chapter, we confirm that phosphatidylcholine (PC) lipid membranes do not interact
strongly with newly forming mineral. We show that decreasing the screening of the posi-
tively charged primary amine in PC by replacing methyl groups with hydrogen increases
the degree of membrane-mineral interaction. In addition, charged lipids like phospha-
tidic acid (PA) and phosphatidylserine (PS) also promote mineral formation on or within
the membrane, while neutral lipids like phosphatidylgylcerol (PG) behave like PC. We

show that many of the liposomes are multilamellar using small angle X-ray scattering,
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and that salt concentration, (NH,),CO; diffusion, and mineralization affect the interla-

mellar spacing.

6.2 The role of phosphatidylcholine and agarose in stabilizing ACC

The inner leaflet of the membrane provides a surface that may play a role in the
formation and/or stabilization of ACC. In addition, some agarose present during lipo-
some formation may be encapsulated in the liposomes. We therefore used confocal mi-
croscopy to investigate where ACC forms and whether it interacts with the lipid mem-
brane or agarose. Precipitation experiments were performed in liposomes containing 0.5

wt% rhodamine-labeled PE that were a) loaded with both Ca*" and the fluorescent dye

Figure 6.1. (A, B, C) Optical sections of a giant PC liposome (red) with encapsulated ACC nanoparticles
(green) at 4h. (D) Approximate location of the sections A-C. Precipitation experiments were performed in
liposomes containing 0.5wt% rhodamine-labeled PE and loaded with both Ca*" and calcein.

calcein (Figure 6.1); or b) prepared on fluorescein-labeled agarose films (Figure 6.2). After
addition of a solution of (NH,),CO; to Ca®" and calcein loaded liposomes, highly fluores-
cent, calcein-labeled ACC nanoparticles form throughout the lumen, confirming results
from bright field microscopy (Figure 5.1). It is thus clear that ACC does not preferentially
form at the membrane. Optical sections through the liposome volume at 4 h (Figure 6.1)

show that ACC nanoparticles have loosely aggregated at the bottom of the liposome ra-
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ther than coating the entire membrane surface. This suggests that that interaction be-

tween ACC and the PC membrane is weak. In liposomes prepared from fluorescein-
labeled agarose films, fluorescein is confined to the phospholipid membrane (Figure 6.2),
and is absent from the lumen of the liposome. This suggests that while a small amount of
agarose is incorporated into the lamellae of giant liposomes, it is excluded from the pre-

cipitate and does not play role in the nucleation and stabilization of ACC.

Figure 6.2. Confocal microscopy images of (A) the phospholipid membrane with 0.5% rhodamine-PE (red),
(B) agarose labeled with FITC (green), and (C) composite of the two images in which agarose colocalized
with membrane appears yellow. The optical sections were recorded from the bottom half of the liposome.
The location of the ACC precipitate is visible in the bright field image (D) recorded from the same focal
plane.

6.3 Comparison of lipid headgroup charge screening

Common biological lipid headgroups PC and PE are shown in Figure 6.3a, along
with mono- and di-methyl PE, which form a series of increasing amine methylation. The
net charge of all these zwitterionic lipids is zero due to the compensation between nega-
tively charge phosphate and positively charged amine. However, with fewer methyl

groups screening the positive charge on the amine, the degree of mineral interaction with



90
the membrane increases (Figure 6.3b-g). 25 mol% dm-PE, mm-PE, and PE were added to

PC to make liposomes as described in chapter 5. Precipitation was initiated identically in
each case, the precipitation rate was comparable, and precipitates remained amorphous.
In both small liposomes (Figure 6.3b-d) and GUVs (Figure 6.3e-g), the mineral became
increasingly conformal with the membrane, and less was found throughout the volume of
the lumen. In GUVs precipitation distorted the membrane in the mm-PE and PE samples

(Figure 6.3f, g), evidence that appreciable forces were generated through the interaction

between the membrane and the growing mineral.

Figure 6.3. (a) Common biological lipids phosphatidylcholine (PC) and phosphatidylethanolamine (PE),
and mono- and di-methyl PE. These lipids form a series with increasing methylation of the amine going
from PE to PC. (b-g) When 25 mol% mm-PE the interaction between the lipid and mineral changes dramat-
ically. (b, e) PC does not appear to interact strongly with the mineral, which is roughly isotropic in cryo-
TEM (b) and distributed throughout the lumen volume in optical microscopy (e). Similar behavior is ob-
served for dm-PE (not shown). (c, f) mm-PE alters the ACC particle morphology to become more conformal
with the liposome (c) and can distort the lumen during precipitation (f). PE (d, g) is highly conformal with
the lipid membrane in cryo-TEM (d) optical microscopy (g) and confocal laser scanning microscopy (inset).
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6.4 In situ X-ray scattering

Time-resolved WAXS/MAXS/SAXS was used to follow precipitation within giant
liposomes in situ. Liposomes were made as described in chapter 5, and concentrated in
quartz X-ray capillaries with gentle centrifugation. A controlled volume of ammonium
carbonate was dosed to the capillary using a syringe pump, and data acquisition was
software triggered to begin simultaneously. Scans were collected every second for 60 se-
conds. WAXS confirmed that the particles were amorphous over the course of the exper-
iments (up to 1 hour) from the absence of Bragg diffraction, and SAXS confirmed that
large (<200 nm) particles formed in all cases. SAXS and MAXS were similar in all samples,

and representative experiments are presented in Figure 6.4.
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Figure 6.4. (a, b) Representative WAXS, (c) SAXS and (d) MAXS curves for the precipitation of ACC in PC
liposomes. (a) Absence of Bragg peaks over the course of the experiment confirms that no crystalline pre-
cipitates formed. (b) Subtraction of the initial scan (background) reveals subtle increase in intensity around
12 and 24 °, consistent with amorphous mineral. (c) SAXS intensity increases within 5 seconds of ammoni-
um carbonate addition, confirming that transport is rapid through the membrane. Even at the earliest
times, no SAXS features are observed and a slope of -4 indicates the presence of large, 3D particles. (d)

MAXS confirms that the liposomes are multilamellar from the diffraction peak at 6.2 nm, which is expected
from DOPC.
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Unlike WAXS and SAXS, MAXS revealed different behavior depending on the membrane

chemistry. Diffraction peaks from multilamellar GUVs appeared at a d-spacing of approx-
imately 6 nm, as expected for lipids with dioleoyl (DO) tails. This distance corresponds to
the thickness of a bilayer of lipids, and the water and counterions on either side that sep-
arate individual bilayers. Despite having identical tails, headgroup methylation changed

the initial spacing between bilayers, even before the reaction (Figure 6.5). PC started at
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Figure 6.5. MAXS of diffraction from lipid membranes during precipitation of ACC over the first 60 seconds.
(@) PC, (b) mm-PE, and (c) PE. PC spacing didn’t change appreciably from its 6.21 nm spacing, while mm-PE
expanded from 6.1 to 6.15 nm and PE established new, larger spacing at 6.23 nm after approximately 40 s.

6.21 nm, mm-PE at 6.11 nm and PE at 6.15 nm. Over the course of precipitation the inter-
bilayer spacing of PC did not change appreciably, while mm-PE expanded from 6.11 to 6.15
nm and PE established new, larger thickness at 6.23 nm after approximately 40 s. Clearly,
increasing exposure of the amine from the reduction of methylation increased the magni-
tude of the response to precipitation. This response must be related to the increasing af-
finity of the mineral for the membrane. We suggest that the formation of a salt bridge be-
tween carbonate ions from solution and the amine can explain these observations. An
ionic interaction between negatively charged carbonate and positively charged amine ex-
ists in all cases, but with decreasing methylation of the amine, the ability to simultane-

ously form hydrogen bonds between carbonate oxygens and hydrogens on the amine in-
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creases the strength of the bond. With carbonate more tightly bound to the membrane,

precipitation of ACC becomes much more likely to occur near the solution/membrane

interface.

6.5 Lipid membrane charge

Charge interaction at the lipid headgroup can clearly have an impact on the pre-
cipitation of ACC. Given how dramatic this effect was for zwitterionic lipids, we explored
charged and neutral lipids to expand our understanding of the role of membrane chemis-
try on mineralization. Neutral phosphatidylglycerol (PG) was compared to negatively
charged phosphatidic acid (PA) at the same concentration of 25 mol% in PC (Figure 6.6).
Consistent with expectations, PA exhibited strong membrane-mineral interactions, while

PG was nearly indistinguishable from PC.
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Figure 6.6. Effect of lipid membrane charge in GUVs. (a) Negatively charged PA and neutral PG. (b) PA had
a strong membrane-mineral interaction, precipitating on the membrane wall while (c) PG appeared to have
little interaction.
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6.6 Summary

The assumption that the lipid chemistry of PC is not responsible for stabilizing
ACC put forth in chapter 5 appears to be well grounded. Strong lipid mineral interaction
in PE is easily distinguished from precipitation throughout the lumen of the liposome.
The hypothesis that charge interaction at the inner membrane interface mediates the de-
gree to which precipitation occurs on the membrane is supported by evidence of similar
behavior in negatively charged PA and the apparent absence of such an interaction in
neutral PG. Stearic hindrance around the quaternary amine in PC headgroups reduces the
amount of charge interaction with ions in solution, and replacing methyl groups with hy-

drogens increases the degree of membrane mineral interaction.
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7. Droplet based microfluidic platform enables quantification of

amorphous calcium carbonate crystallization kinetics
7.1 Abstract

In situ characterization of hundreds of emulsion droplets within a microfluidic re-
action chamber enables the quantification of the crystallization rate of vaterite from ACC.
This process occurs through dissolution-reprecipitation and follows classical nucleation

kinetics with a rate of .7 cm>s™.

7.2 Results and discussion

Biomineralization often proceeds through metastable precursors,” which may en-
able compositions and structures not accessible through classical crystal formation mech-
anisms.’ Perhaps the most widely characterized is amorphous calcium carbonate (ACC), a
precursor to all three crystalline polymorphs of CaCO; both in vivo and in vitro.®"*® De-
spite its prevalence, many questions remain about the crystallization of ACC under ambi-
ent conditions.”*7%%%” Direct observation and quantification of the kinetics of ACC crys-
tallization will contribute greatly to our understanding of this process, and lay the
groundwork for investigating conditions replicating those found in nature.

Synthetic ACC is typically a transient intermediate in bulk solution, crystallizing
within minutes.?® It is much more persistent in confinement, even in the absence of stabi-
lizing additives.*®**#28 Small volumes decrease the impact of the presence of heteroge-
neous nucleators that cause spurious nucleation.>® Once ACC has formed, high barriers to

nucleation of a crystal kinetically trap it in a metastable state.**
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In bulk solution, crystallization kinetics of ACC to calcite via vaterite have been

characterized,’®'® but the effects of nucleation are difficult to separate from those of
growth. In situ TEM observations of crystallization from individual ACC particles indicate
that many crystallization pathways may exist. However, these measurements are sensi-
tive to imaging conditions and cannot establish the relative rates at which these processes
might occur. Droplet based microfluidics is ideally situated to probe individual crystalli-
zation events in real time for quantitative kinetic information. Nucleation rates of ice,
pharmaceuticals, proteins, and potassium nitrate have been investigated this way using
ensembles of monodisperse aqueous droplets.'®**

We used a hydrodynamic flow-focusing microfluidic device made of polydime-
thylsiloxane (PDMS) to produce aqueous droplets in fluorocarbon oil (HFE7500) contain-
ing 2% (w/w) triblock copolymer surfactant (RAN Biotechnologies).'”' The surfactant
consists of two perfluoropolyether (PFPE) tails separated by a polyethyleneglycol (PEG)
head group. Droplets of concentrated aqueous calcium chloride (1 M) had low polydisper-
sity and were stable for >7 days. However, colloidal stability was lost upon precipitation of
CaCO; (not shown). We therefore developed a ‘droplet orchard’ storage device (Figure
7.1) in which droplets could be separated prior to the initiation of precipitation and ob-
served over extended periods of time.

The flow rate at which droplets are produced in the flow focusing device (~300

uL/hour) was far too fast for loading the droplet orchard (~5 pL/hour), so the two were
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Figure 7.1. Schematic representation of the storage device with aqueous droplets parked in wells along the
oil channel, flanked by parallel channels which deliver aqueous (NH,),CO;. Droplets are compressed in the
channel (B) and relax to a spherical shape in wells (C). (D) Simulated ratio of delivered carbon dioxide to
the amount of encapsulated calcium (CO,/Ca*") versus time in droplets in conditions of perfect oil mixing
(light blue) and no oil mixing (dark blue). Dashed lines indicate the ACC solubility product (red) and where
CO,/Ca™ =1

decoupled. Droplets produced in the flow-focusing device were captured in Tef-
lon™ tubing, detached, and reattached to the droplet orchard (Figure 7.1). It consists of
cubic wells (edge length 100 pum) connected to a channel with rectangular cross section
(100 pm width, 50 pm height). Droplets with 100 pum diameter are compressed channel
(Figure 7.1b), and can reduce their interfacial energy by entering a well (Figure 7.1c). In
combination with buoyant forces resulting from the lower density of the aqueous solution
(p=1.09 g cm™) compared to that of the oil (p=1.6 g cm™), droplets become trapped in
the wells.

Precipitation was induced via flowing aqueous ammonium carbonate in two chan-
nels (180 pm width, 50 pm height) flanking the central storage channel (Figure 7.1a).
Ammonium carbonate (1.5 M) is a source of gaseous carbon dioxide and ammonia, which

diffuse through PDMS and the oil and into the droplets, where they re-establish aqueous



98
equilibria. Chemical kinetics of carbon dioxide equilibration to HCO; and CO;* are rap-

id, on the order of seconds or less.'®

Gas diffusion across the device was modelled by finite-element analysis (Figure
7.1D). Upper and lower bounds for the gas transport rate were approximated by the limit-
ing cases of either perfect mixing or no mixing (purely diffusive transport), in the oil
phase. Simulations predict that in the case of slowest (completely diffusive) transport, the
ratio of delivered carbon dioxide to the amount of encapsulated calcium reaches an
amount sufficient to supersaturate the solution with respect to ACC within 50 millisec-
onds, and reaches unity within 10 s (Figure 7.1D). This confirms that gas transport in the
device is comparable to the timescale of chemical equilibrium.

Many particles appeared simultaneously throughout the volume of each droplet
within five minutes of the initiation of (NH,),CO; flow (Figure 7.2A). Particles grew over

the course of ~30 minutes and sank to the bottom of droplets (Figure 7.2B). This was con-

firmed by confocal fluorescence microscopy in the presence of calcein, which is occluded
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Figure 7.2. Droplet-confined precipitates. (A-B) Polarized light microscopy of parked droplets loaded with 1
M CaCl, (A) 5 minutes and (B) 25 minutes after starting flow of 1.5 M (NH,),CO;. Scale bar represents 100
pm. (C) Top-view and (D) side-view of a 3D reconstruction from confocal fluorescence microscopy showing
aggregated particles at the bottom of a droplet after approximately 30 minutes in the presence of 30 pM
calcein, and 40 pM rhodamine B. Scale bar represents 50 pm. (E) Confocal Raman spectroscopy of (i) bulk
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synthetic ACC, (ii) ACC in a liposome, (iii) mineral in a droplet after 30 minutes, (iv) polycrystalline mineral
(v) single-crystalline mineral, bulk (vi) vaterite and (vii) calcite powders.

in the mineral,** and rhodamine B, which segregates to the PDMS (Figure 7.2C,D).

We confirmed that precipitates were ACC using confocal Raman micro-
spectroscopy (Figure 7.2E). Specifically, the center of the most intense carbonate v, mode
appeared at 1080 cm™ with a full width at half maximum of 19 cm™ and was indistinguish-
able from bulk ACC powder and ACC stabilized in liposomes.**

Growth of ACC particles slowed after ~30 minutes. This suggests that supersatura-
tion with respect to ACC was reduced to nearly zero. Under these conditions, particles
may still increase in size through coarsening, but the total volume of ACC remains con-
stant. ACC is then in metastable equilibrium with the encapsulated solution, and the su-
persaturation with respect to the more stable polymorphs of calcium carbonate, vaterite,
aragonite, and calcite is fixed by ACC solubility.

We followed the transformation of ACC to crystalline calcium carbonate by time-
lapse polarized light microscopy. Non-birefringent ACC is easily distinguished from the
birefringent crystalline polymorphs of CaCO;. Onset of crystallization was detected by a
strong increase in brightness, consistent with the formation of birefringent material
(Figure 7.3). Birefringent particles grew over the course of up to an hour through the re-
precipitation of dissolving ACC. Most were aggregates of 10-20 um spherical particles,
while a small percentage (~14%) exhibited sharp, crystalline facets reminiscent of calcite.

Raman spectra of the former were consistent with vaterite, while those recorded on the
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latter were confirmed to be calcite. Vaterite particles were polycrystalline, confirmed

from the rotation of drops caused by minor pressure fluctuations in the oil channel, while
calcite particles extinguished birefringence upon rotation, indicating that they were sin-
gle crystals.

Crystals were typically 5 - 10 um wide at first detection (Figure 7.3B), and were
thus detected at some time after nucleation. An analysis of the size of birefringent parti-
cles in subsequent frames revealed that the radius initially increased approximately as the
square root of time. Extrapolating to radii on the order of one nanometer, we estimate
that the time between nucleation and growth to a detectable size is below one minute.
Uncertainty in determining the time of nucleation is therefore on the order of the frame
rate (0.2 min™).

In a system of identically supersaturated droplets, the cumulative probability, Po(t)

that nucleation in a volume V has not occurred at a time t is given by:*°

Po(t) = eIVt = No/N (7.1)
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Figure 7.3. Polarized light microscopy of a parked droplet containing ACC at (A) t = 14 hours and 20
minutes after starting flow of 1.5 M (NH,),CO; and (B-]) at 5 minute increments until growth of a birefrin-
gent crystal consumes all ACC in the droplet. An arrow points to the crystal at first detection in the image
captured at t = 14 hours and 25 minutes. Scale bar represents 50 um.

where N, is the number of droplets which do not contain crystals and N is the total num-
ber of droplets. From Equation 1, the natural log of N,/N plotted against time is equal to -
J-V. The droplet volume is known and constant, so J can be calculated directly.

Nucleation events were relatively rare, with an average of 14% of droplets showing
birefringence after 52h. Extracting the time at which nucleation events occurred in four
independent experiments with 99, 97, 95, and 53 (average 86) droplets, we determined
the fraction of droplets without nucleation events, N,/N over time. Significant variability
between individual experiments is evident (Figure 7.4A), but under the assumption that
the conditions were identical in each experiment, all four trails can be combined and ana-
lyzed in aggregate.’® Linear regression with a high coefficient of determination (R> =
0.985) indicates that the nucleation rate is ] = 1.67 cm™ s™ and is constant over the first 52
hours (Figure 7.4B).

Monte Carlo simulations were performed to investigate the expected variation be-
tween the four individual experiments simply from the inherent randomness in finite
sample sizes. Crystallization in each droplet was treated as a random process, with a
probability that crystallization did not occur at each time step At equal to P,(At). For
each droplet that did not contain a crystal, a pseudorandom number n; o < n <1 was gen-

erated to determine whether a crystal did (n > P,(At)) or did not (n < P,(At)) nucleate.
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Droplets were removed from consideration after crystallization had occurred. Each simu-

. . . . . . 6
lation was carried out over 52 hours in time steps of 5 minutes, and this was repeated 10

times.
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Figure 7.4. Plot of the natural log of Ny/N versus t. (A) Four independent droplet experiments. (B) Sum of
all 344 droplets from (A) (orange), linear fit to the data (black, dashed) 20 confidence interval (~95% of ex-
periments) from the mean of a binomial distribution centered around the regression for 86 trials (blue,
dashed) and 344 trials (red, dashed). (C) Four Monte Carlo simulations of 86-droplet nucleation experi-
ments (shades of red). In (C), blue regions denote N,/N for 68, 95, and 99.7% of 10° 86-droplet Monte Carlo
simulations with time step At = 1 hour and P,(At) = 0.9969.

Simulations show that the variability observed between experiments fits within the
bounds of the 30 (99.7%) confidence interval of a large number of 86-droplet Monte Car-
lo trials (Figure 7.4C). This confirms that small samples can deviate considerably from the
actual rate, and highlights the importance of using large ensembles of droplets. The
99.7% confidence interval for N,/N at 52 hours is 30 = 0.06.

While experimental effects, like differences in impurities across experiments, may
also contribute to the variability between the four experiments, replication of the ob-
served scatter in simulated trials indicates that the dominant effect is the randomness in-
herent in nucleation. It should be noted that the exact location of nucleation could not be

determined; it could occur homogeneously in solution, or heterogeneously on or within
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ACC or at the interface between ACC and the surfactant. Our results do not distinguish

between these possibilities. However, they do clearly indicate that ACC is not a good nu-
cleator for crystalline CaCO;.

This is somewhat counterintuitive, as ACC is often observed to transform to va-
terite within minutes.?® In droplets, eliminating diffusion of at least one building block
(Ca*" in this case) ensures that each nucleation event is independent and that each drop
must contain at least one nucleation event for crystallization to occur. Because at most
one nucleation event is observed per drop, dissolution of ACC and growth of vaterite
must be much more rapid than nucleation. In contrast to the bulk solutions in which this
process is often examined, division of the total precipitate into many droplets therefore
reduces the amount of material that transforms through growth.

ACC crystallization is consistent with a classical mechanism, in which a single,
constant barrier lies between amorphous and crystalline states. According to classical nu-
cleation theory, the critical work necessary to form a nucleus, W*, sets the nucleation rate

via the expression

w*

J = Ae kT (7.2)
where A depends on the geometry and physical properties (e.g., density) of the system
and kg is the Boltzmann constant. Using a typical value for A,'® the barrier height for the
crystallization of ACC to vaterite is W* = 78 kgT (203 k]J/mol). This is a considerable barri-

er, greater than those presented by self-assembled monolayers or polysaccharide surfac-
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es.?2%% This may shed light on the role of ACC in, e.g., the endoskeletal spicule of the

sea urchin embryo, which forms via a single nucleation event but grows through the addi-
tion of ACC. Low nucleation rates from ACC may also help explain why ACC is commonly
observed in vitro, while amorphous strontium carbonate crystallizes within minutes, and
amorphous barium carbonate crystallizes within seconds, even in confinement (chapter
12).

The nucleation barrier is a function of the supersaturation, o, and the net interfa-

cial energy, y,.:, according to

3
w* = % (7.3)

where F reflects the shape of the nucleus and V... Given that the supersaturation in solu-
tion is fixed at the solubility limit of ACC, Equation 7.3 can be used to calculate y,,;. This
approach has been used to determine the interfacial energy of many insoluble solids pre-
cipitated in aqueous solution.

Because ACC is a poor nucleator for vaterite, we expect the contact angle between
a vaterite nucleus and the ACC surface to be large, and we approximate the nucleus shape
as a sphere. While the solubility of ACC in the droplets is not known, for ACC solubilities
reported in the literature, we estimate y,,,; = 42, 47, 100, or 115 mJ/m>2%%*% If the nucleus
were instead a hemispherical cap with a contact angle of 9o°, these values would increase

by 26%. Calcite was only observed in a small fraction of the total drops, and given that it

has not been observed to form directly from ACC* likely forms via vaterite. However, us-
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ing the solubility limit of calcite instead of vaterite yields y,.; = 75-140 mJ/m®. This range

of (hypothetical) ACC-calcite interfacial energies is conspicuously similar to previous es-
timates for the interfacial energy of calcite in aqueous solution (64-109 mJ/m?),?>'%* The
formation of a ‘gel’, now widely understood to be ACC, and vaterite precursors are report-
ed to precede calcite in the experiments that calculate these values.'® The exact value for
Ynee in this study is difficult to determine exactly due to its dependence on the unknown
nucleus shape and solubility limit of ACC in droplets. However, interfacial energies for
calcite are an order of magnitude higher in experiments and simulations not sensitive to

. 25,104
the formation of precursors,?'°

suggesting that the true interfacial energy of calcite is
much higher than 109 mJ/m®.

Droplet microfluidics presents a powerful approach for quantifying the nucleation
of crystalline CaCO;. Controlled delivery of ammonium carbonate to hundreds of sepa-
rated droplets permits parallel execution of many crystallization experiments. Confine-
ment to ~500 pL in volume delays nucleation of crystalline CaCO; compared to precipita-
tion in bulk due to the larger volume of material that must transform via nucleation in-
stead of growth. The resulting high kinetic barriers to calcite and vaterite prolongs the
lifetime of ACC such that the transformation from amorphous precursor to crystalline
mineral is well-defined and occurs on a perceivable timescale. While the location of the
crystal at nucleation was below the limit of resolution in this study, the nucleation rate

fits a model grounded in classical nucleation theory. With facile methods for detecting

crystals and identifying polymorphs, the device presented in this study holds promise for
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quantifying the impact of additives relevant to biomineralization, including proteins and

Mg*" ions, on the crystallization of CaCOj; from solution containing ACC.
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8. Effects of biomineralization proteins on ACC crystallization

8.1 Introduction

Biominerals are composites that exhibit enhanced properties due to the hierar-
chical interplay between organic and inorganic components.'® Despite our best efforts to
replicate such structures, even the state of the art in current materials processing bears
only nominal resemblance to biominerals.'® Our inability to replicate the nanoscale con-
trol orchestrated by biomineralization proteins is the most significant shortcoming. Even
relatively simple organisms, like sea urchins, have hundreds of proteins that are associat-
ed with biominerals, and these may differ by location, even for parts made from the same
mineral.'®'% The function of very few of them are known.'® Some may be active partic-
ipants in the mineralization process while others may be kinetically incorporated during
growth while performing other functions.

In vitro crystallization assays are popular investigative tools to study the influence
of individual proteins on the process of crystallization. ''%""® These studies enable the ef-
fect of a single protein on crystal polymorph, shape, and texture to be investigated, often
with dramatic results."'* However, the inability to distinguish between effects on nuclea-
tion and those on growth from bulk in vitro studies make comparisons to in vivo mineral-
ization challenging. Typically, qualitative differences in crystal shape, size, or quantity are
reported. In addition, these studies often require relatively large volumes of protein,
which can be cost prohibitive. We believe that the microfluidic system described in chap-

ter 7 is ideally suited to address these shortcomings.
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8.2 Proteins as nucleation accelerants

Proteins occluded within the Aristotle’s lantern of two species of sea urchin,
Litechinus pictus and Strongelocentrotus purpuratus, were investigated for their effects on
the crystallization rate of ACC. The lantern is, like all other skeletal elements of the sea
urchin, made of CaCO; and is located inside the test. It is the structural support for the
teeth as part of the chewing organ. The lantern was chosen because it is large enough to
provide ample quantities of proteins, and because it is the only skeletal element of S. pur-
puratus on which a proteomic analysis has not been performed. Over the course of the
investigation we intend to analyze the proteome of the lantern and isolate proteins from
the raw extract that appear to have the most significant effect on mineralization. Experi-
mental details of the protein extraction will be reported in a future manuscript.

Protein extracts with 1 mg/mL concentrations in either Tris buffer (pH 7.4) or wa-
ter (pH 5.5) were combined with 2 M calcium chloride (pH 6.5) in the flow-focusing
emulsion droplet synthesis devices described in chapter 7 for a final protein concentra-
tion of 0.5 mg/mL and calcium concentration of 1 M. A control solution of bovine serum
albumin (BSA), a 66.5 kDa protein that remains soluble in solutions with elevated levels
of calcium, was prepared at the same concentration 1 mg/mL. Droplets were loaded into
storage devices and precipitation was initiated with flowing 1.5 M ammonium carbonate

in the flanking channels. Preparation and characterization were carried out following the
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same procedure as those in chapter 7. Each condition was repeated at least three times to

ensure replicability.

ACC precipitated in each drop, and was indistinguishable from ACC formed in the
absence of additives in polarized light microscopy and Raman spectra (not shown). A plot
comparing N,/N for the crystallization of ACC in the presence of BSA, L. pictus extract, or
S. purpuratus extract confirm that proteins dramatically accelerate crystallization com-
pared to ACC without additives (Figure 8.1a). ACC in the presence of S. purpuratus extract
crystallized within one hour. With L. pictus extract, crystallization took nearly twice as
long, but was complete in less than two hours. Surprisingly, BSA also accelerated crystal-
lization, with over half of the drops containing crystals by 10 hours. For comparison, less
than 4% of all ACC without additives had crystallized by this time.

Droplets containing sea urchin protein extract crystallized so rapidly that the same
theoretical treatment applied to droplets without additives in chapter 7 could not be used
here. Specifically, the supersaturation in the drops takes approximately 30 minutes to sta-
bilize at the solubility limit of ACC once its growth slows (chapter 7). Crystallization be-
fore ACC was had finished growing would likely originate from conditions where the su-
persaturation was not constant, and would probably be higher than that in equilibrium
with ACC. This is consistent with the dramatic increase in the crystallization rate. None-
theless, it is clear that proteins from both species have an incredible effect on the nuclea-

tion rate.
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Applying Equation 7.1 to the BSA curve yields a crystallization rate of 48.0 cm™ s™

(R* = 0.986). BSA therefore accelerates crystallization by over 28x the rate without addi-
tives. While this is a dramatic effect, the exponential dependence of nucleation rate on
the cube of the interfacial energy (Equation 1.3) means that all else being equal, this in-
crease may be the result of <2% decrease in y. From these results, we cannot determine
exactly what the mechanism of this acceleration is. It may become occluded within the
ACC and change the thermodynamic stability, simultaneously altering the ion concentra-
tions in solution. However, proteins must be in contact with the interface between ACC
and solution, and given that the interfacial energy is the dominant parameter controlling
the nucleation rate, future investigations should begin by exploring interfacial effects fur-
ther.

Interestingly, the Tris buffer initially used to dissolve the proteins was found to
have a similar accelerating effect on the crystallization of ACC to that of BSA, even when
no proteins were present. Figure 8.1b shows that Tris and BSA reached nearly the same
value of N,/N after 10 hours. This is a surprising but important discovery. Buffer condi-
tions are generally not considered to have an active role in in vitro crystallization assays,
and vary widely from study to study. ''°""® Despite the active role of the buffer, if the pro-
tein has a much more dramatic effect, as it does in the case of L. pictus (Figure 8.1b), buff-
er conditions do not significantly impact the resulting crystallization rate. The sensitivity
of these measurements to such subtle effects and ability to quantify the resulting rates

will greatly enhance our ability to determine the effects of various proteins in vitro.
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Figure 8.1. Plot of N,/N for the crystallization of ACC in the presence of (a) three protein solutions, com-
pared to the control with no additives, and (b) the effect of the Tris buffer solution.

8.3 Outlook

Surprisingly, the crystallization products in each case were overwhelmingly va-
terite, as confirmed by Raman spectroscopy (not shown). Given that the proteins were
extracted from calcite biominerals, we expected that at least some enhancement in the
fraction of calcite would be observed. That this was not the case reinforces the need to
develop a better understanding of the composition of the protein extract and the role of
individual proteins, both in vitro and in vivo. For example, conventional wisdom asserts
that acidic proteins are largely responsible chelating calcium and directing crystalliza-
tion."'® However, the most abundant acidic proteins in sea urchin biominerals (SM30
family) can be reduced to extremely low levels with no change in phenotype, while abun-
dant basic proteins (SMso family) appear to play an integral role. '

The sensitivity of our microfluidic devices to crystallization rate and polymorph
make them a promising platform to explore the role of biomineralization proteins further.

Future work will focus on fractioning the raw extract from the lantern by molecular
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weight and charge, to determine if there are any obvious differences between fractions.

Proteomic analysis will be used to identify all proteins in any fraction with dramatic ef-
fects on crystallization. To conclude, we will investigate the effects of purified SM30 and

SMso0 proteins individually.
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9. Structural basis for metastability in amorphous calcium barium

carbonate (ACBC)
9.1 Abstract

Metastable amorphous precursors are emerging as valuable intermediates for the
synthesis of materials with compositions and structures far from equilibrium. Recently,
we found that bio-inspired amorphous calcium-barium carbonate (ACBC) enables the
synthesis of highly barium-substituted ‘balcite’, a metastable high temperature modifica-
tion of calcite with exceptional hardness. Herein, we present a systematic analysis ACBC
(Ca,.xBayCO;1.2H,0) over a wide range of compositions, using a combination of experi-
ments and MD/DFT simulations. There appears to be only a minor energetic penalty as-
sociated with the incorporation of barium, likely because barium ions prove to be much
more flexible in their coordination than calcium ions. Furthermore, the water content is
not correlated with the level of barium substitution. However, ACBC local order continu-
ously evolves towards that of balcite with increasing barium content, and mid-range or-
der similar to balcite begins to emerge at a composition that approaches the limit of
ACBC stability (x > 0.5). We further find that ACBC transforms into balcite much more
readily at high barium content in an aqueous environment. Taken together, this provides
support for the hypothesis that it is the increasing structural complementarity between

ACBC and balcite that selectively lowers the barrier to balcite nucleation.
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92 Introduction

Carbonate mineralization is at the heart of many natural processes, including bio-
mineralization and geological inorganic carbon cycling.'® Crystalline carbonates are of-
ten preceded by amorphous precursors’® that can have a strong influence on phase trans-
formations and the structure and properties of the resulting crystals.'® For example, it has
been suggested that ACC occurs in several polyamorphs, which transform preferentially
into the crystalline polymorph with the closest similarity in short range order.""”"?° Simi-
larly, balcite, a metastable, barium-substituted analog of high-temperature calcite with
very high hardness, seems to be accessible only through an amorphous calcium-barium
carbonate (ACBC) precursor with similar short range order."' Local order ‘imprinted’ in
the precursor is implicated in polymorph selectivity of subsequent phase transformations
in these systems. Analogously, the local order of amorphous copper zinc carbonates is
imprinted in Cu-Zn-oxide catalysts synthesized from them, which greatly enhances cata-
lytic activity and lifetime compared to crystalline precursors.'?® Thus, local order estab-
lished in diverse amorphous carbonate precursor phases may be utilized to access compo-
sitions and structures that are difficult to synthesize directly.'®® As polyamorphism is a
common phenomenon in, for example, glasses of silica, ice, and metals, a deeper understanding
of the interdependence of composition, structure, energetics, and crystallization pathways
in (poly)amorphous structures is clearly needed.'®*%°

A significant factor affecting the lifetime of amorphous carbonates appears to be

the ionic radius of the cation. While those with cations smaller than Ca**, including Mg*”,
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24,122,127-1 :
122127130 those of larger cations,

Fe**, and Mn**, have been synthesized as bulk powders,
such as Sr** and Ba*, have not been observed in the absence of stabilizing addi-

93,131,132
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tives 3) .

or in confinement*® (with the notable exception of amorphous RaCO
Structural water is thought to play an important role in controlling life time and phase
transformation rates of amorphous carbonates.?®'®*'%* However, the impact of chemical
composition or water content on amorphous carbonate structure remains poorly under-
stood. To move towards a predictive theory of crystallization that accounts for metastable
intermediates, it is therefore critical to elucidate the structural characteristics with the
strongest influence over transformation rates in amorphous materials.?®

In this work, we describe the synthesis and structure of metastable but long-lived
ACBC (Ca,Ba,CO;nH,0). Using experimental techniques that interrogate the structure
from the perspective of the cations (X-ray absorption spectroscopy at both calcium and
barium K-edges), the anions (Raman and IR spectroscopy), and all atoms (electron dif-
fraction, X-ray scattering, and pair distribution function analysis), we thoroughly charac-
terize the short- (<5 A) and mid-range (<15 A) structure of ACBC. A combined molecular
dynamics/density functional theory (MD/DFT) approach was utilized to connect struc-
tural motifs to thermodynamic properties. These analyses establish the importance of co-
ordination geometry and carbonate orientation on the thermodynamics of amorphous
carbonates, and help elucidate transformation pathways between metastable phases in

the relatively unexplored Ca-Ba-CO;-(H,O) system.
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9.3 Experimental

9.3.1 Consumables

Unless otherwise noted, all aqueous solutions were prepared using ultra-pure water
(p =18.2 MOhm-cm) prepared with a Barnstead NanoDiamond UF + UV purification unit.
Reagent grade (>99%) BaCl,-2H,O, CaCl,-2H,0, Na,CO;-2H,0, CaCO;, BaCO;, (Sigma-
Aldrich), (NH,),CO; (Fischer Scientific) were used without further purification. Iceland
spar calcite was obtained from Dave’s Down to Earth Rock Shop in Evanston, IL, USA.
Geological reference materials witherite (cat #M21424) and barytocalcite (cat #M2145)

were provided by the Field Museum of Natural History in Chicago, IL USA.

9.3.2 ACBC synthesis

Amorphous calcium barium carbonate (ACBC) was synthesized by rapid mixing of a
cold aqueous solution of the alkaline earth chlorides ([Ca*']+[Ba**] =1 M, pH 5.6-5.7, solu-

tion A) with a cold aqueous solution of Na,CO; (1 M, pH 11.7, solution B). The mole frac-

feed feed

tion of Ba, x“*°, was varied between o and 1. For instance, to prepare solution A with x
= 0.50, 3.053 g BaCl,-2H,O (12.5 mmol) and 1.838 g CaCl,-2H,O (12.5 mmol) were dissolved
in water to a final volume of 25 mL. For solution B, 3.100 g Na,CO; (250 mmol) were dis-
solved in water to a final volume of 25 mL. Both solutions were then stored on ice for 2 h.
Ice cold solution B was rapidly added to solution A, and the resulting solution mixed rap-

idly and thoroughly by vigorous shaking for 30 s. The resulting white precipitate was im-

mediately collected by vacuum filtration through a 100 mm diameter Whatman no. 4 cel-
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lulose filter paper, washed 3 times with 5 mL cool water (T = 10°C), and dried under vacu-

um (R.T., p = 10 Pa = 10" Torr, 24h). Unless otherwise noted, characterization was per-

formed immediately thereafter.

9.3.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) was
performed simultaneously using a Mettler Toledo SDTA851. Analysis was performed on
ACBC powders dried in vacuum for exactly 24 hours after synthesis. Approximately 5 mg
of the dry powder was held at 30 °C for 10 minutes to stabilize the sample environment,
then heated to 1000 °C at a rate of 10 °C/min under dry N, flowing at a rate of 20 mL/min.

Weight change was tracked by the variable a, defined as

a= W"W;OW‘ = ﬁv—vz (9-1)
where w, is the initial weight and w; is the instantaneous weight. The total fractional
weight change, o, is the value of « at the final weight, wi= wy. Total fractional weight
loss, Aar, is defined as 1-ar. Fractional weight loss upon crystallization, Aq,, is defined as
Oa- O, Where o, and «, are the values of « at temperatures corresponding to either side
of the crystallization exotherm peak in differential scanning calorimetry, determined us-
ing the StarE v8.1 software package (Mettler Toledo). When multiple crystallization peaks

were present, a., was chosen as the end of the final exothermic event. The molar water

content, n, of the powders was calculated from



118
(9.2)

_ My,o/ar
(1-xpa)Mca+xpaMpa+Mc+3Mo

n

where M is the molecular mass of the subscripted species, the numerator is the molar
fraction of water, the denominator is the molar fraction of Ca,..Ba,CO;, and x is the stoi-

chiometric coefficient determined by XRF.

9.3.4 Differential scanning calorimetry

Differential scanning calorimetry and TGA were conducted in parallel on separate
powder samples drawn from the same batch. Heat flow data in DSC was corroborated by
simultaneous DTA (SDTA) performed during TGA runs (Figure 15.1, 9.8) and was in good
qualitative agreement. Differential scanning calorimetry was performed on a Mettler To-
ledo DSC822e using the same approximate sample mass and N, flow rate as TGA, with the
same heating schedule up to the instrument maximum of 500 °C. The crystallization
temperature T. was calculated from the onset of the crystallization exotherm in DSC

curves determined with the StarE v8.1 software package.

9.3.5 X-ray absorption spectroscopy

Samples for X-ray absorption spectroscopy were synthesized in the same way as
above, with drying times of at least 4 hours under vacuum. Measurements were per-
formed at the Dow-Northwestern-Dupont collaborative access team (DND-CAT), Sector
5-BM-D of the Advanced Photon Source at Argonne National Laboratory. Samples for cal-

cium K-edge measurements were spread on 8 um Kapton tape and kept dry under a
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stream of He gas. For measurements performed at the barium K-edge, powders were

loaded in quartz capillaries (0.5-1.5 mm outer diameter with 100 um wall thickness). Larg-
er diameter capillaries (1.5 mm) were used for samples synthesized at lower x (e.g., x =
0.01), while smaller capillaries (0.5 mm) were used at higher x (e.g. x = 0.50). Calibration
at the calcium K-edge was performed with a geological Iceland spar (calcite) standard, for
which the edge energy was set at 4038 eV. ACBC samples were measured relative to this
value. Molybdenum foil (K-edge at 20.000 eV) was used to calibrate the barium K-edge to
an absolute scale.

Data was analyzed using the Demeter package.”’ Normalization and background
subtraction were carried out in Athena using Autobk. x-data were weighted by k, k*, and
I3 between 1.6 < k < 1.5 A~ for the calcium K-edge and between 2 < k < 14 A~ for the
barium K-edge. Fitting of the data to the crystal structures was performed using Artemis.
The theoretical photoelectron scatting amplitudes and phase shifts were calculated using
FEFF1. To generate the feff.inp file, which contains a list of the atomic coordinates cen-
tered at the absorbing atom, Atoms’' was used to calculate the atomic coordinates cen-
tered at calcium. The total theoretical y(k) for each model was then constructed from the
most important scattering paths and fit in R-space (calcium K-edge) or k-space (barium
K-edge). Multiple scattering was not considered in amorphous materials. While maintain-
ing sufficient number of degrees of freedom, as defined by the Nyquist criterion, the co-
ordination number, bond distance, Debye-Waller factor, amplitude reduction factor, SZ,

and shift in energy origin, AE, were allowed to float. S2 and AE, were determined by sim-
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ultaneously fitting all ACBC samples at either the calcium or barium K-edges. A total R-

factor of 0.007 was obtained for simultaneous fitting of all six data sets for ACBC, with a re-
duced y? of 558. Satisfactory fits were not obtained using SZ from the crystalline reference
samples, which for calcite and witherite were >1. Coordination numbers and Debye-
Waller factors are highly correlated and were fit separately, but in each case with all other
parameters floating. The validity of the fits was determined by the R-factor, which was
minimized to <o0.01. Complete fitting parameters are reported in the Supporting Infor-

mation.

9.3.6 X-ray total scattering

X-ray total scattering was performed at the Dow-Northwestern-Dupont collabora-
tive access team (DND-CAT), Sector 5-BM-D of the Advanced Photon Source at Argonne
National Laboratory. The X-ray energy (20.000 keV, 1= 0.6195 A) was selected with a
Si(111) monochromator, and calibrated with a molybdenum foil at the K-edge. Data was
collected in Bragg-Brentano geometry with a Huber D8219 diffractometer (20 = 4-169°).
The step size was 0.5" and the dwell time was 10 s. Four Si-drift solid state detectors with
multichannel analyzers (MCA, ~250 eV resolution at 20 keV) were used to simultaneously
measure elastic scattering, calcium K-edge, and barium L-edge fluorescence. Total fluo-
rescence signal was used for normalization of the elastic scattering. Spectra were also
normalized for incident beam intensity measured with an ion chamber (pN, ~ 550 Torr

and pAr =16 Torr). Scattering from the sample holder and Compton scattering were sub-
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tracted, and an absorption correction applied based on sample composition using

GetPDFx2 software.?”

9.3.7 Raman microscopy

Approximately 5 mg of the dry powder was pressed onto a glass slide for Raman
analysis. Raman spectra were obtained on a Horiba LabRam confocal Raman microscope
with a laser of wavelength A = 532 nm, operating at a power of 49 mW, and using a dif-
fraction grating with 1800 gr/mm, resulting in a final spectral resolution of 0.39 cm™. All
spectra were recorded from individual precipitate particles using a 100x objective lens in
air (0.9 NA, minimum resolution ~361 nm). Mode centers, relative intensities, and full
peak width at half maximal intensity (FWHM) were determined by fitting one or more
Gaussians to the spectral region of interest. Fitting was performed manually using in-

house code written in Mathematica.

9.3.8 Fourier transform infrared spectroscopy (FT-IR)

Immediately following Raman microscopy, ~8 mg of the dry powder was mixed with
~160 mg KBr in a mortar and pestle. Approximately 25 mg of the mixture was then
pressed into a pellet at 7 MPa. Bulk FTIR spectra from KBr pellets containing ~5.0 wt%
ACBC powder were acquired in the range from 400-4000 cm™ on a Thermo Nicolet Nexuz

870 FT-IR in transmission geometry, with a spectral resolution of 4 cm™.
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9.3.9 MD/DFT

Amorphous CaCO;-BaCO; solid-solution calculations were prepared from super-
cells of the rhombohedral and orthorhombic carbonate structures. The rhombohedral
supercell was constructed from a 2x2x2 primitive Calcite unit cell (16 formula units), the
orthorhombic unit cell from a 2x2x1 conventional Aragonite unit cell (16 formula units).
The amorphous structure was prepared by annealing the pristine calcium carbonate
structures in LAMMPS'®® under NPT conditions at 10,000K, using an empirically-fitted
CaCO; potential.’®” Snapshots of the melt were then quenched and equilibrated at 298 K.
Finally, the amorphous unit cell was relaxed in DFT at T = o K with full ionic and unit-cell
relaxations.

DFT calculations were performed using the Vienna Ab-Initio Software Package

)'3° method with the Perdew-

(VASP),"® using the projector augmented wave (PAW
Burke-Erzhenhoff (PBE)'* generalized-gradient approximation. Plane-wave basis cutoff
energies were set at 520 eV for all calculations. Brillouin Zones were sampled using Gauss-
ian smearing, with at least 1000 k-points per reciprocal atom. Atoms were initially relaxed
until energy differences between ionic steps were 1 meV/atom. All structure preparations
were performed using the Python Materials Genomic (Pymatgen) package.'*'

These ACBC structural models are not truly amorphous, but are rather periodic
approximants, with lattices that satisfy periodic boundary conditions. Periodic approxi-

mants all have dimensions of at least 12Ax12Ax124, so the long-range interactions of the

lattice are only minor contributions to the total energy of the structure, allowing our pe-
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riodic approximants to be reasonable models for the energetics and local structure of the

amorphous Ca,«Ba,CO; phase.

Solid-solution supercells were initialized by substituting Ba** onto the Ca*" sites,
and rescaling the molar volume of the supercell by Vegard’s law.'* A modified Ewald
summation was used to bias solid-solutions towards structures with maximized Ba**-Ba*
interatomic distances under periodic boundary conditions. Total energies of the super-
cells were calculated in DFT, with full ionic and unit-cell relaxations. Coordination anal-
yses were performed using a weighted Voronoi coordination method,'* as found in the
structure analyzer package of Pymatgen. We used a larger Voronoi cutoff radius for Ba
(3.48 A) than for Ca (3.0 A). Molar volumes of ACBC were compared to an ideal aragonite-
type solid solution, calculated by extrapolation between aragonite and witherite, also us-
ing Vegard’s law.

Computed radial distribution functions were calculated using a kernel density es-
timate of the two-specie pair-correlations in the crystal structure under periodic bounda-
ry conditions. The radial distributions for each pair of species, Gj(r), were summed to

form the pair-distribution function by the equation

G(r) =X;jwG;;(r) (9-3)
where the weighting factor wj depends on the concentration and scattering power f{q) of

the atomic species by

_cicifi(a)f j(a)

Wii T T afi@)? (94)
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For this work, w;; was evaluated for q = o.

9.4 Results
9.4.1 Synthesis and stability

We synthesized ACBC (Ca,..Ba,CO5'nH,0O) over a range of compositions, as de-
scribed previously.'?' Briefly, ice cold aqueous solutions of alkaline earth chloride(s) with
a total cation concentration of 1M were rapidly mixed with equal volumes of ice cold
aqueous 1M sodium carbonate. The resulting precipitate was filtered after 30s, washed
with water at 10°C, and dried at reduced pressure (50 mbar) at ambient temperature for
24 hours. Approximately 86% of the barium in solution is incorporated into ACBC."?’

Synchrotron based X-ray total scattering confirmed that the precipitates were
amorphous up to x = 0.55 (Figure 9.1a). Thermal analysis was conducted immediately fol-
lowing synthesis to determine the amount of residual water and examine crystallization
at elevated temperatures. Thermogravimetric analysis (TGA) indicated that ACBC con-
tained, on average, n = 1.2 + 0.2 formula units of water (Figure 15.1). Similar amounts of
water were found using ammonium carbonate instead of sodium carbonate, and at lower
ion concentrations (Supporting Information). There was no correlation between the bari-
um cation fraction, x, and total water content. Differential scanning calorimetry (DSC),
acquired separately, in good agreement with simultaneous differential thermal analysis

(DTA), was used to identify crystallization exotherms (Figure 15.2). The temperature at
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which a crystallization exotherm first appeared in DTA and DSC increased with increas-

ing barium (Table 15.1). Crystallization of ACBC with x = 0.50 at elevated temperatures
produced balcite (Figure 15.3).

9.4.2 Vibrational spectroscopy

Raman spectra of ACBC samples with x < 0.55 were qualitatively similar to those
of ACC (Figure 9.1b, Figure 15.4,11, Table 15.2). There were, however, systematic changes in
the peak position and full width half maximum (FWHM) of several modes with increas-
ing barium content. Line shapes of the most intense feature in Raman spectra, the v,
mode (symmetric carbonate stretch), were broad and Gaussian, in contrast to the narrow
Voigt profiles of calcite and witherite. The v; mode shifted to lower wavenumber, i.e. to-
wards its position in witherite, and the full width-half maximum (FWHM) decreased with

increasing barium content (Figure 15.5). The much weaker v, mode (in-plane bending,
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Figure 9.1. Characterization of ACBC precipitates. (a) Synchrotron X-ray total scattering of ACBC compared
to ACC and calcite. (b) Raman spectra of ACC, ACBC and reference compounds calcite and witherite, show-
ing the v4, v,, and lattice phonon regions (arrow). For additional detail see Supporting Figures 4-6. (c¢) TEM
image of ACBC with x = 0.51, with SAED (inset, scale bar 5 nm™). Scale bar represents 100 nm. (d) Plot of the
ratio of intensities of the v, and v, modes in IR spectra vs. the barium cation mole fraction, x.

Figure 15.5) was split in two, and was also considerably broadened compared to crystalline
reference materials. Structural water and/or OH groups in both ACC and ACBC were con-
firmed by a characteristic broad band in the range ~2800-3700 cm™ (O-H stretch) and a
very weak, broad band in the range of 1600-1700 cm™ (H-O-H bending, Figure 15.4-9.12).
IR spectra contain complementary information, and are discussed in detail the Support-
ing Information. When ACBC with x = 0.41 was dried under vacuum at elevated tempera-
ture (6.67 X 10% Pa, 50°C, 8 hours), the intensity of the O-H band between ~2800-3700 de-
creased in intensity, and a subtle peak at 2940 cm™ sharpened (Figure 15.5). This is con-
sistent with the partial removal and reorganization of structural water.

A broad feature below 300 cm™, commonly observed in ACC,”® was also present in
Raman spectra of ACBC. It shifted to lower wavenumbers with increasing barium content,
increased in intensity, and sharpened, forming a broad but discernable peak centered at
145 cm™ at x = 0.67 (Figure 9.1b). This peak coincided with the strongest acoustic phonon
modes in witherite. Other witherite modes, especially the most intense v; at 1059 cm”,
were absent. Drying ACBC with x = 0.41 at slightly elevated temperature and reduced
pressure, as described above, in did not impact the intensity of shape of this feature. It is

therefore unlikely to be connected to structural water.

In addition to the behavior of individual modes, ratios of the intensity of IR internal mode

peaks provide information about ordering in both amorphous and crystalline calcium
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carbonates.®®''®'* [n ACBC, the v, /v, ratio decreased with increasing barium cation

fraction, from 13.9 in ACC at x = o, to 4.4 at x = 0.55 (Figure 9.1d), but remained higher

than that of calcite (1.2) and witherite (1.0).

9.4.3 Modeling

Structural models for the ACBC phases were prepared using a combined molecular
dynamics (MD) and density functional theory (DFT) approach. Supercells of 2x2x2 stand-
ard unit cells of calcite or aragonite were annealed using molecular dynamics at 10,000 K
under NVT conditions (conservation of the number of ions, volume and temperature),
with an empirically-fitted CaCO, potential.’®” Snapshots of the melt were gradually equil-
ibrated to 298 K using MD, then fully relaxed using DFT (Figure 9.2 and Figure 15.7). This
process was repeated to generate six different ACC structures. We calculate the difference
in enthalpies between the lowest-energy anhydrous ACC structures and calcite to be AH
= 19-25 kJ/mol (Figure 9.2), in excellent agreement with experimental calorimetry meas-
urements of ACC."?®"%* The aqueous solubility for the lowest enthalpy ACC (described in
detail in the Supporting Information) estimated only from AH is K acc=10"> M?. The dif-
ference between the calculated K, from the experimentally measured Ky acc~10"* - 1073
M? (refs®”**%%) allows us to estimate a standard entropy of formation of ACC of approxi-
mately 21-40 J-mol™K".

ACBC was created by substituting Ba** for Ca*" into ACC prior to the DFT-

relaxation, giving an overall composition of Ca,Ba,..CO; in increments of Ax = 0.0625.
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Structurally, DFT relaxation coincided with a marked increase in carbonate ordering.

Specifically, the vector normal to the plane containing the three carbonate oxygens was
essentially randomly oriented in space in MD-generated structures, while those in DFT-
relaxed ACBC were mostly within approximately 20 degrees of one another (Figure 15.9).
For all structures and across all compositions, the formation enthalpy AH was de-
termined as the difference in enthalpy between ACBC and a phase-separated mixture of
calcite (CaCO;) and witherite (BaCO;) at an equivalent overall composition. Solubility
products for ACBC were determined in the same manner as those of ACC. The difference
in molar volume, AV,,, between the V,, of the simulated structure and an ideal, arago-
nite/witherite-type Ca,..Ba,CO; solid solution were calculated for each structure. Arago-

nite structure was chosen because it is the densest crystalline polymorph of CaCOj;, and
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Figure 9.2. Example structures of (a) MD generated and (b) DFT-relaxed ACC. (b) Plot of AH (left axis) and
negative logarithm of the predicted solubility product (right axis) of DFT-relaxed ACBC structures against
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barium fraction x. Each marker corresponds to a fully relaxed structure; the marker color indicates the dif-
ference in molar volume (AV,,, cm?/mol) between the amorphous structure and an ideal orthorhombic-type
Ca(»Ba,CO; solid solution of the same composition. Note that structures fall into three horizontal bands
with similar molar volume change (color).

because calcite-type BaCO; has not been observed. In summary, AH tells us how much
heat would be released by the transformation from ACBC to a mixture of pure calcite and
witherite, and AV,, is the amount by which the molar volume decreases (density increas-
es) if ACBC were to transform into a hypothetical aragonite structure with the same com-
position.

Inspection of a plot of AH and AV,, against the barium content (Figure 9.2c) re-
vealed that the simulated ACBC structures fall into three distinct groups. While the low-
est energy structures had an intermediate molar volume difference (AH = 19-25 kJ-mol™,
1.0 < AV, < 3.0 cm®mol™), the highest energy structures had molar volume differences at
the low end (AH = 40 kJ/mol, AV}, = 0.5 cm’/mol), and the intermediate energy structures
had molar volume differences at the high end (AH = 30-35 kJ-mol™, AV}, > 3.0 cm?>mol™).
Therefore, at any given composition the structures with the lowest energy do not have the
highest density. This is also true for crystalline CaCO;, emphasizing the importance of
determining AH for benchmarking the simulations. In addition, the three groups could be
distinguished by their average cation coordination number (Figure 15.10), calculated by a
Voronoi polyhedron method.'* Strikingly, the structures with intermediate AH had the
lowest average coordination number at any given composition. The low energy and high
energy groups had similar average CNs. In all groups, the average CN increased with in-

creasing barium content.
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Given the stratification observed in the simulated structures, it made sense to con-

sider the structures with low AH, consistent with literature values, and intermediate AV,
as representative of the lowest energy polyamorph. This allowed us to take a closer look
at the distribution of the coordination numbers (CNs) for calcium and barium at each
composition (Figure 9.3). The calcium CN decreased from 7.7 + 0.7 (N = 64) at x = 0 to 7.1
+ 0.7 (N = 64) at x = 0.5, and remained at this value for higher barium contents. Unlike in
reverse Monte Carlo fitting of experimental PDF data from ACC, where CNs as low as 3
were predicted,'* we found that calcium appeared at least 5-fold, but mostly 6-fold and
higher coordinated. The barium CN also decreased, from 9.8 + 0.7 (N=9) to 9.1+ 0.8 (N
= 64), and outside the experimentally investigated range, declined further to 8.3 + 0.4 at x
=1 (N = 80). Even though the CNs for both cations individually decreased, the average
CNs increased, from 7.7 + 0.7 (N = 64) at x = 0 to 8.1+ 1.3 (N = 128) at x = 0.5 and 83 +

0.4 (N = 80) at x = 1, as the barium content increased (not shown).
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Figure 9.3. Histograms of the frequency at which coordination numbers for calcium ions (red bars) and bar-
ium ions (blue bars) occur in the lowest energy ACBC polyamorph (i.e., MD/DFT-simulated structures with
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AH = 19-25 kJ-mol™ and 1.0 < AV,, < 3.0 cm’>mol™), as a function of barium content. The mean CN at each
composition is indicated by a full circle and connected by lines as a guide to the eye.

9.4.4 X-Ray absorption spectroscopy

X-ray absorption spectra provide information about the symmetry in the first co-
ordination shell of the probed cation, including average coordination number, lengths
and average disorder of bonds, as well as order beyond the first coordination shell. X-ray
absorption near-edge structure (XANES) spectra at the calcium K-edge exhibit a number
of identifying features, including the sharp absorption edge, pre-edge peaks, white line
peak above the edge, and post-edge oscillations (Figure 9.4). The position of the edge is
sensitive to the coordination number, for example, exhibiting a shift of 0.7 + 0.1 eV to-
wards higher energy relative to the calcite edge for each additional oxygen beyond the
sixth."'®'*® Consistent with this notion, the edge energy of reference materials calcite and
barytocalcite (Ba,sCa,sCO;), both with 6-fold calcium coordination, was identical within
the experimental error (Table 15.3). For ACBC with a barium fraction x < 0.38, the relative
edge shift was nearly identical to that of ACC at 0.5 + 0.1 eV, indicating an average coor-
dination number of 6.8 + 0.3 in the first shell. This is consistent with previous reports of
ACC.""817 At x = 0.55, the edge shift was slightly smaller, and the apparent coordination
number dropped to 6.4 + 0.2.

Lowest in energy among the pre-edge features is the a very weak 1s—3d transition,

approximately 10 eV below the edge, which appears split in calcite and barytocalcite.'*’
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This feature is a singlet and is markedly more intense in ACC and ACBC (Figure 9.4b),

indicating that the configuration of the first shell lacks an inversion center.'*® Two shoul-
ders at slightly higher energy, around 4 eV below the edge result from 1s—4p transi-
tions,'*” and are more pronounced in the crystalline reference compounds than in ACC
and ACBC. While the position of the pre-edge features is largely independent of the bari-
um content, the 1s—3d transition decreased in intensity and became broader at x = 0.55.
At the same time, the relative intensity of 1s—=4p transition at higher energy increased rel-
ative to that at lower energy. While the significance of this shift is unclear, the pre-edge
region of ACBC (x = 0.55) qualitatively resembled that of barytocalcite and balcite (Figure
9.4a,b),'®" and may therefore be associated with the reduction in average coordination
number towards six, and an associated increase in symmetry.

The post edge region of ACBC does not bear resemblance to either calcite nor bar-
ytocalcite, nor to that of aragonite, vaterite,''” monohydrocalcite (CaCO,-H,0), and ikaite
(CaCO3-6HZO),14g'150 but it has been shown to resemble that of balcite.'?' Because the
balcite structure does not have well defined crystallographic positions for carbonate ox-

ygens, a
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Figure 9.4. Calcium K-edge X-ray absorption spectroscopy of ACBC and reference compounds. (a) XANES
of calcite and barytocalcite reference materials, compared to ACBC with x = 0 - 0.55. (b) Close up of the pre-
edge features associated with a 1s—3d transition (~4.041 keV), a 1s—4p transition (~4.044 keV, 4.045 keV),
and the absorption edge (~4048.5 keV). (b) k-space and (c) R-space EXAFS experimental data (black line)
and fitted curves (dashed red line).

structural model based on calcite, but with the coordination number in the first shell (Ca-
0,) fixed to the value determined by analysis of XANES spectra, was used to fit the ex-
tended X-ray absorption fine structure (EXAFS) spectra (Figure 9.4c,d). Varying the coor-
dination number within the limits of the error did not produce a significant change in the
quality of the fits (R-factor < 0.02). However, two separate bond distances were required
for the fits to converge, i.e., Ca-O, was split into Ca-O,, and Ca-O,,. This is consistent
with previously reported EXAFS spectra of ACC.'"®

Across all compositions, the distribution of oxygen between the Ca-O subshells
evolved with increasing barium content (Table 15.3) and resulted in changes in the peak
intensities in R-space spectra at approximately 1.4 A, 1.7 A, and 2.0 A (Figure 9.4d). The
most obvious effect of increasing barium content, however, was an increase in intensity of

features associated with the third and fourth coordination shells (Ca-O, and Ca-(Ca/Ba))
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at x = 0.55. Overlapping scattering contributions resulted in low sensitivity for differences

between calcium and barium in the fourth shell, which had a roughly equal probability of
occupancy at x = 0.55. However, it is clear that contributions from next-nearest neighbor
cations in the fourth coordination shell emerged at this composition.

Near edge spectra at the barium K-edge were qualitatively much more similar to
each other than those at the calcium K-edge (Figure 9.5a). There were only two pro-
nounced peaks of approximately equal intensity, the white line just above the edge at
~37,450 eV, and another peak approximately 40 eV above the edge, but no pre-edge fea-
tures. The lack of characteristic features in barium K-edge XANES spectra of crystalline
carbonates, sulfates, and hydroxides has been attributed to relatively poor electron scat-
tering compared to the absorber and low symmetry of the first few coordination shells."®’

To the best of our knowledge, there has been no systematic survey of the barium
K-edge energy as a function of the number of oxygen ligands in the first shell. We find
that the edge energy of witherite and barytocalcite, both of which exhibit irregular 9-fold
coordination around barium,'®" is identical within experimental error. The energy resolu-
tion near the barium K-edge was ~1 eV, compared to 0.2 eV at the calcium K-edge. XANES
spectra of ACBC were similar to the reference compounds, differing only in the depth of

the valley between the two peaks above the edge. The edge energy shift in ACBC across

all compositions varied between -5 and 1 eV relative to the crystalline samples. The
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Figure 9.5. Barium K-edge X-ray absorption spectroscopy of ACBC and reference compounds. (a) XANES
spectra of ACBC with x = 0.01 - 0.55 compared to crystalline barytocalcite and witherite. (b) EXAFS k-space
and (c) R-space spectra (black lines) and fitted curves (red dashed lines).

magnitude of the shift was not correlated with barium content and could not be used to

determine the coordination number of barium.

Barium K-edge EXAFS spectra of ACBC (Figure 9.5b) were fit with a structural
model based on witherite (Table 9.1). The five inequivalent Ba-O distances in witherite
were averaged to two to reduce the number of free parameters. Only the first (Ba-O) and
second (Ba-C) shells were needed for accurate fitting (R-factor < 0.01). For all spectra, the
coordination number was highly correlated with the Debye-Waller factor, and therefore
the two were fit separately. Varying the coordination number within the calculated error
did not change the fit quality appreciably. At all compositions, the coordination number
of barium was significantly higher than that of calcium. At low barium content, the Ba
coordination number was large (11-12), but its value decreased with increasing barium

content. Note that the standard deviation associated with the coordination number is
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large (> 1.0 for most compositions, Table 9.1), an indication of a broad distribution of co-

ordination environments.

Table g.1 Structure of the first coordination shell of Ca and Ba in ACBC determined by
EXAFS.

Calcium K-edge Barium K-edge
R (R) 02 (1073 A?) CN® R (&) 02 (1073 A?)
X CN* Ca-O, |Ca- [St.Dev |Ca- |[Ca-O, |St.Dev Ba- |Ba- |St.Dev|Ba-O,; [Ba-O, |St.Dev.
02 . 01 . Ol 02
0 6.8+ [2.21 |2.40 (0.010 |2 2 1 - - - - - - -
0.3
0.01 [6.8+0.3|2.32 (248 [0.01 (22 |5 2 11+1.0 |2.62 (2.79 |0.14 |19 13 20
0.05 [6.8+0.3]2.31 |[2.50 [0.007 |7 5 1 12+0.7 |2.75 |2.78 [0.02 |10 23 3
0.10 [6.8+0.3]2.29 |[2.47 |0.006 |2 2 1 95+ 1.1 |2.76 (2.89 [0.04 |11 16 7
021 |6.8+0.3|2.30 |(2.47 [0.003 |3 3 1 9+16 (2.70 |2.81 |0.01 |7 13 3
0.38 [6.8+0.3]2.28 |[2.45 [0.003 |2 2 1 8+12 (2.71 |2.83 |0.01 |9 10 1
0.55 [6.4+0.2]2.19 |2.39 [0.003 |1 4 1 8+1.0 (2.69 [2.84 |0.01 |7 9 1

#. CN determined by edge energy shift from XANES
$. CN determined by k-space EXAFS fitting

9.4.5 PDF analysis

Pair distribution function analysis of X-ray total scattering data is a commonly
used technique to study amorphous materials with no long-range order. Information
about interatomic distances in real space can be obtained, and, with an appropriate struc-
tural model, can be assigned to specific atom-pair correlations.'**"'* We performed pair
distribution function (PDF) analysis of total X-ray scattering (Figure 9.6a) on ACC and
ACBC between x = 0.05 - 0.55. The reduced structure factor f{Q) was determined from the
total scattering intensity I(Q). Real-space information was then obtained by Fourier
transformation of f{Q). The resulting pair distribution function, G(r), is the probability of

finding an arbitrary pair of atoms separated by the distance r, and provides real space in-
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formation about the interatomic distances on the ~1-50 A length scale. We further calcu-

lated the PDF for the simulated structures up to r = 8 A (for an example at x = 0.5, see
Figure 9.6b).

In calcite, sharp Bragg peaks are the dominant features in plots of the scattering
intensity I(Q) against the scattering vector Q (Figure 9.1a) Long range crystalline order
responsible for these Bragg peaks gives rise to sharp pair distance correlations well be-
yond r = 50 A (Figure 9.6a). In contrast, scattering of ACC is characterized by broad fea-
tures at Q = 2.15 and 3.08 A~ (Figure 9.1a). Scattering from ACBC at low barium content
strongly resembles that of ACC. With increasing x, a shoulder at Q ~ 1.5 A~ and a peak at
4.7 A71 increase in intensity and shift to lower Q, i.e., larger separation in real space.

Unlike the sharp pair correlations in calcite, the PDF of ACC is dominated by
broad correlations at r = 2.1 4, 4.3 A and 6.3 A and a much broader feature at 8.9 A (Figure
9.6a), consistent with prior results.'*>'*” Pair correlations in G(r) of ACC break down af-
ter ~10 A, as previously observed for both ACC and ACMC."?8'3%'7 pajr distribution func-
tions for ACBC strongly resemble that of ACC, with four maxima at ~2.5 A 414 63Aand
8.9 A. With increasing barium content, there was a systematic shift of these correlations
to higher r. For example, the position of the maximum at 2.5 A in ACC, which is primarily
attributable to the Ca-O nearest-neighbor distance,'®'*” increases continuously with x
up to a value of 2.8 A in ACBC at x = 0.55. The height of the maximum at ~4.2 A increases
relative to that at 2.5 A, and narrows subtly. A fifth, rather weak feature above 12.5 A sub-

tly becomes more pronounced with increasing barium content.
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The experimental pair distribution function is the sum of all two-species radial

distribution functions (RDFs), weighted by the associated atomic X-ray scattering factors.
While RDFs cannot be determined directly from experimental data, it is straighforward to
extract them from simulated structural models (Figure 9.6c). The first major correlation
in simulated RDFs at 2.5-2.8 A, contains contributions from O-O pairs on the same
carbonate anion, and Ca-O/Ba-O distances (i.e., the first coordination shell). These RDFs

are relatively featureless beyond ~4 A and are similar between different simulated
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Figure 9.6. Analysis of experimental and simulated pair distribution functions (PDF). (a) Plot of the experi-
mental PDF for calcite, and of the r-weighted PDF for ACC and ACBCs, against the pair distance r. PDFs
were calculated from scattering data presented in Figure 1. (b) A comparison of the experimental PDF of
ACBC at x = 0.55 (black line) with PDFs calculated from simulated structures at x = 0.50. Simulated PDFs
are stacked in order of AH, with the least stable structure (highest AH) at the top and the most stable struc-
ture at the bottom. PDFs are colored by AV,,. (c) Plot of radial distribution functions for individual ion-ion
pair correlation for two representative PDFs from (b), showing both high enthalpy (*) and low enthalpy (**)
structures.
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structures, and therefore do not contribute significantly to the PDFs beyond the first shell

(Figure 9.6b). We find that correlations that extend beyond the first coordination shell, at
4.1-4.4 A and 63-6.8 A, are mostly associated with cation-cation (i.e., Ca-Ca, Ca-Ba, Ba-
Ba) pairs.

Interestingly, we observe that the distance and magnitude of correlations are
generally conserved between simulated polyamorphs from Figure 9.2. For example, at x =
0.5, higher energy structures with higher AV;, exhibit a split peak at 4.1-4.4 A (Figure
9.6b), which the RDF indicates is due to two distinct Ba-Ba distances. The lower energy
group of structures exhibits a single Ba-Ba distance. It should be noted that this
relationship is not completely deterministic, as the lowest energy simulated structure at x
= 0.5 more closely resembled the highest energy structure than the group most similar in
AV,,. However, at all compositions the groups of structures with similar AV,,, and AH

could generally be distinguished also by their PDFs.

9.5 Discussion
9.5.1 Synthesis and amorphous character

We have previously shown that hydrated amorphous calcium barium carbonate
(ACBC, Ca,«Ba,CO;n H,0) can be prepared by a variant of the low-temperature aqueous
phase synthesis for amorphous calcium carbonate (ACC)."?""*® In our hands, phase-pure
ACBC could be isolated up to x = 0.55, but required short reaction times, rapid filtration

and washing at low temperature. ACBC incorporated a significant fraction of barium cati-
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ons present in the feed solution, on average ~86 mol%. This is in sharp contrast to the

~1% solubility limit of barium in calcite'®* and aragonite'*®, and of calcium in witherite.'*®
Independent of the barium content, ACBC powders resembled ACC in that they were
composed of partially aggregated, roughly spherical particles approximately 100 nm in di-
ameter (Figure 9.1). ACBC did not exhibit birefringence, and appeared amorphous by
electron and X-ray diffraction. We note that these features are consistent with both a
highly disordered material and an extremely fine grained structure with crystallite dimen-

sions below 1 nm."®’

9.5.2 Metastability

ACBC is metastable and converts to metastable ‘balcite’ (Ca,.xBa,CO; with R3m
spacegroup) rather than stable calcite and witherite, both in the presence of water and
when heated in air. Qualitatively, it appears that, in the mother liquor at ambient condi-
tions, the rate of crystallization increases with the barium content, from approximately
one hour below x < 0.55 to a matter of seconds with barium in excess of this amount.'®’
This is likely the reason why we have been unable to prepare phase pure ACBC at x > 0.55.
A quantitative analysis of the kinetics of phase transformations involving ACBC is in pro-
gress and will be detailed elsewhere. Similar to ACC, ACBC does not readily undergo
phase transformation when kept dry, but crystallizes at elevated temperatures. Increasing
barium content increased the temperature at which crystallization exotherms were first

detected by DSC and DTA, from 290°C at x = o to 335 °C at x = 0.43 (Figure 15.2-9.9).
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In summary, barium acts to accelerate the transformation of ACC in aqueous solu-

tion, but retards transformation at elevated temperature. This behavior is appears to be
unique to barium, as large organic macromolecules have the opposite effect,'® and mag-

128,158 bhosphate,'®® and sulfate'® ions inhibit both aqueous crystallization and

nesium,
crystallization at elevated temperature. In both cases, the formation of stable calcite and
witherite is suppressed. A likely scenario is that the barrier to nucleation of balcite is low-
ered below those for calcite and witherite, and that higher barium content further lowers
the barrier for balcite in the aqueous system. However, we cannot rule out that the bari-
um content differentially influences the rate of crystal growth after nucleation, for exam-
ple, at elevated temperatures, thereby affecting the overall rate of transformation.

In any case, it is clear that the composition of ACBC has a significant effect on its
lifetime. We therefore set out to perform an in-depth analysis of ACBC structure as a
function of the barium content. A comprehensive suite of techniques, including Raman
and IR spectroscopy, X-ray absorption spectroscopy at both the calcium and barium K-
edge, and pair distribution function analysis of X-ray total scattering data was employed.
Atomic-scale simulations were used to determine thermodynamic properties of ACBC
and relate them to atomic-scale structural motifs, and to extend the analysis to composi-

tions that were not experimentally accessible. In order to do this, the role of structural

water in ACBC was carefully considered.



142
9.5.3 The role of water in ACBC

Analysis of ACBC by TGA (x = o - 0.55, Figure 15.1) revealed that the water content
remained relatively constant at n = 1.2 + 0.2 across all compositions. In this respect ACBC
behaves similarly to amorphous magnesium carbonate (AMC, n = 1.3), ACMC (n = 1.3-
1.5),"281%% and ACC (n = 1.4).881%8135180 The Jack of a correlation between ionic radius of
the cation and the water content is surprising, because the strength of dative water-metal
bonds in the alkaline earth group decreases by a factor of two, and residence time of wa-
ter decreases by over four orders of magnitude, going from Mg*" to Ba>*.'®"""®* We would
therefore expect to see a change in water content depending on the cation radius, for in-
stance when comparing AMC and ACC. Further, we would expect the amount of water to
depend on the mole fraction of magnesium in ACMC and of barium in ACBC. This is
clearly not the case. As a consequence, there is no correlation between the water content
of ACBC and the crystallization temperature, or its persistence at ambient temperature.
Similarly, the crystallization enthalpy of synthetic ACC and ACMC does not correlate
with water content.'?®%° This indicates that the role of barium in ACBC, and of magnesi-
um in ACMC, can be decoupled from that of water.

Biogenic ACCs, which may contain Mg**, PO,*, and acidic proteins, exhibit differ-
ent water content and crystallization enthalpies, and there is evidence that a hydrated
form has longer life time than a dehydrated form.'®* Decreasing water content appears to
correlate with a decreasing v, /v, ratio in IR, an indication of increasing order that also

corresponds to lower enthalpy structures.’® However, the thermodynamic driving force



143

9 5o it is unclear whether

for water removal is the formation of a crystalline phase,’
changing water content is the cause or effect of crystallization. Water is expected to have
complex interactions with charged species in the solid state.'®® It appears to partially dis-
sociate, and it may exhibit rapid dynamics in solid state NMR.38:13>145.159.16% Thare ig evi-

6,7,162

dence that it may be kinetically trapped during formation, that it may be occluded in

14
nanoscale pores,88’ 5

and that its distribution changes over the lifetime of amorphous
precipitates.?®'*® Perhaps most importantly, water can be removed from ACC with mini-
mal change to the overall structure, as assessed by XAS and PDF.'3>'%°

Therefore, it is unclear how much water should be included a priori in a simulated
structure. As a consequence, we decided to exclude water from simulations altogether.
While this approach has obvious limitations, it does provide significant detail about a
very similar, and much less uncertain, approximation of the structure. If water does not
have a significant effect on the thermodynamics of bulk ACBC, a great deal can be
gleaned from the water-free model. Any discrepancies between experiments and water-
free simulations may therefore highlight the most significant impacts that water has on
the structure. This should be seen as a first step of a much more comprehensive approach
that does include the water that is known to exist. However, inclusion of water would re-

quire much larger systems, and consideration of a much greater number of variables, and

is therefore beyond the scope of this paper.
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954 ACBC is a solid solution

Inspection of diffraction patterns (Figure g.1a) shows that none of the more stable
crystalline phases, such as calcite, witherite, or balcite are present in ACBC. In addition,
we do not find any indication for unmixing of ACBC into calcium and barium-rich amor-
phous phases. This is also clear from vibrational spectra, where the position of several in-
ternal modes of the carbonate ion (Raman:v;,v,q; IR:v3,v,) systematically shifted to
lower wavenumber with increasing barium content (Figure 9.1b, d, Figure 15.4-9.12, Table
15.1). In case of unmixing, we would expect the spectra to be linear combinations of the
pure compounds, and exhibit split or asymmetric peaks. Further support for homogenous
distribution of calcium and barium ions comes from the continuous shift in bond lengths
and coordination numbers in the first shell extracted from XAS (Figure 9.3-9.5 and Table
15.1), which would be unaffected by the barium content if calcium and barium were not in
molecular proximity. A micro-phase separation was postulated in the ACMC system,
based on calorimetric data.'®® Consistent with this notion, the continuously changing ra-
tios of fixed Ca-O and Mg-O bond distances were observed in PDF of ACMC. We did not
observe an equivalent trend for ACBC within the resolution of our experiments (Figure
9.6, Figure 15.2). We therefore conclude that for x < 0.55, ACBC is indeed a solid solution,

in which calcium and barium are homogeneously distributed.
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9.5.5 Simulation of anhydrous ACBC

As discussed in the preceding sections, we propose that simulating ACBC as an
anhydrous solid solution is a reasonable first approximation. To accomplish this, a num-
ber of model structures were generated at each composition, using a two-step procedure
in which an ACC structure was generated by MD, and ACC and ACBC structures were
created from these by substitution and relaxation using DFT. The enthalpy of formation
(AH = 19-25 kJ/mol) for the lowest energy ACC structures generated in this way showed

: - 128,134
excellent agreement to calorimetric data,'?®™

providing confidence that the structures
for which no thermochemical data is available are a reasonable approximation of the ac-
tual structure. Quite unexpectedly, we found that when MD-generated ACC and ACBC
structures were relaxed using DFT, there was a distinct increase in the alignment of the
carbonate ions (Figure 15.9), but no obvious increase in cation lattice order. Orientational
ordering upon the removal of water in MD generated ACC has been suggested to produce
vaterite-like local order.'® An analysis of AH, estimated solubility product, difference in
molar volume to a reference state (AV},;), and average coordination number revealed a
stratification of the simulated structures consistent with the existence of three poly-
amorphs (Figure 9.2).

Overall, we find that simulations reproduce fairly well those structural features
that we could probe experimentally. For example, the majority of PDFs of simulated

structures grouped together as the lowest energy polyamorph closely resemble the exper-

imental PDFs at similar composition (though this is not strictly true for all structures).
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Compare for example the PDFs of the simulated structures at x = 0.5 with the experi-

mental PDF at o.55 (Figure 9.6). Lower energy structures had a single pair correlation at
4.1-4.4 &, where higher energy structures exhibited a split peak due to multiple Ba-Ca cor-
relations (apparent in the RDFs, Figure 9.6c). Lower energy structures also predicted the
location of the pair correlation at 6.3-6.8 A in the experimental PDF more accurately. Fi-
nally, the PDFs of simulated structures capture the systematic shifts with increasing bari-
um content, which can be seen especially well for the pair correlation at 2.5-2.8 A. The
close match between the PDFs of the lowest energy simulated structures and the experi-
mental data inspires confidence that we can use the radial distribution functions (RDFs)
that contribute to the simulated PDFs to identify the contributions of specific pairs of at-
oms to the experimental PDFs.

We further find that the bond distances and coordination numbers extracted from
the lowest energy simulated structures (Figure 9.3 and Figure 15.11), and their dependence
on the barium content, agreed well with trends observed in X-ray absorption spectrosco-
py (Table 9.1). For example, both the calcium and barium coordination numbers decrease
between x = 0 - 0.5, with barium decreasing to a much greater extent (Figure 9.3, Table
9.1). Taken together, we find that despite the absence of water from the simulations, there
is a fairly good match between predictions from the models and experimental data. We
therefore feel confident that analysis of the simulated structures may provide valuable

insights, especially where experimental data reports average numbers, for instance coor-
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dination numbers, but simulations allow a more detailed analysis of coordination number

distributions.

For amorphous carbonates synthesized previously that show extended life times
when kept dry, AH decreases in magnitude with increasing cation radius.?*'?*'#""1% Con-
sistent with this general trend, we find that AH for the lowest energy simulated amor-
phous barium carbonate structure (ABC, or ACBC with x = 1) is the lowest of any reported
value at 16 kJ/mol. However, the difference in AH between AMC and ACC (~19 kJ/mol) is
much larger than that between ACC and ABC (~3 kJ/mol), even though the difference in
ionic radii is similar in both cases'®*. In mixed cation systems, experimental thermochem-
ical data is only available for ACMC, where AH varies by as much as 25 kJ/mol with mag-
nesium content.'?® In contrast, our simulations predict that AH of the lowest energy
ACBC differs by less than 5 kJ/mol over the entire compositional range (Figure 9.2). While
thermochemical experiments analogous to those performed on ACMC would provide
confirmation, barium substitution seems to carry a minimal energy penalty.

Somewhat counterintuitively, the more soluble amorphous carbonates with higher
AH have appear to be more persistent.** This means that despite the nominally higher
supersaturation for ground state crystalline phases, nucleation and/or growth occur more
slowly. Many amorphous carbonates of cations smaller than Ca*, including Mg**, Fe*”,

24,122,127-130

and Mn*" have been synthesized as bulk powders, while those of larger cations

such as Sr** and Ba** have not been observed in the absence of stabilizing addi-

93,131,132

tives or confinement.”® Consistent with this observation, ACBC at x = 0.5 is ~18
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kJ/mol above the ground state, yet transforms rapidly. At higher barium content, predict-

ed AH values become even lower, and experimentally crystallization accelerates to the
point where ACBC cannot be isolated in pure form. The magnitude of the effect is clearly
not in proportion to the change in the predicted AH. Previously, we proposed that the
rapid transformation of highly substituted ACBC may be due to non-classical nucleation
of balcite on or in ACBC, which is dependent on increasing structural similarity between
ACBC and balcite."®" We therefore performed a careful analysis of local and mid-range

structure in ACBC as a function of barium content.

9.5.6 Influence of barium content on cation coordination in the first shell

We used XAS at the calcium and barium K-edge to investigate short range (< 5 A)
order around both cations, and specifically the symmetry and distribution of bond
lengths in the first coordination shell of the cation. The presence of the single 1s—=3d pre-
edge feature at the calcium K-edge (Figure 9.4a,b) indicates that the first shell of calcium
in ACBC, unlike that in calcite, is not centro-symmetric at any composition.'*” Consistent
with this, both experiments (Figure 9.4, Table 9.1) and simulations (Figure 9.3) predict a
significant fraction of calcium ions in 7-fold coordination, where centro-symmetry is im-
possible. At a CN of 8 and 6, centro-symmetry is in principle possible, but inspection of
simulations indicates that the coordination geometry around most cations was irregular,
with a range of bond distances (Figure 15.7, 9.17). Splitting of the first shell oxygen dis-

tance, required for convergence of EXAFS fitting, and large Debye-Waller factors with
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high uncertainty (Table 9.1) also support this notion. Taken together, simulations and

EXAFS data both indicate that there is considerable disorder in the first coordination
shell of calcium.

Based on the edge energy shift in XANES relative to calcite, calcium coordination
in ACBC remains just below 7-fold up to x = 0.38, and drops to 6.4 at x = 0.55. While EX-
AFS is weighted towards shorter distances (smaller coordination number) due to inelastic
photoelectron scattering and short core-hole lifetimes, the simulations have complete fi-
delity for more distant neighbors, and the coordination number for calcium determined
from simulations (~8) was slightly higher than those determined experimentally. Struc-
tural water may contribute to this difference. However, trends in the coordination num-
ber extracted from the lowest-energy simulated structures are in good agreement with
the experimental data. Specifically, the most frequent coordination number for calcium in
simulated ACC is 8 (48 %, Figure 9.3), followed by 7 (36 %) and 9 (7 %), but with increas-
ing barium content there is a reduction in the number of 8-coordinated calcium (to 30%
at x = 0.50) and an increase in 6-coordinated calcium (27 %). Even though the of the Ba
K-edge energy seems to be insensitive to the coordination number, fitting of EXAFS data
revealed a pronounced shift, with a drop in average CN from 11-12 at low x to 8 at x = 0.55
(Table 9.1). Inspection of the simulated structures revealed the same trend towards lower
CN with increasing barium content, and a significant increase of 8-fold coordinated bari-
um for x > 0.5 (Figure 9.3). This prediction is surprising, because barium is very rarely

found in 8-fold coordination in inorganic crystals, and we would therefore expect it
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would come with an energetic penalty. As discussed above, this does not seem to be the

case.

In summary, barium coordination in ACBC is much more strongly impacted by
barium content than that of calcium. While at low concentration barium ions compete
only with neighboring calcium ions for carbonate ligands, with increasing concentration,
they will eventually start compete with each other, and as a consequence have to accept
lower average CN. It seems likely that this competition affects the chemical environment
and bonding of carbonate ions in ACBC beyond the changes in bond length and stiffness

that we expect when substituting barium for calcium.

9.5.7 The carbonate environment in ACBC

While the trigonal-planar geometry of carbonate anions distorts only subtly in re-
sponse to changes in the local chemical environment,'®® vibrational modes are quite sen-
sitive differences in symmetry. We therefore analyzed Raman and IR spectra of ACBC as a
function of barium content. In IR spectra, the v, (out-of-plane bending) mode frequency
and intensity is relatively invariant, while a reduction in the v, (in-plane bending) mode
intensity is observed with increasing local disorder.'** The ratio of the integrated intensi-
ty of the v, to the v, mode (v,/v,) is used as an indicator of the width of the distribution
of the Ca-O bond distance.'* An increase in carbonate alignment has also been predicted
to result in a decrease of the IR v, /v, ratio in calcite,’®” suggesting that the co-alignment

of carbonates is correlated with the degree of local disorder. Significant reduction in AH
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upon DFT relaxation as a result of increasing carbonate alignment in simulated ACBC

supports this notion.

In simulations of ACC, the ratio of IR v, /v, mode intensities ranges from 3 for cal-
cite to 10 as the Ca-O bond length distribution increases.'** These values agree qualita-
tively with measurements of calcite and ACC.'** We observed a decrease in the v, /v, ra-
tio from 13.9 in ACC at x = 0 to 4.4 at x = 0.55, indicative of a narrowing of the number of
different chemical environments from the perspective of the carbonate ions, equivalent to
an increase in order. Further support for an increase in order at high barium content
comes from the observation that while the Raman v; (symmetric stretch) mode was much
broader in ACBC than in calcite or witherite, and its full width at half maximum (FWHM)
decreased as the barium content increased (Figure 15.5). With increasing barium content,
the Raman v; mode center shifted linearly from its position in ACC, close to that of cal-
cite, towards lower wavenumbers near its position in witherite (Figure 15.4, 9.11). The split
v, mode showed a qualitatively similar trend. However, while the v, ; shift scaled with the
barium content, the shift of the v,, mode quickly reached a plateau at x = o.21 (Figure
15.5). In addition, the v, , mode increased in intensity relative to the v, ; mode. This shift
increasingly resembled the v, modes of aragonite-type carbonates (like witherite). In the-
se materials three monodentate and three bidentate carbonates bind to each cation, with
five separate oxygen distances, resulting in low-symmetry v, modes the exhibit multiple

peaks. Observations of changing oxygen distributions in the first coordination shell of
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both cations in EXAFS are consistent with decreasing bidentate binding relative to

monodentate binding (Supporting Information).

9.5.8 Influence of barium content on mid-range order

There are several indicators of increasing mid-range order with increasing barium
content. The strong reduction of the IR v, /v, ratio discussed in the previous section is
one. Emergence of broad features with higher intensity in the lattice phonon mode region
of Raman spectra is another (Figure 9.1b, Figure 15.4). A number of sharp features corre-
sponding to acoustic phonon modes below ~300 cm™ are frequently used to identify crys-
talline carbonates.'®®""® Low frequency phonon modes require positional ordering over at
least one cation-cation distance (~4-5 A)."%° As scattering intensity scales with the frac-
tion of ions oscillating in-phase, the increasing intensity of features below 300 cm™, and
the emergence of even sharper peaks at ~150 cm™ at x = 0.67 (Figure 9.1b, Figure 15.4-9.11,
Table 15.2), are strong indications that there is increasing coherency in the collective vi-
brations of both cations and anions as the barium content increases to x = o.5. Partial dry-
ing does not affect these features (Figure 1.1), indicating that structural water us unlikely
to be responsible.

An increase in order with increasing barium content was also apparent in EXAFS and
PDF. Due to the rapid decay of signal with growing distance from the absorber in EXAFS,
barium content had a rather subtle effect. At x = 0.55, an increase in the calcium K-edge
R-space signal corresponding to the fourth shell (Ca-Ca/Ba, Figure 9.4) is indicative of in-

creased positional ordering of cations within approximately 5 A. This is complemented by
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the decomposed RDFs, in which we observe an increase in the magnitude of correlations

at 4.1-4.4 A relative to that at 2.5-2.8 A. An associated increasing frequency and narrower
distribution of Ca-Ca, Ca-Ba, and Ba-Ba distances (Figure 9.6¢) was observed in both ex-
perimental and simulated PDFs. Pair-correlations at 8.3 A and 12.4 A increased only subtly
in experimental G(r), placing an upper limit on the length scale of this ordering (Figure
9.6a), and suggesting that next-nearest-neighbor cation ordering is the dominant feature
of ACBC order. Together, these observations confirm that order at mid-range length
scales (5-15 A) increases with increasing barium content. In this respect, ACBC is distinct
from ACMC, where order appears to be limited to the first coordination shell."®®'"" It is
this mid-range order, on the length scale of critical nucleus sizes in carbonate systems,?

that may contribute to structural similarity that promotes the formation of balcite.'®’

9.6 Conclusions

We find that substitution of up to 55 mol% of calcium with barium in ACC gives
rise to ACBC that by all methods utilized appears amorphous. However, the transfor-
mation of ACBC to balcite in aqueous solution accelerates with increasing barium con-
tent. Simulations of anhydrous ACBC indicate that there exist as many as three poly-
amorphs of ACBC. Predictions based on structures associated with the lowest energy pol-
yamorph matched experimental observations quite well, and suggest that the decrease in
lifetime of ACBC with increasing barium content is not due an increase in solubility that

would affect the supersaturation. Instead, ACBC short-range order evolved continuously,
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and mid-range order increased with increasing barium content. Specifically, cation-cation

nearest neighbor ordering in ACBC emerged above a barium content of 50 mol%, and the
ACBC local order becomes rather similar to that of balcite. This coincided with the com-
position at which the transformation to balcite becomes so rapid that it is no longer pos-
sible to prepare phase pure ACBC. Taken together, this provides support for the hypothe-
sis that the presence of highly substituted ACBC lowers the barrier to balcite nucleation
selectively. A likely scenario is that ACBC acts as a heterogeneous nucleator with decreas-
ing interfacial energy as the barium content increases. These findings contribute signifi-
cantly to an understanding of amorphous carbonate structures, their impact on thermo-
dynamics, and a potential link to subsequent multistep transformation pathways that
may appear to be ‘non-classical’ if the intermediate phase is too short-lived to be easily
detected, for instance in the present system at very high barium content. Extending the
structure-property relationships discovered for ACBC to other amorphous precursors will
provide an appealing route to extend the design space of materials solid-solution compo-

sitions beyond thermodynamic solubility limits.
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10. Solution processing of high-temperature carbonates under am-

bient conditions
10.1 Abstract

A high temperature phase of Ca,Ba,CO; (“balcite”, 0.2 < x < 0.50), thermodynami-
cally stable only above 525-850°C depending on composition, was synthesized at room
temperature via amorphous calcium barium carbonate (ACBC) precursors. Balcite for-
mation was only observed under conditions where ACBC preceded crystallization. While
the equilibrium solubility of barium in the calcite (CaCO,) lattice is no more than ~1%
due to the significant difference in ionic radii between Ba** and Ca**, balcite contained up
to 50 times more barium. Static disorder of carbonate ions due to barium substitution is
analogous to the dynamic in-plane rotation observed during upon heating calcite to high
temperatures. Balcite remained stable after heating to 600°C, and could be recovered at
ambient temperature without transformation into barytocalcite (Ca,sBa,sCOs), a balcite
polymorph with greater stability, or phase separated calcite and witherite. In situ crystal-
lization experiments confirmed the downhill nature of the transformation from supersat-
urated solution - ACBC — balcite — calcite + witherite. Evidence suggests balcite can
form, and its composition can evolve, via dissolution-reprecipitation, but that its initial
formation from ACBC follows kinetics that deviate from a classical description. These ob-
servations have important implications for modeling solid solubility and ion substitution

in calcite and related carbonates, e.g., paleoproxies used for climate modeling.
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10.2 Introduction

Calcium carbonate (CaCO;) is an abundant mineral in natural environments, and
has attracted significant interest for its roles in geological carbon cycling and biomineral-
ization.'® Although less abundant in the lithosphere, barium carbonate (BaCO,) has re-
cently received attention for the complex ‘biomorphic’ crystals that can be made in the
absence of organic additives, prompting a critical evaluation of fossil record evidence for
early life."”*'"® Mixed-cation phases in the CaCO,-BaCO; system have been investigated
as products of biologically induced mineralization,'”®'”” for paelothermometry,'**'*° as
components of the earth’s mantle,'”® and carbon-14 conditioning matrices,'”® as well as
precursors for ferroelectrics'® and thermoionic emitters.'®’

It has recently been shown that metastable balcite'®' (Ca,sBa,sCO;) can be syn-
thesized from amorphous calcium barium carbonate (ACBC, Ca,.,Ba,CO;1.2H,0) with x =
0.55 (chapter 9) Balcite is a metastable high temperature phase that is harder than geo-
logical calcite and equally as hard as biominerals containing occluded amino acids or pro-
teins. This synthesis pathway via amorphous precursors highlights their role in enabling
the formation of non-equilibrium materials with desirable properties. A better mechanis-
tic understanding of such pathways may have important implications for the rational de-
sign of metastable materials.®® Therefore, it is important to understand the transfor-

mation from ACBC to balcite, and to fully characterize its impact on the resulting balcite

structure.



157
Herein, we describe the crystallization of amorphous calcium barium carbonate

(ACBC) under ambient conditions. A continuum of structures, intermediate to calcite and
balcite end members, are observed between o < x < 0.50. We extend the ‘balcite’ label to
materials with approximately 0.25 < x < 0.50, characterized by the complete transition
from the R3c spacegroup of calcite to R3m symmetry of balcite. Direct observation of the
crystallization process in nanoliter water-in-oil emulsion drops indicates that crystalliza-
tion of ACC is accelerated by barium. At low barium concentrations ACBC crystallizes
through dissolution and reprecipitation, similar to ACC without barium. At higher con-
centrations, the ACBC to balcite transformation proceeds at a rate that is at least two or-
ders of magnitude faster and dramatically departs from the classical kinetics that describe
the crystallization of ACC. It appears that this transformation proceeds with limited long-

range diffusion, and may be a solid state transformation.
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10.3 Results

10.3.1 Synthesis

We recently described a synthetic route to prepare amorphous calcium barium
carbonate (ACBC, Ca,Ba,CO;:nH,0 where n = 1.2 and o < x < 0.55, chapter 9) Approxi-
mately 85% of the barium in solution (x4 = [Ba**]/[Ca*][Ba*]) partitions into ACBC un-
der these conditions. At x = 0.5, ACBC transforms into a high temperature calcite-type
carbonate with very high barium substitution on calcium lattice sites that we call
‘balcite’.'®" In this work, crystallization across the entire range of ACBC compositions for
which no crystalline precipitates were observed (o < x < 0.55) was investigated. After ag-
ing ACBC for 24 hours in the mother liquor, a white precipitate settled out of solution,
was filtered, washed with cold water, and dried at 110°C for 1 hour. Birefringent particles
were observed in optical microscopy under crossed polarizers at all compositions (not
shown). Samples prepared without barium had the distinctive rhombohedral faceting of
single-crystalline calcite in scanning electron microscopy (SEM) (Figure 10.1a). In con-
trast, ACBC-derived precipitates evolved from roughened triradiate crystals (Figure 10.1b)
to spherulitic polycrystals (Figure 10.1c-f) with increasing barium content. Barium content
was measured on at least five individual precipitates at each composition listed in Figure
10.2 using EDS (Table 16.1). Herein x will refer to the barium concentration of these crys-
talline precipitates. The phase assemblage, composition, and structure of the precipitates
depended on the solution composition, aging time, and stirring, discussed in further de-

tail below.
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Figure 10.1.Crystallite habit of (a) calcite compared to (b) barium-substituted calcite and (c-f) balcite with x
= 0.34-0.51. (b) Crystals adopted a stacked triradiate structure at x = 0.10. (c) Isotropic polycrystals were ob-
served at x = 0.21. (d-f) At x > 0.21, polycrystalline spherical particles composed of ~100 nm crystallites were
observed. Scale bars represent 10 um, except (c) and (d) which are 2.5 ym.

10.3.2 XRD and Rietveld refinement

X-ray diffraction (XRD) of precipitates obtained from ACBC confirmed that they
had crystallized after 24 hours in their mother liquor (Figure 10.2). A primary phase with
Bragg peaks matching the most intense reflections of calcite (low x) or balcite (high x)
were observed (Figure 10.2a). For x < 0.34, the calcite-type precipitates were enriched

with barium and co-precipitated with vaterite. In agreement with previous reports,* the-
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. . . . . feed
se materials were prepared from solutions with a barium fraction, x*“ < o0.25

(Table 16.1). A gradual shift of the XRD peak positions of calcite to lower Bragg angles,
towards those of balcite, was observed with increasing x. This is consistent with larger
barium cations substituting on calcium lattice sites and expanding the calcite unit cell.
With increasing barium concentration, the relative intensity of the (104) reflection de-
creased. In addition, the (113) calcite diffraction peak decreased in intensity relative to the
(104), and became undetectable in precipitates with x = 0.34. Single phase materials by
XRD (0.34 < x < 0.51) had compositions nearly identical to the ACBC precursors by EDS
(Table 16.1). Above x = 0.51, broad peaks consistent with witherite as a secondary phase
were consistently observed. To understand the transition from calcite to balcite struc-
tures, and the phase segregation observed outside the composition range 0.25 < x < 0.51 a

more detailed understanding of the balcite structure was sought.
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Figure 10.2. Evolution of the Ca,Ba,CO; crystal structure though X-ray diffraction. (a) XRD of Ca,Ba,CO;
made from ACBC ranging from x = o - 0.67, normalized to the most intense reflection. (b) HR-pXRD of as
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synthesized balcite and (c) balcite annealed at 600°C. Annealed balcite remained in the R3m spacegroup,
but peak width decreased dramatically and the small-angle signal below Q = 0.20 A~! disappeared. In addi-
tion, a small, broad peak emerged at Q =1.05 A7%, consistent with a superlattice reflection along the c-axis.

Calculated profiles from Rietveld refinement confirm the overall R3m symmetry of

balcite. Heating balcite with x = 0.50 to 600°C for 10 minutes at a rate of 10°C/minute, and
cooling to 25°C at the same rate, did not significantly alter the Bragg peak positions and
relative intensities found in the as-synthesized material in high resolution powder X-ray
diffraction (hr-pXRD, Figure 10.2b, ¢). However, broad peaks in the as-synthesized mate-
rial were considerably narrower after annealing (Figure 16.2). This is consistent with pre-
vious reports.'?" Application of the Scherrer equation to calculated profiles indicated that
the average crystallite size in the as-synthesized material was 34 + 4 nm, while in the an-
nealed sample it was > 250 nm. Scattering intensity at scattering vectors Q < 0.2 A~'in
the as-synthesized sample disappeared from hr-pXRD after annealing. Simultaneous me-
dium- and wide-angle X-ray scattering (MAXS/WAXS) collected in situ while heating
showed that this scattering shifted to lower Q as the temperature increased (Figure 16.2),
consistent with coarsening of small particles.

Close inspection of the annealed sample revealed a weak, broad feature at Q = 1.05
A-T (Figure 10.2¢), which emerges during heating (Figure 16.2). This appears to be a su-
perlattice reflection of the balcite (003) at Q = 2.10 A™1, corresponding to the 5.98 A spac-
ing between three cation planes in the c-axis direction. Emergence of this reflection sug-
gests that there is cation ordering that begins to occur at elevated temperatures, with bar-
ium and calcium segregating to alternating planes. Underestimation of the intensity of

the (012) reflection at Q = 2.0 A~! and the (021) at Q = 2.9 A1 in the annealed materials
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reflects this ordering. Fourier difference maps between the calculated and observed dif-

fraction patterns indicated there is residual electron density at the 3a Wykoff position (o,

0, 0), representing the ten cation sites.

10.3.3 XANES/EXAFS

Complimentary information about the cation coordination environments was de-
termined by element specific XAS at both the calcium and barium K-edges (Figure 10.3).
X-ray absorption near edge spectra (XANES) provides information about the coordination
number (CN) of the cation and the ordering of the most closely coordinated carbonates.
Near edge spectra of crystalline compounds at the calcium K-edge exhibit a number of
identifying features (Figure 10.3). The position of the edge (defined as the maximum in
the first derivative of the intensity) is very sensitive to the coordination number (CN),
with a shift of 0.7 + 0.1 eV towards higher energy (relative to the calcite edge) for each ad-
ditional oxygen beyond the sixth.'*® In ACBC, there are two pre-edge features, one weak
one ~10 eV below the edge, and one more pronounced ~4 eV below (Figure 10.3a). The
former corresponds to a 1s—3d transition that is forbidden in centrosymmetric structures
and appears split in calcite due to quadrupolar coupling.’*” The second, more intense pre-
edge feature corresponds to the 1s—4p transition.

A comparison of Ca K-edge XANES of as-prepared ACBC and balcite with x = 0.50
to calcite (Figure 10.3a) shows that the local environment of balcite more closely resem-

bles that of ACBC than calcite, as previously observed. The edge energy of ACBC and Ca,.
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xBa,CO; were both shifted o.5 eV relative to calcite, an indication that the average CN in

both materials was approximately 6.8 + 0.2. A shoulder above the white line at 4.045 is
keV was more apparent in balcite than ACBC and a peak at 4.06 keV was slightly more
pronounced, but was not as prominent as that observed in calcite.

Data in the Ca K-edge EXAFS region were fit R-space with a structural model
based on calcite (Figure 10.3b, ¢, Table 10.1). Two separate distances were needed for each
Ca-0O, (first shell), Ca-C, (second shell), and Ca-O, (third shell) for both ACBC and balcite.
ACBC had shorter Ca-O, distances (2.19, 2.39 A) than balcite (2.37, 2.55 A). The CN-
weighted average was 2.32 A vs 2.42 A, indicating that first-shell oxygens were more tight-
ly bound in the amorphous structure. The Debye-Waller factors, 02, were appreciably
higher in balcite (0.007, 0.006 A%) than ACBC (0.001, 0.004 A?). In addition, balcite re-
quired the inclusion of Ca-Ba (fourth shell) for the fit to converge.

Barium K edge XANES of ACBC and balcite were qualitatively very similar, and dif-
fered only slightly from witherite (Figure 10.3d). The edge energies of ACBC and balcite
were both shifted -3.7 eV relative to witherite, an indication that the CN was similar in
these two materials and less than nine. No correlation between oxygen CN and edge en-
ergy shift has been determined at the Ba K edge to our knowledge. In the EXAFS region,
data were fit in k-space with a model based on witherite. In the witherite reference mate-
rial, the five separate Ba-O distances were reduced to three to limit the number of free
parameters given the resolution of the measurements (~ 0.02 A). Two oxygen distances

and a CN of eight produced the best fit for both ACBC and balcite. Ba-O distances were
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longer in ACBC (2.68, 2.83) than balcite (2.55, 2.73 A), with the CN-weighted averages of

2.77 A and 2.69 A, respectively. Only a single Ba-C, (second shell) was needed for a con-
vergent fit to ACBC, while balcite required two Ba-C, distances, two Ba-O, (third shell)

distances, Ba-Ca (fourth shell), and a Ba-O; (fifth shell).
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Figure 10.3. X-ray absorption spectroscopy at the Ca K-edge (a-c) and Ba K-edge (d-f).



Table 10.1. First Shell EXAFS fitting

Ca K-edge Ba K-edge
RCa—-0 L RBa—0 o
CN . g“ (A9) CN . o° (A9)
(A) (A)
Calcite 6 2.39 (0.01) 0.010 (0.001) - - -
0.001, 0.004 2.68,2.83
ACBC 2.28,4.22 2.19,2.39 (0.01) 3.17,4.83 0.005, 0.007 (0.002)
(0.001) (0.01)
0.007, 0.006 2.55,2.73
Balcite 4.07,1.93 2.37,2.55(0.02) 1.74, 6.26 0.006, 0.007 (0.001)
(0.004) (0.01)
2.73,2.85,2.91 | 0.004,0.008, 0.008
Witherite - - - 3,4,2
(0.02) (0.004)
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10.3.4 Solid-State NMR

Solid-state nuclear magnetic resonance (NMR) was used to probe the change in lo-
cal order of carbonate ions upon crystallization of ACBC to balcite, and the effect of water

on this transformation. Samples were prepared through the same procedure described previ-
ously, but with 20% of the Na,CO, enriched with °C for NMR analysis. ACBC samples were
filtered and washed with cold water immediately after precipitation, as described previously.''
Balcite samples were allowed to age for 24 hours in their mother liquor. Direct excitation (DE)
magic angle spinning (MAS) spectra provide information about the immediate molecular envi-
ronment of either °C or 'H. To determine the relationship between 'H and "°C containing species
(i.e., water and carbonate), cross polarization (CP) MAS NMR was used to reveal only those hy-
drogen-bearing species seen in the 'H spectra (or a subset of them) in close molecular proximity
to carbon species.

ACBC samples were precipitated from solutions with nominal x** = 0.05, 0.15,
0.30, 0.50. Both the ®C DE and CP MAS spectra (Figure 10.4a) of the four ACBC precipi-
tates exhibit a single broad peak at 169.0 + 0.2 ppm peak (8v = 3.4 ppm full width at half
maximum, FWHM), independent of barium content. As the hydrogen atoms of water
molecules are the only source of the carbonate peak intensity in the CP spectra, the simi-
larity of the CP and DE MAS spectra demonstrates the homogeneous dispersion of water

molecules throughout this disordered ACBC phase. The 'H DE MAS spectra of the four

ACBC Ba ratios exhibit a single broad peak (§ = 4.9 + 0.2 ppm; 8v ~ 3.0; Figure 10.4, bot-

tom) similar to amorphous calcium carbonate phosphate (ACCP)."”’
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Crystallized ACBC was also investigated by solid state NMR. Four balcite samples

with overall compositions of x = 0.24, 0.31, 0.41, 0.51 + 0.02 (measured by XRF) were pre-
pared. While this range of compositions yielded single-phase materials using Na,CO;
with natural isotope abundance (Figure 10.4), the *C-enriched sample with x = 0.24 con-
tained vaterite, and the x = 0.51 sample contained witherite as a secondary phase in XRD
(Figure 16.5). This suggests that isotopic composition has an impact on the transfor-
mation of ACBC to balcite, which will be discussed further below. Nonetheless, each

sample contained mostly balcite (Figure 16.5).
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Figure 10.4: (a) : 75.4 MHz ®C MAS NMR spectra, expansion of the carbonate region, of [20%->C] ACBC
With Xgeed, 0.05, 0.15, 0.30, 0.50. DE spectra (dashed) are overlaid on the CP spectra. Repetition delay of 1000s
ensures full relaxation and makes the DE spectra quantitative. The carbonates in molecular proximity to the
hydrogen-baring water molecules are exposed in the CP spectra. ACBC-50% is from Batch I. (b) Quantita-
tive 125.8 MHz ®C DE MAS spectra, expansion of the carbonate region, of the [*C-20%]balcite samples with
[3C-15%]vaterite and [®C-15%]calcite for a reference. Dashed lines are drawn as reference markers of balcite,
witherite and vaterite (167.6, black; 169.7 ppm, gray; 169.4 and 170.6, orange). (c) 500.3 MHz 'H DE MAS
spectra of the [°C-20%]balcite samples showing two water environments. (d) 125.8 MHz *C CP MAS spectra
of the [?C-20%]balcite samples with [°C-15%]ACC for a reference.
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C DE spectra of the four samples show one major peak centered at 167.6 ppm that is as-

signed to balcite (Figure 10.4). This chemical shift (isotropic) is clearly different from either
those of calcite (168.4-168.8 ppm) and witherite (170.0 ppm)'**'** and is independent of x. Broad
balcite peaks (8v = 2.0 ppm FWHM) resemble mixed lattices such as magnesium calcites."*’ This
is in marked contrast to the peak widths of homogeneous carbonates like calcite (~0.15 ppm),
aragonite (~0.20 ppm), vaterite (0.4-0.6 ppm), and witherite (0.20 ppm) whose narrow linewidths
reflect the overall structural-chemical uniformity. In the x = 0.24 sample, two narrower peaks
(169.4 and 170.6 ppm, dv = 0.4 and 0.6 ppm FWHM) representing 10 + 1 mol% vaterite compo-
nent were observed. An additional peak in the x = 0.51 sample at 169.7 ppm (1.0 ppm linewidth)
is attributed to the occurrence of 17 = 1 mole% witherite, consistent with the XRD data.
Thermogravimetric analysis indicated that balcite lost 1-2% of its mass upon heat-
ing to 600°C (Figure 16.3). Most of the mass loss occurred gradually up to approximately
450°C, below the decomposition temperatures of calcite or witherite,'*® suggesting that
this loss is due to the removal of water. The presence of water in balcite, suggested by
weight loss in TGA, was confirmed by 'H DE MAS NMR spectra (Figure 10.4b). All four
balcite precipitates show two partially resolved spectral components whose deconvolu-
tion yields 5.1 ppm and 4.7 ppm contributions. This is a clear indication of the presence of
two distinct structural water environments that are equivalent across all four composi-
tions, but occur in different ratios. There is no evidence of hydroxyl groups, which appear

135,184

near 1.5 ppm in amorphous calcium carbonate, nor bicarbonate, which is generally

observed above 13 ppm.'®*
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To determine the relationship of this water to carbonate ions, cross polarization

(CP) MAS NMR was used to reveal only those hydrogen-bearing species seen in the 'H
spectra (or a subset of them) in close molecular proximity to carbon species (Figure
10.4¢). Notably, the CP MAS spectra select a different population of carbonates (168.6
ppm) than those of the bulk balcite carbonates depicted in the DE spectra (167.6 ppm),
and of larger heterogeneity (8v = 3 vs. 2 ppm). Similar to the DE MAS peak, the carbonate
CP peak is independent of x. A broad composite peak is seen at ~163 ppm in the four CP
MAS spectra (Figure 10.5) and is attributed to residual bicarbonates,'®* perhaps associated
with trace amounts of sodium detected by EDS (not shown).

Both spectral features (168.5 and 163 ppm) seen in the CP MAS spectra represent
hydrated disordered environments, whose occurrence is not resolved by the (quantita-
tive) DE MAS spectra. This implies that carbonates in molecular proximity to water are a
small fraction of the carbonate content. These fractions are estimated to be below 15%
(see below). As an additional means to explore the interactions between carbonates and
water, we performed 'H-C 2D HETCOR (heteronuclear correlation) measurements,
which show crosspeaks between carbons and hydrogens that are spatially correlated. A
representative spectrum (Figure 10.5) of the x = 0.24 sample clearly resolves crosspeaks
between the two hydrogen environments (as seen above) to the “168.5 ppm” carbonates.
The 2D crosspeaks indicate that the “168.5 ppm” peak is in fact composed of (at least) two

distinct carbonates at 168.2 and 169.2 which are not resolved in the 1D CP MAS spectra.
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The two H-environments were detected in the 2D spectra of all compositions; the distinc-
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tion between the two carbonates was possible in the x = 0.24 and x = 0.51 samples.

Figure 10.5: (a) 500/125 MHz {'H}*C 2D-HETCOR spectrum focusing on the carbonate region, showing car-
bon-hydrogen spatial correlations. [pd = 2s, ct = 2ms, vg = 10 kHz]. (b) ?C DE MAS spectra of heated balcite
samples.

BC DE spectra were also obtained on heated samples to better understand the in-
fluence of the removal of water on balcite structure. Samples were heated to 600°C at
10°C/minute and cooled back to 25°C at the same rate, reproducing the conditions used
for the hrPXRD sample in Figure 10.2c. Heating removed all water from the structure,
such that no 'H signal was obtained. Vaterite present in the x = 0.24 sample crystallized to
calcite, as evidenced by the replacement of the two peaks at 169.4 and 170.6 with a single
peak at 168.3. The balcite peak at 167.6 ppm did not change appreciably. At x = 0.31 the

167.6 ppm balcite peak narrowed and shifted slightly to lower chemical shift. In the x =
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0.41 sample the balcite peak split into at least three distinct components at 168.0, 167.2,

and 166.4 ppm. These components were also observed in the x = 0.51 sample, in addition
to the witherite peak, which shifted up to 169.9 ppm. This indicates that balcite at x < 0.31

behaves differently than balcite with x > 0.41 at high temperatures.
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10.3.5 Vibrational spectra

Raman microscopy of balcite made from ACBC with x = 0.05 - 0.67 was compared
with geological calcite and witherite reference materials (Figure 10.6). Vaterite that had
co-precipitated with balcite between x = 0 - 0.34 was easily distinguished based on parti-
cle morphology and spectral characteristics (Figure 16.4). Witherite was absent in all but
the x > o.51 samples, where it was clearly discernable from the strong v; (symmetric
stretching) mode (Figure 10.6a,b) at 1059 cm™. The calcite v; at 1086 cm™, v, (in-plane
bending) at 712 cm™ and translational (T) and librational (L) phonon modes at 150 and 277
cm™, were also present in balcite. Weak v; (asymmetric stretch at 1435 cm™) and 2v,
modes in calcite (out-of-plane bending overtone at 1747 cm™) were observed in balcite, as
well as the v, fundamental at 875 cm™ that is not Raman active in calcite.

Most of these modes were split, shifted, and/or broadened with increasing x in
balcite. The balcite v; mode broadened and became asymmetric (Figure 10.6b). Two
pseudo-Voigt functions provided the best fit, an indication of two populations of car-
bonate symmetric stretching frequencies. The peak at lower wavenumbers (v, ,) shifted
linearly towards the v; mode of witherite, while the v; ; peak shifted only slightly to lower
wavenumbers (Figure 10.6¢). In the x = 0.67 sample that contained primarily witherite,
the witherite v; mode was broadened and shifted to higher wavenumbers, consistent with
calcium substitution for barium in the witherite lattice. The single v, mode of calcite at
712 cm™ broadened and split into two distinct modes with increasing x (Figure 10.6d, e).

The ratio of the intensities of these two peaks inverted with increasing barium, evolving
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towards that found in witherite. Witherite had three distinct v, peaks, and the witherite-

containing samples at x = 0.55 and x = 0.67 were better fit with a third pseudo-Voigt peak

near 750 cm . Deconvolution of contributions from balcite and witherite was not possible

due to the high degree of overlap.
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Figure 10.6. Raman spectroscopy of crystalline precipitates from ACBC precursors. (a) Full spectra of geo-
logical calcite (bottom) and witherite (top) and Ca,,Ba,CO; materials with x = 0.05, 0.11, 0.21, 0.29, 0.38,
0.51, 0.55, and 0.67. The phonon modes (T and L in calcite) broaden and shift to lower wavenumbers, but
are clearly present up to x = 0.51. (b, ¢) The vymode of calcite splits into two distinct modes (vy 1, v ,) with
increasing x, which shift linearly up to x = 0.50. (d, e) The v, mode also splits into two (v, 1, V4 7).
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10.4 ACBC Transformation

10.4.1 Aqueous solution

Stirring ACBC solutions during aging produced different products than aged solu-
tions that were not stirred. ACBC was prepared as described above, but was placed in a
separate beaker and stirred with a Teflon coated magnetic stir bar at 100 rpm for 24
hours. For the compositions at which vaterite was initially present with balcite by XRD in
the aged material (x < 0.34, Figure 10.2a), more vaterite and less balcite was obtained by
stirring. In the most extreme example, at x = 0.10, balcite completely dissolved and only
vaterite remained after 24 hours of stirring (Figure 16.7). At initial compositions x = 0.21
and 0.34, the (102) peak shifted to lower Bragg angles after stirring, while diffraction from
vaterite increased in relative intensity. This is an indication that balcite became enriched
with barium as more vaterite formed. While balcite with x = 0.39 did not co-precipitate
with vaterite, its peaks also shifted slightly to lower Bragg angles after stirring, consistent
with a reduction in the calcium to barium ratio in the precipitate. Unlike precipitates
with lower barium content, XRD of the material at x = 0.42 did not change appreciably
over the course of 24 hours.

At x = 0.48, balcite diffraction was largely unchanged even after one month of con-
stant stirring. Balcite with x = 0.48 was equilibrated with Nanopure water and samples
were removed after one, three, seven, and 12 months, washed with water, dried, and
pXRD was collected (see Materials and Methods). After one month there was no appre-

ciable change in the diffraction pattern (Figure 16.6). After three months, balcite had par-
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tially dissociated into calcite and witherite. More witherite and calcite were observed after

seven months. At this composition balcite appeared to be converted into similar struc-
tures with different stoichiometry, as evidenced by multiple Bragg peaks near the balcite
(102) at 26 = 28.2°. After 12 months mostly witherite and calcite remained, and the balcite
(102) peak was replaced by two small Bragg peaks to either side of the original peak, at
27.8° and 28.5°. Clearly, the persistence of balcite is highly dependent on its composition.

Therefore, it is of interest to understand differences in how balcite forms at from ACBC.

10.4.2 Solid State NMR

While the three lower Ba ratio solutions yielded ACBC that is temporally stable (>2
months), ACBC’s precipitated from 50% solutions, spontaneously transformed to balcite
and phase-separated witherite. Three ACBC preparations with 12, 8 and 6 hours water
evacuation at the final step, completed the transformation within over a week and down
one day. The two shorter evacuation periods (8 and 6 hours) resulted in the faster trans-
formations, suggesting therefore that water excess enhance the transformation rate.

The transformation of the ACBC-50% precipitates is evidenced (Figure 10.4b) by
the carbonate peak changing from the characteristic ACBC chemical shift of ~169 ppm, to
the that of the “neat” balcite at ~ 167.6 ppm (DE), accompanied by the formation of phase
separated witherite as seen by the 169.7 ppm partially resolved shoulder.

The water content in the spontaneously transforming ACBC was directly followed
by 'H DE MAS NMR (Figure 10.4b). As the transformation progresses, the broad structural

water peak (8 ~ 4.7, 8v ~ 3.0 ppm) significantly narrows and shifts to high field (§ ~ 4.4, v
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~ 0.15 ppm), representing extraction of these waters and their accumulation as mobile wa-

ter molecules comprising clusters residing at/between crystallite edges. Noteworthy, the
extraction of water from within the amorphous ACBC solid was detected in the 'H spectra
prior to the detection of crystalline balcite via®C DE MAS (Figure 10.4a, +15 hours spec-
tra). ACBCs prepared with lower Ba ratios did not show any change of the 'H spectrum
with time, hence making the 'H spectra a pre-transformation marker. Mild evacuation of
the ACBC-50% precipitates after crystallization forio-70 minutes, gradually removed most
of the mobile, non-structural waters, as manifested by disappearance of the narrow peak,
keeping the structural waters of the residual hydrated ACBC form as evidenced by expos-
ing only their broad structural water peak (Figure 10.4b, dashed trace).

The overlaid ®C CP and DE MAS spectra vs. time (Figure 10.4a), clearly show the
diminishing CP intensity, further attesting for the disappearance of the hydrated ACBC
form as a result of its conversion to anhydrous crystalline balcite (accompanied by water
extraction; Figure 10.4b) and phase separated witherite.

Considering the 50% starting conditions for ACBC and balcite precipitation, below
5% hydrated ACBC remains after the spontaneous transformation, yet 15-25% remain af-
ter standard balcite precipitation (24 hrs incubation in the mother liquor followed by ov-
en drying at 110 °C, x = 0.24-0.51), therefore indicating that the spontaneous transfor-
mation reaches higher completeness and yields “purer” balcite phases (not shown). This
difference in behavior is attributed to the difference in water content and its impact on

the kinetics and/or thermodynamics. In one case, crystallization proceeds while soaked in
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the mother liquor - “water” excess, while in the second case, a “measured” removal of ex-

cess water is employed upon isolation of ACBC(-50%). Of interest is that instability that
leads to ambient spontaneous transformation is found only for ACBC’s with the high Ba
content, a point that calls for broader consideration.

Witherite content varied some between the preparations of the three ACBC-50%
and of the five directly precipitated balcite samples, hence spanning the practical variabil-

ity involved in sample preparations (not shown).

10.5 Crystallization in confinement

Recently, the crystallization mechanism of ACC and kinetics of its transformation
to vaterite were quantified using a water-in-oil emulsion drop system (chapter 7) Here,
we have extended this method to ACBC in order to observe the impact of barium on the
crystallization of ACC. Briefly, aqueous droplets were produced in fluorocarbon oil
(HFE7500) using a polydimethylsiloxane (PDMS) microfluidic device with a hydrodynam-
ic flow-focusing geometry. To stabilize droplets against coalescence, the fluorocarbon
phase contained 2% (w/w) block copolymer surfactant. Aqueous BaCl,/CaCl, mixtures
with 1 M total concentration were encapsulated in drops. The barium fraction in aqueous
solutions (x**®) was determined by inductively coupled plasma — optical emission spec-
trometry (ICP-OES) to be 0.144 t 0.001, 0.167 + 0.003, 0.255 + 0.002, 0.345 * 0.008, or
0.534 * 0.005. Drops were collected at the outlet of the flow-focusing device and then

loaded into a second device designed to store the drops in individual wells for imaging.
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Precipitation was initiated via gas diffusion from aqueous ammonium carbonate channels

separated from the drop storage wells by PDMS.

Images of between 75-100 drops were acquired every minute after the start of am-
monium carbonate flow. Each experiment was repeated three times, for a total of 267-290
drops. Similar to ACC, ACBC particles form throughout the volume of the drop within
one minute after initiating (NH,),CO; flow through the channels. Particles grow and
eventually coalesce over the course of ~30 minutes, sinking and becoming an aggregated
mass that rests at the aqueous/surfactant+oil interface (Figure 10.7a). Growth of ACBC
slows approximately 30 minutes after precipitation. Imaging with crossed polarizers al-
lowed ACBC to be distinguished from crystalline precipitates from the absence of bire-
fringence (Figure 10.7d). Confocal Raman microscopy of the non-birefringent precipitates
is consistent with that from bulk ACBC (Figure 16.9). From the linear relationship be-
tween the shift in the v; mode peak and x previously established for ACBC (chapter 7) the
barium content of the precipitates was found to be similar to that of precipitates formed
in bulk solution (Figure 16.10).

Using the first detection of birefringence as an indicator of crystallization, the
number of drops containing ACBC which had not crystallized, N,, was tracked over time.
The ratio of N, to the total number of drops, N, describes the crystallization rate** and is
plotted in Figure 16.9g. It is immediately apparent that ACBC crystallized much more rap-
idly than ACC. While 23% of ACC crystallized on average over the course of 50 hours, 72%

of ACBC with x®*® = 0.144 crystallized over the same timeframe. At higher barium content
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(x = 0.167), 99-100% of drops crystallized within just 2.2 hours. Furthermore, no crystals

were observed for the first 1.2 hours, confining the time during which crystallization oc-
curred to approximately 1 hour. The time between detection of the first and last crystals
were similar at these higher compositions, at 27 + 3 minutes. However, the time until the
first crystal was detected decreased with increasing barium, shifting the sharply sloped
portion of the curve to earlier times.

In addition to being considerably more rapid, the crystallization rate of ACBC de-
viated from the single exponential decay expected from classical nucleation with a single
barrier height.*? This behavior was also reflected in the appearance of the transformation
process in bright field optical images. In contrast to the obvious dissolution of ACC at the
expense of growing vaterite crystals (chapter 7) birefringence appeared across ACBC at
many points nearly simultaneously, and increased in intensity without appreciable

feed _ 0.345 ACBC particles (Figure 10.7b, e) slow-

change in overall shape. For example, at x
ly started to become birefringent (Figure 10.7¢, f) after 125 minutes. The number and in-
tensity of birefringent regions in a single drop increased over the course of ~10 minutes,
until the entire precipitate appeared bright (Figure 10.7d, g). Raman spectra confirm that

the birefringent precipitates in drops are balcite, with compositions similar to those ob-

tained from bulk precipitation (Figure 16.10).
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Figure 10.7. Crystallization of ACBC. Imaging under (a-c) bright field and (d-f) polarized light conditions.
Initially non-birefringent precipitate (d) becomes birefringent at multiple sites within one minute (e) de-
spite appearing macroscopically unchanged (a, b). After 10 minutes, the entire precipitate becomes birefrin-
gent (f) and appears to have increased the precipitate volume, despite maintaining the overall shape ob-
served in the amorphous precipitate (c). (g) Plot of N,/N versus time, showing the dramatic increase in
crystallization rate with increasing barium and a distinct difference in rate behavior.
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10.6 Discussion
Previously, we have shown that ACBC (Ca,.,Ba,CO51.2H,0) with o < x < 0.55 can
by synthesized in aqueous solution and can persist for days after drying (chapter 7). Fur-
thermore, ACBC with x = 0.50 can promote the formation of balcite, a hard, high temper-
ature Ca, ,Ba,CO; phase with x = 0.50."%" Here, we have extended the ambient tempera-
ture synthesis of Ca,..Ba,CO; to compositions o < x < 0.50. We find that at approximately
x < 0.25, the precipitates were enriched with barium compared to the amorphous precur-
sor, displayed anisotropic particle shapes, and were found with vaterite as a co-
precipitate. However, for 0.25 < x < 0.5, the barium content in balcite was nearly identical
to that in the ACBC precursor, the particles were spherulitic polycrystals, and no second-
ary phases were observed. These differences in phase assemblage, composition, and parti-
cle shape also corresponded to discontinuous behavior in the carbonate vibrational
modes and a dramatic and discontinuous change in the crystallization kinetics. There-
fore, we extend the ‘balcite’ label to Ca,.,Ba,CO; with 0.25 < x < 0.50, and refer to materi-
als with x < 0.25 as barium substituted calcite. To understand why balcite forms rapidly
and persists at high barium concentrations but not low, the structure of balcite, and its

impact on crystallization pathways from ACBC, are discussed.

10.6.1 Structure of balcite

Balcite synthesized from ACBC in bulk solution forms as 5-20 um spherulitic poly-

crystals with faceted surface features less than 100 nm (Figure 10.1), similar to many other
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mixed-cation carbonates.'®'® From X-ray powder diffraction of both as-synthesized and

annealed balcite, we confirm the R3m symmetry of balcite with x = o0.50 (Figure 10.2b, c),
as determined previously.”®’ The initially nanoscale crystallites coarsen when heated
(Figure 10.2b, ¢, Figure 16.2). Coarsening is indicative of high ionic mobility, which is con-
sistent with nanoscale segregation of barium and calcium. Emergence of a superlattice
reflection (Figure 10.2¢, Figure 16.2) is associated with the separation of calcium and bari-
um to alternating cation planes. This segregation is similar to structural analogs dolomite
(CaosMgosCO;)'® and norsethite (Mg, sBa,CO;),'®® which also exhibit superlattice re-
flections due to cation ordering.

It has previously been shown that calcium and barium are distributed homogene-
ously at the micron scale in balcite.'®" The absence of a superlattice reflection in material
synthesized under ambient conditions is a strong indication that calcium and barium are
distributed uniformly at the nanoscale prior to heating. At compositions intermediate to
calcite and balcite, we observed the gradual disappearance of the (113) diffraction peak
with increasing barium concentration (Figure 10.2a). This suggests that compositions with
0 < X < 0.51 represent a continuum between calcite and balcite structures. Interestingly,
this behavior resembles that observed in high temperature calcite and Ca,«Ba,CO; (Figure
16.1)."°® Approaching a critical temperature of T. = 970°C, calcite undergoes a second-
order phase transition to ‘carbonate disordered’ calcite IV.'®'® This transition is charac-
terized by an inversion about the carbon center of carbonate anions, such that they are

effectively rotated 60° about their threefold axes into inequivalent lattice positions. At
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temperatures above 970°C calcite IV becomes further disordered into a ‘carbonate-

melted’ phase with R3m symmetry, labeled calcite V. #7% This transition has important
implications for the CaCO;-BaCO; system. Structural similarity between high tempera-

156,191,192
ture Ca,,Ba,CO,,"*%1911°

and balcite formed from ACBC suggests that the amorphous
precursor pathway provides access high-temperature regions of the phase diagram. From

the foregoing discussion, it appears that the carbonate ion orientation plays an integral

role in the structure of balcite.

10.6.2 Carbonate orientation

At high temperatures, witherite (Pmcn) undergoes a first order transition to a cal-
cite-type phase with R3m symmetry at 811°C."® This R3m phase has the same cation sub-
lattice as calcite and balcite, and only differs in the anion orientation. In the R3m BaCO;
structure, the apices of triangular carbonates all point the same direction. The addition of
barium to calcite at high temperature causes gradual transition from R3c to R3m struc-
tures, which necessarily proceeds through R3m structure, exhibiting mixed carbonate
orientations (Figure 11.2).196:191.192

Cations are 6-fold coordinated in the R3c spacegroup of calcite, while they are 9-
fold coordinated in R3m of high temperature BaCO;. There are no reports in the Inorgan-
ic Crystal Structure Database of barium with less than 8-fold coordination, and low coor-
dination numbers like the 6-fold coordination barium in the calcite lattice are unfavora-

ble. "*1% A sufficiently high concentration of barium on 6-fold coordinated site may

therefore favor the reconfiguration of neighboring carbonates towards local order that
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more closely resembles that found in R3m BaCO;. At x = 0.50 our XAS results indicate

that the coordination number of barium was 8 + 1.0 (Figure 10.3, Table 10.1). At the same
composition, the calcium coordination was 6.8 + 0.2. This suggests that barium does dis-
rupt the carbonate lattice, favoring higher coordination at the expense of 6-fold coordi-
nated calcium. The large standard deviations, especially for barium, and large Debye-
Waller factors for both cations (Table 10.1), suggest that there is a distribution of coordi-
nation environments around each cation. This is consistent with a random distribution of
calcium and barium, as inferred from the absence of cation ordering reflections in the as-
synthesized material (Figure 10.2b, ¢). To directly probe the effects of barium on car-
bonates anions, Raman spectroscopy and solid state NMR were employed.

Raman spectroscopy is sensitive to changing symmetry of lattice phonons and car-
bonate anions. At < 400 cm”, lattice phonon modes result from collective oscillations of
both cations and anions.'® The persistence of the T and L phonon modes (E) of calcite
up to x = 0.51 confirm that structures maintain calcite-type symmetry at these composi-
tions. Raman spectra of calcite have shown a similar phonon mode peak broadening and
shift approaching the aforementioned calcite disordering transition at high tempera-
tures.'® In balcite, these peaks shift to lower wavenumber and broaden with increasing x,
consistent with an increasing amount of barium on calcium lattice sites.

Internal carbonate modes were also affected by the barium content. The v; mode
(symmetric stretch, A,g) split into two peaks, with v, , remaining near the v; of calcite at

1086 cm™ and the v, ; shifting to lower wavenumbers with increasing barium content
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(Figure 10.6a-c). This split is likely an indication of the emergence of a symmetrically in-

equivalent carbonate position. In the presence of any combination of barium and calcium
in the first coordination shell of a carbonate anion, its inversion center is necessarily lost
and the A,; symmetry of this mode is reduced. Decreasing intensity, but relative position-
al invariance of the v, , (Figure 10.6c) suggests that this peak is associated carbonates that
retain calcite-like coordination. Decrease of the v, ; peak center towards that found in
witherite, while increasing in in intensity, suggests that these carbonates are those associ-
ated with barium in their first coordination shells. However, this mode shifts less dramat-
ically above x = 0.21 than below.

The v, mode also evolves with increasing x. A single peak (asymmetric bending,
Eg) in calcite splits into at least two peaks (v41, V4 7). Similar to the v; ; mode, both v,
modes appear to exhibit disparate behavior at low and high barium. Nonetheless, an evo-
lution towards a witherite-like distribution of v, modes with increasing is unmistakable.
This is similar to the recent observation that strontium incorporated into calcite through
an ACSC precursor adopts strontianite-like 9-fold coordination in the calcite lattice at
high concentrations.'®® Therefore, it appears that a second population of carbonates, with

coordination environments similar to those in witherite, emerges with increasing barium.

10.6.3 Balcite metastability

Crystallization of ACC in solution, while often proceeding through metastable va-

100

terite,  ultimately yields calcite, the thermodynamically stable phase of CaCO; at ambi-

ent temperature and pressure. Barium is known to slow the growth of calcite’®”'%® due to
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incompatible geometry at surface sites, *° leading to unfavorable interfacial energetics.?*

In addition, its substitution in the calcite lattice is energetically unfavorable'® due to the
6-fold coordination imposed by the lattice,'®* indicating that barium can be a potent cal-
cite inhibitor. At moderate supersaturations with respect to both calcite and witherite, an
unidentified secondary phase nucleates on the surface of growing calcite crystals,'®’ sug-
gesting that barium concentrations in excess of equilibrium solubility in the calcite lattice
are difficult to achieve through conventional growth mechanisms. Witherite, the thermo-
dynamically stable phase of BaCO, at ambient conditions, is less soluble than calcite®"
and has a low tolerance for calcium ions.'*® Therefore, the ground state of the Ca-Ba-CO,
system is expected to be phase separated calcite and witherite. This is different from
analogous mixed cation phases norsethite (Mg, sBa,sCO;) and dolomite (Mg, sCa,sCO;),
which are stable relative to phase-separated magnesite and witherite, or magnesite and
calcite.'™

However, barium has been incorporated into calcite in excess of the ~1% thermo-
dynamic limit through rapid precipitation kinetics."®* At high concentrations (>10 milli-
molar) ‘gels’ consistent with the description of ACBC (chapter 9) have been reported,
which allow up to 50% of the calcium in CaCO; to be substituted for barium. Crystalline
precipitates reported to form under these conditions have pXRD patterns consistent with

202,203

balcite but have been indexed as calcite, or erroneously described as barytocal-

- 179,204-2
cite, 79204200
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Because balcite appears to be metastable, and the high degree of barium incorpo-

ration is likely a result of rapid formation kinetics, balcite is expected to recrystallize over
time. This was observed in bulk samples with x < 0.34, where balcite dissolved after stir-
ring for 24 hours in its mother liquor (Figure 16.7). Either vaterite alone or vaterite and
balcite with a different composition were obtained. Shifting of the (102) peak in pXRD to
lower Bragg angles was consistent with balcite that became enriched with barium as more
vaterite formed. Data are not available on the solubility of barium in vaterite, although
XRD patterns and Raman spectra of vaterite appeared to be unaffected by the amount of
barium in solution (Figure 16.9), suggesting that the solubility of barium in vaterite is very
low.

The complete dissolution of balcite with x = 0.10 is surprising, as it means that Ba*
dissolved back into solution to a concentration of 50 mM and did not precipitate as with-
erite, despite being significantly supersaturated (Supplemental Information). This sug-
gests that calcium is an inhibitor of witherite formation. Furthermore, it confirms that
balcite with low barium content is less stable than vaterite at this composition. This is
consistent with reports that micro- to millimolar concentrations of barium present during
aqueous CaCO; precipitation appear to promote the formation of vaterite.”***” With in-
creasing barium content, balcite did not completely dissolve after 24 hours of stirring, but
balcite peaks in pXRD shifted to lower Bragg angles, consistent with increasing barium

content in the precipitate. Negligible change to the samples with x = 0.42 and o.50 after



188
24 hours suggests that increasing barium concentrations stabilized balcite against disso-

lution.

Mutual inhibition of the formation of calcite by barium and witherite by calcium
may explain the persistence of balcite in aqueous solution. Only after stirring for months
in solution did calcite and witherite peaks emerge from balcite with x = 0.50 (Figure 16.6).
Disappearance of initial (102) diffraction peak at 26 = 28.2° and emergence of peaks at
both lower and higher Bragg angles indicates that dissolution did not occur in a single
step, but appeared to proceed via the formation of balcite with compositions with both
more and less barium compared to the starting material. The decomposition of balcite
into phase-separated materials from the initially homogeneous distribution of calcium
and barium in ACBC precursors is a clear indication that the composition of balcite can
evolve through dissolution and re-precipitation. However, evidence from crystallization
in confinement, as well as solid state NMR, suggests that the initial crystallization from

ACBC may traverse an alternate pathway.

10.6.4 Transformation mechanism
Understanding the preferential formation of metastable balcite from ACBC over
more stable phases like barytocalcite, other reported Ca,sBa,;CO; polymorphs alstonite

2 . . . . .
196.208209 o1 phase separated calcite and witherite, is essential for extend-

and paralstonite,
ing this crystallization pathway to other systems of interest. Different crystallization

products for samples enriched with 2C, (vaterite at x = 0.24 and witherite at x = 0.51), are

suggestive of a transformation mechanism that is sensitive to isotope composition. Iso-
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topically enriched ACMC has been shown to crystallize to Mg-calcite via a predominantly

dissolution-reprecipitation mechanism.?” Using drops to study crystallization of ACC in
confinement, it was shown that vaterite nucleates via a classical mechanism from ACC,
and grows through dissolution of ACC and reprecipitation as vaterite (chapter 7). The be-
havior observed from ACBC is far different, such that it cannot be described with the
same theoretical framework. Future efforts will focus on applying an appropriate kinetic

model to the data to extract quantitative information about the transformation process.
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10.7 Conclusions

These experiments revealed that although balcite is thermodynamically uphill
from phase-separated calcite and witherite, it is thermodynamically downhill from ACBC.
This emphasizes the importance of the intermediate ACBC phase as an energetic step-
ping-stone between the supersaturated solution and balcite. This may also explain why
balcite was not synthesized at concentrations greater than x > 0.5. Beyond this concentra-
tion, we observed only phase-separated witherite and balcite with x = o0.5. This is con-
sistent with previous reports that suggest ACBC is necessary for the formation of balcite,
as ACBC has not been prepared with barium contents in excess of x = 0.55 (chapter 1)
The transformation mechanism from ACBC to balcite is inconsistent with that previously

observed for the crystallization of ACC, and will be investigated further.
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10.8 Materials and Methods

10.8.1 Consumables

Unless otherwise noted, all aqueous solutions were prepared using ultra-pure wa-
ter (p=18.2 MQ -cm) prepared with a Barnstead NanoDiamond UF + UV purification unit.
Reagent grade (>99%) BaCl,-2H,O, CaCl,2H,0, Na,CO;2H,0, CaCO;, BaCO;, (Sigma-
Aldrich), were used without further purification. Iceland spar calcite was obtained from
Dave’s Down to Earth Rock Shop in Evanston, IL, USA. Geological witherite (cat
#M21424) reference material was provided by the Field Museum of Natural History in

Chicago, IL USA.

10.8.2 ACBC/balcite synthesis

Amorphous calcium barium carbonate (ACBC) was synthesized by rapid mixing of
a cold aqueous solution of the alkaline earth chlorides ([Ca*]+[Ba*'] = 1 M, pH 5.6-5.7,
solution A) with a cold aqueous solution of Na,CO; (1 M, pH 1.7, solution B). The mole

feed

fraction of Ba x“°° was varied between o and 1. For instance, to prepare solution A with

x4 = 0.50, 3.053 g BaCl,-2H,O (125 mmol) and 1.838 g CaCl,-2H,O (125 mmol) were dis-
solved in water to a final volume of 25 mL. For solution B, 3.100 g Na,CO; (250 mmol) dis-
solved in water to a final volume of 25 mL. Both solutions were then stored on ice for 2 h.
Ice cold solution B was rapidly added to solution A, mixed rapidly and thoroughly by vig-
orous shaking for 30 s.

To isolate ACBC, the resulting white precipitate was immediately collected by vac-

uum filtration through a 100 mm diameter Whatman no. 4 cellulose filter paper, washed 3
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times with 5 mL cool water (T = 10°C), and dried under vacuum (R.T., p = 10 Pa = 10-1

Torr, 24h). Crystallization of ACBC was initiated by aging at ambient conditions for 24
hours in its mother liquor. It was then collected by vacuum filtration using the same pro-
cedure as for ACBC, with an additional drying step at 110°C for 1 hour.

To establish the metastability of balcite, 500 mg of balcite and 10 mL water were
combined in a 15 mL polypropylene centrifuge tube and mixed in a Elmi Intelli-Mixer at

30 rpm.

10.8.3 XRF

The barium mole fraction, x, of single-phase balcite was determined on a custom
built X-ray fluorimeter with an Ag-anode operating at 15 mA and 4o kV. Detector calibra-
tion was performed using the Fe and Mo K_a lines of a stainless steel ingot of known
composition. Background scattering was subtracted from the raw spectra, and corrections
for matrix absorption and Compton scattering were applied using XRF-FP vs5.2.7 software
from CrossRoads Scientific. Integrated Ba L, ; and Ca K, fluorescence intensity was ob-
tained by fitting Gaussian peak profiles to all Ca and Ba fluorescence peaks. From the Ba

Lq1 and Ca K, fluorescence intensities, x was determined.

10.8.4 Scanning electron microscopy (SEM)

Approximately 5 mg of the dry powder was deposited on carbon tape and coated
with ~5 nm osmium with an SPI OPC-60A Osmium Plasma Coater. Imaging was per-

formed in a Hitachi S4800 FE-SEM or Hitachi S8030 operating at 20 keV at a working dis-
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tance of 10 mm. Energy dispersive spectroscopy (EDS) was collected using AZtec software

(Oxford Instruments).

10.8.5 Powder X-ray diffraction (pXRD)

Approximately 200 mg of the dry powder was pressed into low background amor-
phous silica sample holders for diffraction analysis. X-ray diffraction patterns were ac-
quired on a Rigaku Ultima diffractometer using Cu Ka radiation (A=1.504 A), 0.05° step

size, and sample-to-detector distance of 285 mm.

10.8.6 Solid-State NMR

MAS NMR spectra were acquired for the samples using two experimental tech-
niques: Direct Excitation (DE) and 'H-?C Cross-Polarization. The DE technique yields
quantitative spectra (using repetition delays that satisfy full relaxation of all species of
BC), however with limited sensitivity (S/N). CP transfers polarization to the “C nuclei
from of the adjacent hydrogen atoms, therefore enhancing the peaks of ®C nuclei that re-
side in hydrogen rich environments and yielding for those high S/N spectra. By their na-
ture, the peak intensities in such spectra do not reflect the relative abundance of the dif-
ferent chemical species.

'H, ®C NMR measurements were carried out on 500 and 300 MHz AVANCE III
(Bruker) spectrometers using a 4 mm triple-resonance MAS NMR probe with 4mm zirco-
nia rotors. Samples were spun at 5000 and 10000 + 2 Hz. Cross polarization (CP) magic

angle spinning (MAS) echo experiments (indirect excitation) were carried out with a 5.0
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us /2, 10.0 ps 1 pulse widths, an echo interval t (200 and 100 ps) identical to the rotor

period TR, a 'H decoupling level of 100 kHz, Hartmann- Hahn rf levels were matched at
50 kHz, with contact times (ct) of 0.5, 1, and 2 ms for 13C; relaxation delays of 3 s for 13C.
Up to 16k transients were acquired.

Direct ®C excitation echo experiments (DE) were carried out with a 5.0 ps /2, a
10.0 ps 1 pulse widths, an echo interval t equal to the rotor period TR (200 ps), a 'H de-
coupling level of 100 kHz, and a relaxation delay of 2400 s (2400 s to fully relaxed) for ®C.
Direct excitation 2C spectra acquired with recycling delay of 2400 s yield fully relaxed
spectra.

'H-2C 2D-HETCOR experiments were run employing the wPMLG5 homonuclear
decoupling scheme during t, for the 'H chemical shift evolution period. 'H{®C} 2D-
HETCOR of glycine was optimized first for 'H resolution and also served to calibrate the
'H chemical shift scale. Time-proportional phase incrimination (TPPI) was used to obtain
purely absorptive 2D NMR spectra with frequency sign discrimination along the indirect
dimension. The chemical shifts of ®C and 'H are reported relative to TMS and adaman-
tane, respectively, with +o0.1 ppm certainty; linewidths are also determined with +o0.1 ppm

certainty. Peak areas were calculated by deconvolution using DMFIT and Topspin.

10.8.7 Raman microscopy

Approximately 5 mg of the dry powder was pressed onto a glass slide for Raman
analysis. Raman spectra were obtained on a Horiba LabRam confocal Raman microscope

with a laser of wavelength A = 532 nm, operating at a power of 49 mW, and using a dif-
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fraction grating with 1800 gr/mm, resulting in a final spectral resolution of 0.39 cm™. All

spectra were recorded from individual precipitate particles using a 100x objective lens in
air (0.9 NA, minimum resolution ~361 nm). Mode centers, relative intensities, and full
peak width at half maximal intensity (FWHM) were determined by fitting one or more
Gaussians to the spectral region of interest. Fitting was performed manually using in-

house code written in Mathematica.

10.8.8 X-ray absorption spectroscopy

Samples for X-ray absorption spectroscopy were synthesized in the same way as
above. Approximately half of the ACBC sample (with x = 0.50) was left in the mother lig-
uor to make the balcite sample. Measurements were performed at the Dow-
Northwestern-Dupont collaborative access team (DND-CAT), Sector 5-BM-D of the Ad-
vanced Photon Source at Argonne National Laboratory. Samples for Ca K-edge measure-
ments were spread on 8 um Kapton tape and kept dry under a stream of He gas. For
measurements performed at the Ba K-edge, powders were loaded in quartz capillaries
Calibration at the Ca K-edge was performed with a geological Iceland spar (calcite) stand-
ard, for which the edge energy was set at 4038 eV. ACBC samples were measured relative
to this value. Molybdenum foil (Mo K-edge at 20.000 eV) was used to calibrate the Ba K-
edge to an absolute scale.

Data was analyzed using the Demeter package.”® Normalization and background
subtraction were carried out in Athena using Autobk. x-data were weighted by k , k*, and

I between 1.6 < k < 1.5 A~* for the Ca K-edge and between 2 < k < 14 A~* for the Ba K-
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edge. Fitting of the data to the crystal structures was performed using Artemis. The theo-

retical photoelectron scatting amplitudes and phase shifts were calculated using FEFF1.
To generate the feff.inp file, which contains a list of the atomic coordinates centered at
the absorbing atom, Atoms’' was used to calculate the atomic coordinates centered at Ca.
The total theoretical x(k) for each model was then constructed from the most important
scattering paths and fit in R-space (Ca K-edge) or k-space (Ba K-edge). Multiple scattering
was not considered. While maintaining sufficient number of degrees of freedom, as de-
fined by the Nyquist criterion, the coordination number, bond distance, Debye-Waller
factor, amplitude reduction factor, S2, and shift in energy origin, AE, were determined
previously. Satisfactory fits were not obtained using S? from the crystalline reference
samples, which for calcite and witherite were >1. Fitting parameters are reported in the
Supplemental Information. Coordination numbers and Debye-Waller factors are highly
correlated and were fit separately, but in each case with all other parameters floating. The

validity of the fits was determined by the R-factor, which was minimized to <o.o1.

10.8.9 High resolution synchrotron powder diffraction and Rietveld refinement

Rietveld refinement was performed with GSAS using the EXPGUI graphical user

. 210,211
interface.2'®
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10.8.10 In situ synchrotron wide angle X-ray scattering/differential scanning calo-

rimetry

Low mass aluminum pans (TZero) were filled with approximately 20 mg of powder
and hermetically sealed by crimping an aluminum lid to the top of the pan. The pans
were heated from 25°C to 600°C and cooled back to 25°C at a rate of 10°C/min in a
Linkam DSC600 temperature stage controlled with Linksys32 software. WAXS patterns
were collected every minute at intervals of 10°C. Diffuse rings consistent with a polycrys-
talline material were observed in two-dimensional CCD images. These images were radi-

ally integrated using custom beamline software.

10.8.11 Inductively coupled plasma-optical emission spectroscopy

feed of solutions of the starting solutions loaded into

The barium mole fraction x
drops was determined by inductively coupled plasma-optical emission spectrometry (ICP-
OES), using a Thermo iCAP 7600 instrument. Solutions were diluted 100x in water and
then 200x in 3% by volume aqueous nitric acid. Intensities for the four strongest emission
lines of barium (1= 230.424, 233.527, 455.403, and 493.409 nm) and Ca (1 =315.887,
393.366, 396.847, and 422.673 nm) were recorded in both axial and radial geometries. In-
tensities were converted to absolute concentrations using a calibration curve recorded for
a series of eight standard solutions ranging from 10 pg/mL to 4 ng/mL that were prepared

by serial dilution. An average concentration value and standard deviation for barium and

calcium was determined from 8 individual values (4 different emission lines in two geom-
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feed feed _ [Ca]

etries each). Finally, x [Cal+[Ba]’

was calculated according to x using the limits of

uncertainty for individual measurements as bounds for the reported error.
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11. ACBC to balcite: bioinspired synthesis of a highly substituted

high temperature phase from amorphous precursors
11.1 Abstract

Energy efficient synthesis of materials locked in compositional and structural
states far from equilibrium remains a challenging goal. Yet, biomineralizing organisms
routinely assemble such materials with sophisticated designs and advanced functional
properties, often using amorphous precursors. However, incorporation of organics limits
the useful temperature range of materials. Herein, we report the bio-inspired synthesis of
a highly supersaturated calcite (Ca,sBa, sCO;) that we call balcite, at mild conditions and
using an amorphous barium-calcium carbonate (ACBC, Ca,Ba,CO;1.2H,0) precursor.
Balcite not only contains 50 times more barium than the solubility limit in calcite, but al-
so displays the rotational disorder on carbonate sites that is typical for high-temperature
calcite. It is significantly harder (30%) and less stiff than calcite, and retains these proper-
ties after heating to elevated temperatures. Analysis of balcite local order suggests that it
may require the formation of the ACBC precursor and could therefore be an example of
non-classical nucleation. These findings demonstrate that amorphous precursor pathways
are powerfully enabling and provide unprecedented access to materials far from equilib-

rium, including high temperature modifications by room-temperature synthesis.
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11.2 Results and discussion

A recent paradigm shift in our understanding of CaCOj; precipitation®®?® has re-
vealed a number of metastable intermediates that may precede the final crystalline phase.
Amorphous precursors such as amorphous calcium carbonate (ACC) appear to be wide-
spread in nature and can have a strong influence on the composition, structure and prop-
erties of the resulting biominerals.”®> ACC and amorphous magnesium carbonate (AMC)
form a complete solid solution, which may be used to control the composition of biogenic
magnesian calcite.'?® Similarly, it is possible to introduce Sr** in excess of the equilibrium

solubility into the single crystalline calcite spicules deposited by the sea urchin embryo,”®

which are thought to form from an ACC intermediate.” *

Non-classical’ crystallization of
calcium, strontium, and barium carbonates have been described in vitro, although amor-
phous carbonates of the latter are quite labile and have only been observed in confine-
ment.***®

We hypothesize that the amorphous precursor pathway can be generalized to
compositions and structures beyond those found in nature. To demonstrate this, we syn-
thesized amorphous calcium barium carbonate (ACBC) using a variant of the ACC syn-
thesis first described by Koga and modified by us for the preparation of amorphous calci-
um strontium carbonate.”®'®® Briefly, an ice cold aqueous solution of alkaline earth chlo-

ride(s) with a total cation concentration of 1M was rapidly mixed with an ice cold aqueous

solution of 1M sodium carbonate. The resulting precipitate was filtered after 30s, washed
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with H,O at 10°C, and dried under vacuum. The barium cation fraction of the feed solu-

. f
tion x™d=

—X

intensity/au

Figure 11.1. () Plot of the cation fraction, x, of barium in ACBC powders vs. cation fraction of barium in the
feed solution, x™***, Partial, albeit minimal, crystallinity could not be ruled out in the sample with x=0.67

(open circle and Figure 17.1). Error bars represent one standard deviation. (b) Plot of the radially integrated
4msing

SAED and pXRD intensity vs. scattering vector, Q, of ACBC (x = 0.55,Q = — where 8 is the scattering

angle and 4 the wavelength of radiation). (c) 2D SAED pattern (scale bar 5 nm™) and (d) Bright field TEM
image of ACBC with x = 0.55. SAED area indicated by dashed circle in (d). (e, f) SEM images of ACC (e) and
ACBC (x = 0.55), () are indistinguishable. Scale bar represents 500 nm.

[Ba**]/([Ba*']+[Ca*"]) was systematically varied between o and 1 and confirmed with in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES). X-ray fluorescence

(XRF) analysis of bulk powders indicated that the cation fraction of barium in the precipi-

feed feed

tate, x, was proportional to that in solution, x“*“ through the relationship x = 0.86x
(Figure 11.1a).

Inspection of dry powders by scanning electron microscopy (SEM) and transmis-

sion electron microscopy (TEM) revealed that they consisted of roughly spherical, partial-
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ly coalesced particles approximately 200 nm in diameter (Figure 11.1d-f). Precipitate parti-

cles with x = 0.55 were indistinguishable from those in ACC formed under similar condi-
tions (Figure 11.1¢, f). In a similar concentration regime, spinodal decomposition has been
suggested as a mechanism of phase separation in the CaCO,-H,O system. % It is unclear
whether a spinodal exists also in the (Ba,Ca)CO;-H,O system, and our data does not allow
us to distinguish the mechanism by which ACBC forms. Witherite and other crystalline
phases were apparent in powder X-ray diffraction (pXRD) patterns only for x > 0.67
(Figure 17.1). Radially integrated selected area electron diffraction (SAED) patterns were
qualitatively similar to those recorded by pXRD (Figure 11.1b). Taken together, these re-
sults are strong evidence that the low temperature synthesis gave the desired ACBC pow-
ders over a range of compositions x = 0.05 - 0.55.

Up to x = 0.55, ACBC did not crystallize for over seven days when filtered rapidly
and kept dry at room temperature. For x > 0.55, Bragg peaks in XRD (Figure 17.1), were
consistently observed immediately following synthesis. Therefore, we chose ACBC with
X = 0.50 to investigate the precipitates resulting from the crystallization of completely
amorphous precursors. ACBC aged in the mother liquor for 24 hours transformed into a
white precipitate consisting of spherical particles 10-20 pm in diameter (Figure 11.2a).
These particles were birefringent under crossed polarizers (Figure 11.2b) and exhibited a
‘Maltese cross’ pattern, a hallmark of spherulitic polycrystals.?' A single phase was ob-
served in pXRD (Figure 1.2¢), exhibiting Bragg peaks reminiscent of the most intense re-

flections in calcite. However, all peaks were shifted to lower Bragg angles (larger d-
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spacing). In addition, the calcite (113) reflection was notably absent. This indicated that

the structure resulting from the crystallization of ACBC with x = 0.5 was a derivative of
the calcite lattice with similar, but not identical, symmetry.

To obtain a more detailed structural model, Rietveld refinement of synchrotron
high-resolution powder X-ray diffraction (hr-pXRD) patterns of single-phase Ca,.Ba,CO,
with x = 0.51 was performed (Figure 11.2c). Following an earlier proposal for the structure
of high-temperature calcite-type Ca,Ba,CO; phases based on the structural analog
NaNO3,156 we modeled the absence of the calcite (113) reflection by adding an O to the
calcite R3c unit cell at (-X, o, %). This is has been described as a ‘disordered carbonate’

site,'®® where carbonate anions can occupy an alternate lattice orientation, distinguished
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012 spacegroup

intensity (au)

Figure 11.2. (a) SEM image of balcite particle. (b) Polarized light microscopy image, revealing the ‘Maltese
cross’ extinction pattern, a hallmark of spherulitic polycrystals. Scale bars represent 10 pm. (c) Rietveld re-
finement of hr-pXRD data confirms balcite is in the R3m spacegroup. Black markers are measured data, the
red line is the fit, and the blue line is the fit residual plotted on the same scale. (d) Rendering of calcite
structure in the R3¢ spacegroup, in which carbonate anions (red triangles) are facing opposite directions in
alternating planes. (e) Rendering of balcite structure with R3m symmetry, where carbonates randomly oc-
cupy either of two rotational position at each lattice site, reducing the unit cell c-axis lattice parameter in
half.

by a 60° rotation about their 3-fold axis. When this site is occupied, two identical sub-
cells stacked along the [001] direction are produced, which can be described by a new cell
with R3m symmetry and lattice parameter cg3,y, = Y2cg3. (Figure 11.2d, e). Rietveld refine-
ment was performed using the R3m setting with atom positions Ca (o, o, 0); Ba (o, o, 0); C
(0,0,%); O (X, o, ¥2). Partial occupancy of the O site was set to 0.5, and those of Ca and Ba
fixed at 0.49 and o.51, respectively, based on XRF measurements. A high quality fit (re-

duced-y? = 0.20) was obtained for the structural parameters given in Figure 11.2c. Taken
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together, these observations leave little doubt that the structure of balcite prepared at

ambient conditions from ACBC is identical to the structure suggested for high-
temperature Ca,.,Ba,CO;.

To confirm this assessment, we heated balcite from 25°C to 600°C and then cooled
back to 25°C while collecting synchrotron wide angle X-ray scattering (WAXS) in situ. In-
tense Bragg peaks from balcite were observed across the entire temperature range (Figure
11.3a). Peak centers shifted to lower Q (larger d-spacing) with increasing temperature, and
peak width decreased considerably, with a marked sharpening between 525°C and 600°C.
Peaks remained narrow, but shifted back to their original positions, in material brought
back to room temperature. This confirms that solution-processed balcite is isostructural
to high-temperature ‘disordered calcite’. Rietveld refinement indicated that peak broad-
ening in the as-synthesized samples was largely due to nanoscale crystallites (average di-
ameter ~25 nm), which coarsened upon heating. Balcite structure does not revert to that
of calcite or phase-separate at any temperature investigated.

Attempts to synthesize balcite under conditions where ACBC was not observed,
e.g., 1 M BaCl,/CaCl, in the presence of calcite and/or witherite, produced only physical
mixtures of the two end members. Balcite was only observed under conditions in which
ACBC precipitated prior to crystallization, namely high pH (>8) and high concentration
(>100 mM). This is consistent with prior observations that describe formation of unspeci-
fied ‘gels’ during synthesis of highly barium-substituted carbonates,®** which have been

2

indexed as calcite®® or mistakenly identified as barytocalcite.?® Recently, it has been
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suggested that development of local order in ACC can kinetically favor a particular poly-

morph (e.g., vaterite over calcite) through a reduction in the barrier to nucleation of that
particular polymorph.'? Metastable vaterite (CaCO,) spherulites are well known to crys-
tallize from ACC,'® and calcite spherulites have been shown to form with ACC as a nu-
cleation center.?’® This is consistent with generalized phase field models of spherulites,
which describe glassy, low diffusivity fluids (e.g., amorphous precursors’®) as critical for
initiating this type of growth.?'* Therefore, we hypothesized that ACBC templates the nu-
cleation of balcite, which then grows spherulitically from these nucleation sites. This
would be an example of a non-classical nucleation, where a transient phase acts as a het-
erogeneous nucleator.?'

We therefore investigated potential indications of structural match between ACBC
and balcite that might help explain the formation of a low energy interface between the
two phases. Similar short-range order (< 5A) in ACBC and balcite was confirmed by Ca-K
edge XANES (Figure 11.3b). Spectra of both ACBC and balcite display a single pre-edge
feature (1s—3d) at ~4.035 keV that is more intense than in calcite, indicating a reduction
in symmetry.'*® A second pre-edge feature (1s—4p) at ~4.040 keV is much broader and
split in both ACBC and balcite. The white line at 4.045 keV is broadened in both ACBC
and balcite, and the second post-edge peak between 4.055-4.060 keV is nearly absent in
ACBC and only slightly more pronounced in balcite. Information about short- and mid-
range order was obtained via pair distribution function (PDF) analysis of X-ray total scat-

tering (Figure 11.3c). The lack of long-range order in ACBC is easily observed in the damp-
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ing of oscillations in the pair distribution function, G(r), beyond 15 A. In contrast, both

calcite and balcite have pair correlations extending far beyond 50 A, as expected for crys-
talline materials. The first four peaks at 1.3, 2.9, 4.4, and 6.7 & were found in both balcite
and ACBC and were distinct from calcite. Taken together these results suggest that the
local coordination environment of calcium ions in ACBC is quite similar to that in balcite,
despite the similarity of the long range order of the latter to calcite. This may be the rea-
son why balcite formation is accelerated compared to calcite in the presence of ACBC,

and is consistent with a non-classical nucleation mechanism. Whether the subsequent
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Figure 11.3. (a) In situ WAXS of ACBC (x = 0.50) as a function of temperature. (b) Ca K-edge XANES of
ACBC (x = 0.55) and balcite (x = 0.51) are qualitatively similar, and distinctly different from calcite, suggest-
ing similar local order in the first coordination shell. (c) Pair distance distribution function (PDF, G(r)) of
ACBC (x = 0.55), balcite (x = 0.51), and calcite. ACBC has no pair correlations beyond 15 A, demonstrating
that it is amorphous with short range (< 5 A) and limited mid range (< 15 A) order. While balcite does ex-
hibit long-range order, its G(r) has peaks that are broadened by the disorder of the carbonate anions.
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growth of balcite spherulites proceeds by a classical or a non-classical mechanism re-
mains an open question.
The amorphous precursor route allowed us to synthesize balcite with a barium
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content approximately 50 times higher than the published solubility limit > of barium in

calcite (Figure 17.2). Given the known impact of substitutional ions, like Mg*" on the



208
hardness of calcite,?’® we used nanoindentation to investigate the mechanical properties

of balcite and compare to those of calcite. Nanoindentation hardness measurements per-
formed on balcite spherulite cross sections reported a value of H = 4.1 + 0.3 GPa (N = 10,
Figure 17.3). Calcite spherulites of similar size (Figure 17.4), and containing approximately
6% magnesium substituted for calcium, had a hardness of 3.3 + 0.3 GPa (N = 10), con-
sistent with previous results.?’® Due to porosity near the center of both balcite and cal-
cite spherulites, measurements were taken in the dense ~3-5 pm wide ring at the periph-
ery of the cross section with an RMS roughness < inm (Figure 17.3). Balcite was over 20%
harder than these calcite spherulites, and more than 30% harder than single crystalline
calcite (2.5 - 3.0 GPa).?"® The hardness of purely inorganic balcite was equivalent to that
of synthetic calcite with occluded amino acids, or biogenic calcite, for example the pris-
matic layer of Atrina rigida shells, in which proteins and other organic additives, substitu-
tional magnesium, and hierarchical structuring provide multiple mechanisms of
strengthening. *'® Heat-treated balcite had nearly identical hardness to the as-synthesized
material (4.1 + 0.4 GPa, N = 10), indicating that balcite can be processed at temperatures
above those at which organics would decompose with no loss of performance. Balcite was
not as stiff as calcite, with an average indentation modulus E| = 52.3 + 4.2 GPa for as-
synthesized and 47.9 + 3.2 GPa for heat treated balcite. In comparison, the modulus for
calcite was 63.6 + 5.9 GPa, consistent with previous results. *'®

The ambient temperature synthesis of balcite via an amorphous precursor de-

scribed herein may represent a general, facile route for the production of highly metasta-
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ble materials with low energy input. One advantage of amorphous precursors is that their

relatively high solubility compared to crystalline materials allows any lower-energy struc-
ture to form via downhill transformations, i.e., Ostwald’s rule of stages. Transformation
rates to each lower-energy structure are then governed by the relative interfacial energies
of each phase, which have a profound impact on nucleation barriers® and are often lower
for higher energy structures.'” Our investigation suggests that it may be possible to tune
the local order in amorphous materials to reflect that of a particular crystalline poly-
morph (e.g., balcite), thereby selectively lowering the barrier to its formation. The com-
positional and structural flexibility in amorphous precursors compared to crystalline ones
opens a much wider range of possibilities for this kind of control, here allowing us to ki-
netically trap a phase that is thermodynamically stable only at elevated temperature but

with enhanced hardness compared to equilibrium phases.
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11.3 Experimental section

11.3.1 Consumables

Unless otherwise noted, all aqueous solutions were prepared using ultra-pure wa-
ter (p =18.2 MQ -cm) prepared with a Barnstead NanoDiamond UF + UV purification unit.
Reagent grade (>99%) BaCl,-2H,O, CaCl,-2H,0, Ca(NO,), s5H,O, Na,CO;-2H,0,
Mg(NO;),, (NH,),SO,, CaCOs;, and BaCO; (Sigma-Aldrich) was used without further puri-
fication. Iceland spar calcite was obtained from Dave’s Down to Earth Rock Shop in Ev-
anston, IL, USA. Geological witherite (cat #M21424) reference material was provided by

the Field Museum of Natural History in Chicago, IL USA.

11.3.2 ACBC and balcite syntheses

Amorphous calcium barium carbonate (ACBC) was synthesized by rapid mixing of
a cold aqueous solution of the alkaline earth chlorides ([Ca**]+[Ba*'] = 1 M, pH 5.6-5.7,
solution A) with a cold aqueous solution of Na,CO; (1 M, pH 1.7, solution B). The mole

feed

fraction of barium x“*“ was varied between o and 1. For instance, to prepare solution A

feed_0.50, BaCl,-2H,O (3.053 g, 125 mmol) and CaCl,-2H,O (1.838 g, 125 mmol) were

with x
dissolved in water (final volume of 25 mL). For solution B, Na,CO; (3.100 g, 250 mmol)
dissolved in water (final volume of 25 mL). Both solutions were then stored on ice for 2 h.
Ice cold solution B was rapidly added to solution A, and mixed rapidly and thoroughly by

vigorous shaking for 30 s. The resulting white precipitate was immediately collected by

vacuum filtration through a 100 mm diameter Whatman no. 4 cellulose filter paper,



211
washed 3 times with cool water (5 mL, T = 10°C), and dried under vacuum (R.T., p = 10 Pa

=10" Torr, 24h).

Balcite with x = o0.50 was synthesized by first preparing ACBC in its mother liquor
as outlined above. However, the precipitate was only collected by vacuum filtration after
standing for 24 h in the mother liquor. Filtration, washing, and drying was carried out as
described for ACBC, followed by an additional drying step (110 °C, 1 h). Energy dispersive
spectroscopy (EDS) confirmed that the particles had the same composition as the ACBC
from which they formed.

Calcite spherulites were prepared using a method modified from a previously re-
ported procedure.'® A solution of 25 mL of Ca(NO;), (50 mM) and Mg(NO;), (50 mM)
was mixed with 25 mL of (NH,),CO; (50 mM) and (NH,),SO, (50 mM). The reported
method included the (NH,),SO, with the Ca(NO;), solution, but we found that this led to
precipitation of MgSO,. Precipitate began to appear after ~5 minutes, and was left to age
for 8 h. The precipitate was filtered, washed with cold water (10 mL, 4 °C) and dried at 110
°C for 1 h. Analysis by EDS showed that the calcite spherulites contained 5.8 + 0.9 %
magnesium substituted for calcium and trace amounts of sulfate as a result of the synthe-

sis procedure.
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12. Quasi-2D barium carbonate hydrate via a transient amorphous
precursor

12.1 Abstract

Synthesis of persistent metastable materials can provide access to unique proper-
ties inaccessible at equilibrium. However, detailed knowledge of reaction pathways is re-
quired to avoid the formation of competing or lower-energy phases. Here, we report the
synthesis of a metastable hydrated barium carbonate, formed from a very transient amor-
phous barium carbonate (ABC) precursor. ABC was observed only during the first few
hundred milliseconds of precipitation from concentrated aqueous solutions. Rapid crys-
tallization of ABC resulted in the first described BaCO;-H,O phase which we call gorto-
towskite. Gortotowskite platelets are highly anisotropic, 10-12 nm thick and up to 1 um in
width. It is very metastable and recrystallizes to witherite in less than one minute in solu-
tion, but can be preserved for 24 hours after drying under vacuum. Not only is this a
promising pathway for the de novo synthesis of thin materials, it significantly improves
our understanding of phase transformation via metastable intermediates at small time

and length scales.

12.2 Results and discussion

Barium carbonate has recently attracted attention for the complex yet controllable
nano- and microstructures that can form when precipitated under far-from-equilibrium
conditions. For example, in the presence of silica, smoothly curving and branching with-

erite (BaCO5) structures resemble biologically synthesized minerals.'’*'"®?"” Growth may
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8 anal-

occur through the addition of amorphous silica/barium carbonate nanoparticles,?’
ogous to biological crystals.”® Remarkably similar to the fossilized remains of primitive
life forms, these materials provide evidence that a high degree of control over the crystal-
lization process can be exerted without organic molecules.'”® However, despite recent
progress establishing a deterministic link between solution conditions and many specific

172173 the exotic crystallization behavior from barium-rich solutions re-

morphologies,
mains incompletely understood.'”*17>217:219

It appears that the mechanisms that underlie the formation of BaCO; may exhibit
similarities to pathways of CaCO3 crystallization. Amorphous particles, described as lig-
uid-like, can form prior to crystallization of both CaCO3 and BaCO3 in confinement*®%?°
or in the presence of charged polymeric additives.*® Amorphous calcium carbonate (ACC)
is a common precursor to crystalline biominerals.”®> Amorphous barium carbonate (ABC)

' and intracellular bari-

has been synthesized in media containing suspended bacteria,?*
um-containing amorphous carbonate precipitates have recently been found in many spe-
cies of cyanobacteria.222 In vitro, amorphous barium calcium carbonate (ACBC) solid so-
lutions with over 50% barium cation fraction have been isolated.'?’

However, there are notable differences between precipitation pathways in CaCO,
and BaCO; systems. Unlike amorphous carbonates of magnesium, calcium, manganese,
iron, and radium,”®"3%'3 ABC has not been detected in the absence of stabilizing addi-

tives and is short-lived even in confinement. ACBC with barium in excess of ~55% cation

fraction crystallizes rapidly,'®' and no evidence of ABC was observed in in synthetic lipo-
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somes,** which can reduce the rate of crystallization of ACC.* Calcite and witherite have

similar solubilities, and ABC is predicted to have a formation enthalpy similar to that of
ACC, suggesting that they experience similar thermodynamic driving forces for crystalli-
zation (chapter 9) Therefore precipitation pathways in the BaCO; system may differ from
those commonly observed in the CaCO; system.

Evidence for amorphous barium carbonate (ABC) was sought using in situ time-
resolved synchrotron X-ray scattering. High time resolution was achieved by mixing 500
pL each of 1 M BaCl, and 1 M NaHCO; in a stopped-flow mixing device and passing the
solution through a thin walled (100 pm) 1 mm diameter quartz capillary in the X-ray beam
path. A minimum time resolution of 100 ms was achieved, following approximately 10 ms
of dead time resulting from the device geometry. Simultaneous measurements in the wide
angle (WAXS), medium angle (MAXS) and small angle (SAXS) regions were collected on
three separate detectors (Figure 18.1). The continuous range of scattering vectors, q =
0.0020 — 4.50 A~1, enabled by this detector geometry provided correlated information
over real space distances, d = 0.1-300 nm. Fitting SAXS curves and indexing Bragg peaks
from MAXS and WAXS data yielded simultaneous information about particle crystallinity
and shape, and high time resolution allowed growth and transformation kinetics to be
quantified.

Signal intensity in SAXS increased with time immediately following mixing (Figure
12.1a). Fitting of the SAXS curves between 0.2 and 1.0 s indicated that roughly isotropic

particles grew from 40 nm to 70 nm in radius (Figure 18.2). However, the Porod slope at g
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> 0.02 decreased from 4.0 to 3.0, suggesting that the initially dense particles grew with a

fractal-like structure (Figure 18.3). WAXS did not change appreciably over this time, indi-
cating that these precipitates were not crystalline (Figure 18.4).

Between 1.0 and 4.0 s, SAXS transitioned into smooth curves with slopes close to -2
at low g and -3 at high q. This is consistent with scattering from very thin disks or sheets.
From the R, extracted from SAXS fitting, the thickness of these sheets is estimated to be
consistent at approximately 13.3 + 7.5 nm over this time. Simultaneously, Bragg peaks in
WAXS emerged (Figure 18.2). Peak intensity was weak compared to the diffuse but strong
scattering from water between g = 0.8 - 4.5 A1, Nonetheless, clear Bragg peaks emerged,

confirming that the thin sheets were crystalline. At later times (> 5 seconds), strong Bragg

MAXS/WAXS

/ intensity (au)
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Figure 12.1. Time-resolved X-ray scattering of barium-carbonate rich solutions. (a) SAXS data, acquired at

100 ms intervals. A transition from SAXS curves with periodic oscillations between o - 1.0s to a smooth
curve with a slope of -2 at low q and -3 at high ¢ between 1.0 - 4.0 seconds is observed. (b) At higher ¢ reso-
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lution after subtraction of water scattering, Bragg peaks are clearly distinguished. An asterisk marks the
peaks seen in the inset in (a), and the ‘W’ indicates the position of the witherite (111) peak.

peaks in MAXS emerged along with those in WAXS (Figure 18.1a, inset). These peaks were
located at g = 0.48 A=* and 0.24 A~1, corresponding to d-spacings of 13.7 A, and 27.4 A.
Neither witherite, the only stable phase of BaCO, at ambient conditions,?*® nor any meta-

224227 ) )
account for these diffraction

stable BaCO; phases observed at ambient temperature,
features. In order to better identify this phase, 1 mL each of 1 M BaCl, and 1 M NaHCO;
were mixed ex situ, stirred gently for 30 s, and placed in the quartz capillary in the beam
path. This allowed for the removal of CO, bubbles that formed after ~5-10 seconds in the
stopped-flow mixing device and displaced the solution from the beam path.

Higher g resolution data were acquired with 1 s acquisition times every minute for
25 minutes. Many sharp Bragg peaks were clearly resolved in the first acquisition, after
subtraction of the water background (Figure 18.1). Over the course of 30 minutes in solu-
tion diffraction from the initially formed phase decreased in intensity relative to that of
witherite (Figure 18.5).

This diffraction disappeared immediately after clearing the capillary with air, con-
firming that crystallization was not occurring on the capillary wall. This confirms that this
phase is a metastable precursor to witherite that begins to transform within ~ iminute in
solution.

In situ electron microscopy was performed under cryogenic (Figure 12.2a-c), low

magnification (Figure 12.2d) or low dose conditions (Figure 12.2h-i). Cryo-high angle an-

nular dark field (HAADF) STEM imaging on vitrified aqueous samples at the earliest ac-
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cessible time points (< 5 s) revealed roughly isotropic particles with dense cores and a dif-

fuse, fractal-like outer structure (Figure 12.2a), consistent with SAXS. These particles
transformed into aggregates of very thin platelets (Figure 12.2b), that dispersed and grew
into faceted particles that extend up to 1 pm in the lateral direction (Figure 12.2¢). These
platelets eventually crystallize to acicular witherite crystallites (Figure 18.6).

Low magnification TEM images confirm that the bulk powder consisted of very
thin flakes after drying. Selected area electron diffraction (SAED) was relatively un-
changed after tilting the sample up to 39° in an arbitrary direction, a hallmark of very thin
materials (Figure 12.2c-e).??® This is also reflected in the absence of diffraction spots in the

narrow dimension when viewed edge-on (Figure 18.7).
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Figure 12.2. Electron microscopy of gortotowskite. (a) Cryo-HAADF STEM images of precipitates vitrified
less than 5 seconds after precipitation. (a) initial precipitates (b) platelet formation and (c) dispersion and
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growth. (d) TEM of dried flake, which exhibits SAED patterns that change negligibly upon specimen tilting
(e-g). (h) Aberration corrected HR-STEM image of a platelet, showing lattice fringes over the entire crystal-
lite. (g) Single-crystallinity was confirmed via the FFT.

Low-dose rate (0.5 e /A?/s) high-resolution aberration corrected STEM with low acceler-
ating voltage (8o kV) revealed lattice fringes that extended across the entire precipitate
(Figure 12.2f). Fast Fourier transforms (FFT) confirmed that the particles were single crys-
tals, with lattice spacings of 3.3 A and 4.1 A, consistent with pXRD (Figure 12.1) and SAED
(Figure 12.2g, ).

Electron energy loss spectroscopy (EELS) in ambient temperature STEM was per-
formed on platelet aggregates. Using the ratio of transmission from the zero-loss peak to
energy loss spectra, it was confirmed that individual particles were 10.5 + 2.5 nm thick
(Figure 12.2k). EELS also confirmed that the platelets contained barium from the presence
of N, ; near-edge near edge spectra (ELNES, Figure 18.9).

Due to the short lifetime of this material in solution, a bulk synthesis procedure
was established. Bulk precipitation of BaCO; was carried out using a method similar to
that described previously for the precipitation of amorphous carbonates.'® Briefly, ice
cold aqueous solutions of 1M BaCl, and 1 M NaHCO; were rapidly mixed, filtered, washed
with cold (~o °C) water, and dried under vacuum. Power X-ray diffraction (pXRD) of the
resulting material was nearly indistinguishable from that obtained from in situ WAXS
(Figure 18.8), confirming that the transient crystalline phase observed in solution was
preserved upon quenching and drying. Preliminary pattern indexing of the bulk pXRD

pattern yielded a good fit for the spacegroup P2/m in the monoclinic crystal system, with
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lattice parameters a = 7.037, b =19.257, ¢ = 6.884 A and @ = y = 90°, § = 104.2°. Stacks of 2

or 4 platelets along the c-direction are consistent with MAXS peaks at 13.7 and 27.4 A.

Energy dispersive spectroscopy (EDS) of bulk precipitates in SEM confirm that
they contain only carbon, oxygen, and barium (Figure 18.10), but this technique was not
sensitive to hydrogen. Structural water content was determined from thermogravimetric
analysis (TGA) of bulk powder (Figure 18.11). Weight loss of 1.5 + 0.4% was observed be-
low 100°C, 6.9 * 0.4% between 100 - 230°C, and 1.6 + 0.2% between 235 - 600°C. Exclud-
ing the water removed below 100°C, which is likely physisorbed to the high surface area
platelets,® a weight loss of 8.5 + 0.4% is consistent with one formula unit of water per
BaCO; unit.

The presence of structural water was confirmed with FTIR and Raman spectrosco-
py (Figure 12.3a, b). All vibrational modes were similar to those found in calcium car-
bonate hydrates.?®® A broad peak at 683 cm™ in IR is attributed to lattice water (Figure
12.3). A broad peak at 1653 cm™ is assigned to H,O bending modes, and the very broad O-
H stretching modes are observed at 3409 and 3470 cm™. Only the O-H stretching mode at
3409 is Raman active. Multiple peaks and shoulders in all water modes suggest that there
is more than one inequivalent water environment in the structure. The significantly
broadened peaks indicate that some of these environments are somewhat disordered.

All internal carbonate modes including the v, (symmetric stretch), v, (asymmetric bend),

v3 (asymmetric stretch), v, (asymmetric bend) were active in both Raman and IR. All four
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were split and exhibited multiple maxima (Figure 18.12), an indication that there are also

multiple crystallographically inequivalent carbonate environments in the structure.

The foregoing evidence demonstrates that ABC is a highly transient precursor to a
crystalline hydrate of barium carbonate with a formula of BaCO;-H,O. We refer to this
phase as gortotowskite. Gortotowskite forms from a very short-lived ABC precursor as ~10
nm thin platelets within one second after the start of precipitation in highly concentrated
solutions. The presence of multiple carbonate and water lattice sites and large c-axis lat-
tice parameter are indicative of a highly complex structure. Given the significant morpho-
logical anisotropy, this may explain the relatively slow growth in the c-axis direction
compared to rapid growth in the a-b plane.

ABC thus provides access to a previously uncharacterized phase that may offer im-
portant clues about crystallization pathways at short time and length scales. This pathway
bears a strong resemblance to that observed in the calcium phosphate system,’ albeit at
much faster timescales. Furthermore, gortotowskite is a precursor to witherite, which
may participate in biomorph crystallization pathways in highly supersaturated solutions.
The high time-resolution enabled by in situ stopped-flow and correlative cryo-STEM

techniques provides a new perspective on the formation of BaCO;.
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Figure 12.3. Characterization of structural water and carbonates in gortotowskite. (a) Raman and (c) IR

spectroscopy confirm the presence of water from H-O-H bending at 1400 cm™ and OH stretching between
3200-3700 cm’.
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13. Summary and Outlook
13.1 Summary

The work presented herein has explored the mechanisms underlying biominerali-
zation, and utilized these concepts to synthesize new carbonate minerals. To start, giant
unilamellar vesicles were used as simple mimics of biological confinement (chapters 5
and 6). We demonstrated that the phosphatidylcholine lipid membranes had little inter-
action with the mineral during precipitation, but that decreasing steric charge shielding
by replacing methyl groups on the amines with hydrogen increased the mineral adhesion
to the membrane. This did not, however, appear to promote crystallization. We showed
that liposomes can dramatically reduce the rate of crystallization of ACC by excluding
nucleation accelerants, and by preserving the high kinetic barriers to lower energy struc-
tures that result. Rupturing the lipid membrane with detergent, and exposing the mineral
to the glass substrate beneath the liposome, resulted in rapid crystallization.

Microfluidically produced water-in-oil emulsions were utilized as liposome analogs
to study ACC crystallization kinetics. Using ensembles of hundreds of emulsion drops, we
showed that vaterite forms from ACC via a classical, two step nucleation process (chapter
7). Confinement within drops allowed hundreds of individual ACC crystallization events
to be quantified for the first time. A single, well-defined rate was confirmed to correspond
to the nucleation of vaterite through in situ with Raman spectroscopy of the resulting
crystals. Transformation occurred via dissolution of ACC and reprecipitation of vaterite.

At 1.67 nuclei cm? s7, this rate was far too slow to account for the rapid crystallization of
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ACC observed in bulk systems, indicating that ACC is a poor nucleator for crystalline cal-

cium carbonate. Most of the transformation in bulk systems occurs through growth of the
crystalline phase at the expense of ACC. Comparison with literature values for the crystal-
lization rate of CaCO; suggests that previous measurements conflate precipitation of ACC
with crystallization to vaterite and calcite. Because these measurements are used to calcu-
late a commonly used value for the interfacial energy of calcite, we believe the actual val-
ue may be an order of magnitude higher, in line with simulations and measurements not
based on precipitation.

Amorphous carbonate precursors are not specific to calcium, and appear to be a
more general phenomenon. In chemically similar systems of increasing cation radius,
amorphous strontium carbonate (ASC) is also observed in liposomes, but crystallizes rap-
idly (chapter 5). Amorphous barium carbonate (ABC) does form at the very early stages of
precipitation but was not observed in liposomes, which was later discovered to be a result
of very rapid crystallization kinetics of ABC (chapter 12).

ACC can be made with over 50% barium substituted for calcium, forming ACBC
(chapter 9). ACBC does not exhibit long range order over this entire range of composi-
tions, but does undergo structural evolution with increasing barium. The overall cation
coordination number increases due to the higher average coordination number of barium
(~9) relative to calcium (~7.5). However, the barium coordination number decreased
from 10 to 8 with increasing barium. Simulations suggest that this is due to increasing

competition between barium cations for oxygen ligands on carbonate anions, and that
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this competition changed the local order of the carbonates. This observation was con-

firmed by vibrational spectra, and helps explain the unique crystallization behavior in the
calcium barium carbonate system.

ACBC crystallizes at a dramatically faster rate with increasing barium (chapter 10).
I demonstrate that this process appears to be ‘non-classical’. It can be explained by the
increasing short- and mid-range order in ACBC with increasing barium, which resembles
that of crystalline Ca,..Ba,CO; and selectively lowers the barrier to its formation relative
to lower-energy structures.

This Ca,.«Ba,CO; phase has been misidentified as calcite in the literature, but we
correctly assign the new spacegroup R3m and call it balcite (chapter 11). Balcite is only
thermodynamically stable above 525°C, and is over 30% harder than calcite.

In the absence of calcium, I show that ABC is a highly transient precursor to a pre-
viously uncharacterized BaCO;'H,O phase. This phase forms as very thin (10 nm) and ex-
tremely anisotropic platelets, which themselves recrystallize rapidly into witherite (Ba-
CO;). These examples demonstrate the power of amorphous precursors to enable meta-
stable crystalline materials through thermodynamically downhill transformations, and
the ability of confined volumes to reduce the rate of these transformations and enable

their quantification.
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13.2 Outlook

13.2.1 Amorphous carbonate formation

The mechanism of ACC formation has been under active investigation for over a

decade.®’ Competing theories have suggested aggregation of pre-nucleation clusters,?”%°

7,230,231

the condensation of liquid-like ionic polymers, or spinodal decomposition into wa-

6,61,62

ter-rich and calcium carbonate-rich liquids, which may become ACC through vitrifi-

cation upon partial dehydration.'® However, because ACC formation appears to occur

32

within milliseconds after mixing calcium and carbonate containing solutions”™ and is

233 there is currently

very sensitive to the supersaturation and the presence of additives,
no direct evidence of its formation mechanism.

Imaging with in situ electron microscopy is emerging as a viable technique for re-
al-space characterization of aqueous precipitation.*® Its ability to characterize the earliest
stages of ACC formation is doubtful, however, despite recent improvements to the meth-
od. Because electrons interact strongly with matter, and water constitutes about 98% of
the volume of an aqueous solution (chapter 2), the excellent resolution of most electron
microscopes is severely reduced by scattering and absorption from water, and the flow-
cell windows that contain it. Sample damage and water hydrolysis appear to be concerns
under current state-of-the-art imaging conditions,” and increasing the beam flux may in-

troduce even more artifacts.?®* Factors aimed at mitigating damage, including low-dose

techniques like those employed to image gortotowskite at high resolution in chapter 12,
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do not offer a clear path towards the high temporal resolution necessary to address the

question of ACC formation.

In principle, X-ray scattering should be able to distinguish between each of the
proposed ACC formation mechanisms. Compared to electron microscopy, much weaker
sample interactions and the availability of high flux synchrotron sources give X-ray meth-
ods a clear advantage. Just as SAXS/MAXS/WAXS was used to probe ABC formation in
chapter 12, real space features between 1-250 nm can be simultaneously investigated.
Condensed prenucleation clusters in the 1-2 nm size regime should be distinguishable
from branched ionic polymers. The time evolution of the critical wavelength in spinodal

decomposition is well known,?*?%

and expected to be in the 10s of nm for carbonate sys-
tems, and should therefore be easy to distinguish from the aggregation of prenucleation
clusters or the condensation of ionic polymers.

The challenge for time-resolved X-ray scattering is to collect sufficient signal in a
single exposure so that system does not evolve significantly during acquisition. In the
case of ABC precipitation, this was achieved by rapid exposures of stationary solutions
that were mixed in a stopped-flow mixing device. While acquisition times in the millisec-
ond range are possible, this necessarily comes with a proportional loss in signal.

To overcome this limitation, a continuous-flow mixing device could instead be
employed. Calcium and carbonate-containing solutions would be mixed continuously at

one end a long capillary positioned in the X-ray beam path. Diffusional mixing would lead

to precipitation, progressing along the length of the capillary. At constant flow rates, the



227
solutions would achieve steady-state conditions, such that the distance from the capillary

entrance would correspond to increasing reaction times. With sufficiently high flow rates,
the earliest times of precipitation would extend over a macroscopic range in the capillary,
and the beam could be positioned to record spectra from the initial stages of carbonate
formation. At steady state, the scattering signal should not change as a function of time at
a given location, allowing long collection times for improved signal. A given sample vol-
ume would receive a very small X-ray dose, greatly reducing concerns about beam dam-

age. Similar systems have been used to probe rapid dynamics in protein solutions.?*®

13.2.2 Amorphous carbonate crystallization and the role of water

Interesting metastable structures, like balcite and gortotowskite, can result from
the crystallization of amorphous precursors. However, as was noted in chapter 9, the role
of water in amorphous carbonates is not well understood. Water can become kinetically
trapped during crystallization, as it does in balcite in chapter 10. However, it may also be
thermodynamically incorporated, as it is in gortotowskite (chapter 12), highlighting its
complex role in the crystallization process. In the absence of atomic-scale characteriza-
tion of the structure and dynamics of water, simulations of these materials are limited in
their applicability, and the ability to predict crystallization pathways and energetics will
remain elusive. Elucidating the thermodynamics of structural water, and its mechanistic
impact on crystallization pathways, will be imperative to establishing a predictive frame-

work of amorphous carbonate crystallization.
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Changes in the Raman spectra, including the emergence of subtle peak in OH

stretching region that may suggest an increase in water ordering, were observed upon
partial dehydration in chapter 9. A careful study of Raman and IR spectra as a function of
both time and temperature would provide insight into the dehydration kinetics of ACC
and resulting changes to structural water. Isotopic enrichment with 2C for solid state
NMR also influenced the crystallization products of ACBC (chapter 10), and it has been
shown that ACC crystallization is sensitive to isotopic composition.”’” Vibrational spectra
with varying ratios of enrichment of *H and ®C could reveal the symmetry of both car-
bonates and water within the amorphous structure. It may also help identify HCO;, OH’,
which are known to exist in ACC precipitated under various conditions but are difficult to
resolve by most characterization techniques.

Thermogravimetric analysis is the most common method for determining the wa-
ter content of ACC. As discussed in chapter 9, water exhibits a range of mobility and dy-
namics that are reflected in the temperature range and rate at which water is driven out
of the structure. Coupling vibrational spectroscopy and/or mass spectroscopic analysis to
the gasses evolved from TGA of isotopically enriched samples would enable the known
behavior of structural water in the solid to be correlated to its isotopic composition in the
gas. Removal of water with an isotope ratio different from that in the solution from which
the sample was synthesized may provide important information about the distribution of

mobile vs. rigid water.
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Small angle neutron scattering with varying levels of isotopic enrichment and de-

hydration would be a logical compliment to these experiments. The large neutron absorp-
tion cross-section of 'H, four times that of 2C and five times that of *H and °0O, would
provide excellent contrast for changes in water distribution on the nanoscale. Neutron
diffraction for pair distribution function analysis on similarly prepared samples could also
provide information about the local structure of water by revealing how strongly the se-

cond-shell (Ca-H) pair correlation is dependent on *H enrichment.

13.2.3 Microfluidics for high-throughput studies

As chapters 7, 8, and 10 and showed, droplet based microfluidics are a powerful
platform for quantifying crystallization phenomena. The strengths of these devices are
that the droplets can encapsulate almost anything soluble in water, and that good statis-
tics can be obtained through large droplet ensembles. These features should be empha-
sized in future iterations. A number of drawbacks, including separate devices for droplet
creation and storage, lack of temperature control, and limited reactant delivery modes
could be improved with specific modifications.

Two devices, one for droplet creation and one for storage, are required because the
flow rate of the drop creation device is much higher than what the storage device can tol-
erate without pushing the drops out of the wells. If the required flow rates could be
brought to the same level, devices could very easily be combined on a single chip. Fortu-

nately, alternatives for both droplet creation and storage are widespread in the literature.
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For example, high-throughput droplet makers have been described, which take advantage

of the minimal dependence on flow rate for drops passing over steps in the dripping re-
gime.?®” This could be coupled with the current storage device, or with an expanded grid
of up to 100,000 wells®®® to increase the current capacity by 3 orders of magnitude. This is
the most promising strategy for large-scale, high throughput crystallization assays. Devic-
es in which drops are created and stored in the same location are also well known.?*¥%%
Others create drops serially and pass them through a long outlet channel, where and they
remain in place when flow is stopped.>***"?** Combinations of long channels and well-
trapping approaches also work.?** Many of these strategies could be easily modified for
calcium carbonate precipitation.

The popularity of microfluidics with biologists and protein crystallographers has
also motivated solutions for temperature control. The entire device can be immersed in
fluid and placed on a temperature controlled stage.?**?** More precise control could be
exerted by micropatterning wires into the substrate prior to bonding the PDMS device,
raising the temperature of individual wells by Joule heating. This would be an important
modification for studies of biomineralization proteins in drops, like those in chapter 8.

Reactant delivery is perhaps the most significant hurdle to expanding these devices
to systems of arbitrary composition. The current design allows for the transport of gasses
via diffusion through PDMS from the flanking outer channels. Only systems for which
aqueous equilibrium between an ionic species and a gas molecule with appreciable partial

pressure under ambient conditions are current possibilities. Carbonates are the obvious
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top candidates, given their abundance and the well-known aqueous chemistry of CO.,.

Similar systems have been proposed for CO, capture from flue gas in industrial set-
tings.?*® However, it is not straightforward to determine transport rates, ion concentra-
tions or pH inside the drops. In addition to the finite element transport simulations pre-
sented in chapter 7, future investigations will likely require coupled chemical reaction-
diffusion simulations and experimental validation with colorimetric and/or fluorescent
indicators.

Other systems that may be amenable to gas-diffusion precipitation include sulfates
and sulfides, representing biomineral analogs (e.g., BaSO,, SrSO,, and FeS) or semicon-
ductor nanoparticles (e.g., CdS, TeS). However, vapor pressures of SO, or H,S gasses are
negligible compared to that of CO, over carbonate solutions, which would dramatically
reduce transport of these precursors to the drops. Instead of aqueous solutions, elevated
pressures of pure gasses could be used, but these are toxic and would have to be handled
with care. Precipitation of titanium or iron oxides could be induced by a change in pH,
which ammonia could provide. But it appears that changes to the experimental design
would help expand the applicability of these devices.

Specifically, changes to the chemistry of the surfactant and oil systems may allow
for greater control over the contents of the drops. First, the surfactant can be functional-
ized to enable the formation of water-in-oil-in-water emulsions using very similar chip
designs.?*” The outer oil phase is quickly replaced with aqueous solution after droplet

formation. Storage devices could be loaded as before, but reactants could now be deliv-
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ered in the aqueous phase directly to the droplet interface. As long as one of the reagents

could partition across the surfactant bilayer while the other remained trapped on the in-
terior of the drop, precipitation could take place.

Similar emulsion droplets can be made with lipids as the surfactant.**® Through
appropriate choice of the oil phase, the thin oil layer can diffuse away, leaving a giant
unilamellar vesicle. Advantages of these GUVs over those in chapters 5 and 6 is that the
contents are essentially limited only to constituents with aqueous solubility and vesicle
radii and lamellarity are both monodisperse. Transmembrane transporters can self-
assemble into single bilayers®*® vastly increasing the diversity and timing of reactants that
can be incorporated into the drops. Again, with aqueous solution on the exterior of the

drop there is no need for a separate channel flanking the storage wells.

13.2.4 Beyond minerals

With the increased flexibility that comes with microfluidically produced vesicles,
structures that begin to bear greater resemblance to biological tissues can be fabricated.
For example, lipid stabilized emulsions have been printed into a tissue-like material sen-
sitive to osmotic pressure gradients.?*® These materials are made by essentially turning
the outlet of the microfluidic device into a 3D printer nozzle. Inclusion of hydrogels in
the drops, resembling the cytoskeletal support that most biological membranes rely on,
allows viable cells to be encapsulated.?®® These cells may be able to operate autonomously

to precipitate mineralized structures. °"?** Mineral precipitated inside these hydrogels
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can be used to actuate mechanical responses to electrical stimuli, and have the distinct

advantage of being self-healing.?*®

As discussed in chapter 3, my motivation in this dissertation was to divide the
complex process of biomineralization into smaller and more manageable pieces to derive
a deeper understanding of confinement, metastable precursors, and biomineralization
proteins. There is still much to discover about these aspects individually. However, it may
now be possible to reintroduce layers of complexity to these systems rivaling those of liv-
ing things. Advances in bioinspired materials processing in confinement through micro-
fluidics and 3D printing and in vitro cell culture are well positioned to integrate mineral
precursors for controlled transformations into mineralized composites. Combining min-
eral and cells within hydrogel scaffolds, responsive to osmotic potentials and electrical

stimulus, is a clear step towards lifelike materials.
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15. Appendix A: Supplemental information for chapter 9

15.1 Thermogravimetric analysis

Water content for materials synthesized with 1 M Na,CO; (pH 1.2) ranged from
0.90 to 1.40 formula units. The average was 1.2 + 0.2, as described in the materials and
methods (Figure 15.1). When 1 M (NH,),CO; (pH 9.2) was used in place of 1 M Na,CO;, the
water content ranged from 1.44-1.28 formula units, decreasing with increasing x. When o.1
M solutions of (NH,),CO; and BaCl, were used, water content ranged from 1.11-1.29, in-
creasing with x. Across all experimental conditions, water content was within the range
0.9-1.44. Given the range of water content observed over all conditions, there seems to be
no correlation between total water content and the counterion in solution, or the total
concentration.

ACBC made from 0.1 M solutions had three distinct regions of weight loss below
400°C, previously linked to the sequential loss of fluid-like, mobile, rigid and trapped H,O
and hydroxyl ions."® These three regions were nearly indistinguishable in ACBC made
from 1 M solutions of either carbonate source. The total fractional weight loss, Aar, weight
lost upon crystallization, Aa., water content, n (from the formula Ca,Ba,CO;.nH,0) and
crystallization onset temperature, T, are given in Table 15.1. Water lost during crystalliza-
tion, defined as the weight loss occurring within the temperature range bounded by a
crystallization exotherm peak also did not correlate with x. Rapid mass loss above ~550°C

is consistent with decomposition into CaO, BaO, and CO,.
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Figure 15.1. Thermogravimetric analysis of ACBC. (a) Plot of conversion « vs. temperature T for 1 M solu-
tions and Na,CO; carbonate source. Loss of water occurs in the range from 30-500°C, loss of CO, at T
>500°C. (b-c) Plot conversion « vs. temperature T for ACBC precipitated from 1 M (¢) and o1 M (d)
(NH,),CO; solutions. (d) Plot of stoichiometric coefficient for water, n, vs. x for all three conditions investi-

gated in (a-c).
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Figure 15.2. DTA (a-b) and DSC (c-d) of ACBC from Figure 15.1b-c. In DTA, the y-axis scale is the difference
between the set temperature and actual measured temperature. In DSC, the scale is the power delivered to
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the sample normalized by the mass, in W/g. Endotherms at ~100 °C correspond to the loss of water, and
exotherms above ~200 °C, annotated in (c) and (d) correspond to the crystallization of ACBC.

a T 126
=| o
3|3
3
Ko} 87
|8
©
2|3
l Al Al
——— T T T T T
0 50 100 150 200 1.5 2.0 25 3.0 3.5 4.0 4.5
temperature (°C) Q (A

Figure 15.3. Simultaneous in situ DSC/WAXS of ACBC with x = 0.50. (a) Qualitative DSC curve showing exo-
thermic crystallization peaks. Heat flow could not be quantified in this system due to the absence of a ref-
erence thermocouple. (b) Crystallization to balcite (B) observed after the first crystallization exotherm. Fur-
ther crystallization resulted in separate, unidentified peaks (*). Samples were contained within sealed alu-
minum pans, producing different conditions from Figure 15.2 that may explain the lower crystallization
temperature in this experiment.

Table 15.1. Thermal analysis of ACBC

X Aar Aa, n T,
(Wt%) (Wt%) (°0)

0.1 M solutions
0.00 16.65 1.90 1.11 200
0.05 17.26 0.04 1.23 200
0.17 15.31 0.03 1.26 317
0.30 14.54 0.12 1.24 340
0.43 13.98 0.11 1.29 343
1 M solutions
0.00 20.62 1.12 1.44 290
0.05 18.72 1.62 1.34 305
0.17 15.45 0.28 1.22 327
0.30 13.24 0.05 1.24 331
0.43 12.96 0.11 1.29 335
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15.2 Vibrational spectroscopy

Raman spectra of ACBC contained many low-intensity features in addition to the
most intense v; mode. Many of these features have previously been observed in ACC or
other carbonates. In Raman spectra, the v; mode (asymmetric stretch) appeared as at
least two weak, broad modes in the range between 1300 and 1600 cm™ (Figure 15.4). This
was in contrast to calcite, where the v; mode was a single sharp peak at 1435 cm™, and
witherite, where there was one sharp peak at 1409 cm™ and a broader peak at 1508 cm™.
The v, mode (out-of-plane bending) that is not active in calcite or witherite is just barely
recognizable in ACBC spectra (not shown).

The v; mode of ACBC shifted to lower wavenumber with increasing barium con-
tent, approaching the single v; mode peak of witherite at 1059 cm™. In calcite there are
two degenerate v, modes,'® but witherite exhibits four predicted Raman-active modes.***
For the split v, mode, the mode at higher wavenumber, v, ,, also shifted to lower wave-
number over the same range of compositions. The v, , mode on the other hand, mirrored
this trend only up to x = 0.21. Above this value, the Raman shift remained nearly constant
at 7 cm™. As a consequence, the distance between the two v, mode centers decreased.
Peak centers and the v, /v, , ratio bore an increasing resemblance to the v, of witherite
(Figure 15.3-15.10).

In addition to the normal modes, combination bands and higher harmonics were
also observed. These include a weak peak at 1740 cm™ that has been attributed to v;+v, in

ACC and appears at 1800 cm™ and 1750 cm™ in calcite and witherite,?*® respectively. High-
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er combination bands, like those at 2146 cm™ and 2172 cm™ in calcite, were not observed

in ACBC.?*® Other combination bands (e.g., 2v,+v,) in calcite and witherite between
2400-2600 cm™ and 2800-3000 cm™, were observed as faint features in some ACBC sam-
ples, but overlapping OH-stretching modes®’ made quantification difficult.

The v; and v, modes showed similar behavior in IR spectra. However, the magni-
tude of the mode center shift was larger in IR (Figure 15.6, Table 15.2). The maxima of the
vz, mode of ACC at ~1415 cm™ shifted to 1395 cm™ at x = 0.55, while the v;, shifted from
~1482 cm™ to 1440 cm”. Fitting of the most intense v; of ACBC could not be performed
due to the numerous broad, overlapping bands. Combination bands of lattice and inter-

256,258 |,

nal modes have been suggested to contribute to the broad signal in this region,
sulting in counterintuitive broadening for crystalline materials and reduction in peak
width for poorly-crystalline samples.?*® With no evidence of crystallinity in XRD, SAED,
and polarized light, the distinctly different peak profiles ACBC compared to calcite and
witherite favors the interpretation that ACBC contains multiple distributions of v; mode
frequencies over the possibility of contributions from lattice coupling. A notable excep-
tion to the general shift towards lower wavenumbers, the v, mode was largely unaffected
by increasing barium content. However, a clear increase in intensity of the v, mode rela-
tive to the v, was observed with increasing barium content.

In IR spectra (Figure 15.5), the v; mode was observed in ACBC and witherite, but

not in calcite, where it is forbidden (Figure 15.5d). The broad v, mode was split in ACBC,

in contrast to sharp, single features in calcite and witherite (Figure 15.5b). The Raman-
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inactive v, had at least two broad IR modes in ACBC, fewer than in calcite and witherite

(Figure 15.5¢). The characteristic sharp v; peak superimposed upon very broad tails was
observed in calcite at 1421 cm™ and in witherite at 1429 cm™. In ACBC, at least two broad
but intense bands were attributed to v; modes, between 1300-1600 cm™ (Figure 15.5d).
Combination modes, like the v;+v; (Figure 15.5¢) are observed between 2400-2700 cm™.
Evidence of water and hydroxyl groups was present in IR spectra of ACBC as an H-O-H
stretch at 1650 and very broad OH-stretching modes extending from 2500-3800 c¢cm’

'(Figure 15.5d,f).%*’

Table 15.2. Vibrational spectra of ACBC

Raman modes IR modes
¥ Vaq' Vg2 vi® V4,1b Va2 C vy vy V3¢
0 726.8 699.6 | 1079.7 | 745 713 866 | 1077 | ~1300-1600
0.05 725.0 698.6 | 1078.7 | 722 695 866 | 1073 | ~1300-1600
0.11 723.4 697.3 | 1077.0 | 719 692 866 | 1071 | ~1300-1600
0.21 720.3 6943 | 1074.8 | 718 690 866 | 1069 | ~1300-1600
0.29 717.6 692.8 | 1072.2 | 712 689 866 | 1068 | ~1300-1600
0.38 717.0 693.6 | 1070.9 | 709 688 866 | 1067 | ~1300-1600
0.55 713.1 6929 | 1067.7 | 708 687 866 | 1063 | ~1300-1600
0.67 711.1 692.3 | 1066.0 | 705 687 866 | 1062 | ~1300-1600

a Mode centers of Gaussians fit to experimental spectra; b selected by eye because fitting
found to be unreliable due to low intensity; ¢ approximate range
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Figure 15.4. Raman spectra of ACBC with different compositions. (a) Full spectra. Increased resolution of
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Figure 15.6. (a) FTIR spectra of ACBC. (a) Full spectra, normalized to the intensity of the v; mode. (b-f) De-
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15.3 Estimation of the solubility product for simulated ACBC structures

Solubilities of ACBC were obtained from

—RTInK "% = (1 = X)uyzr + Xgger + Moz~ — Weay_pagco,  (151)
where u¢,.  pa_co, is calculated from the DFT formation energies, and the standard state
chemical potentials of Ca**, Ba**, and CO;* ions in solution are referenced to reproduce
the experimental K&3!I and Kyyjitherite 2 This referencing scheme captures all entropic
contributions to the chemical potentials of solvated ions, under the approximation that

vibrational contributions to the entropy difference between competing solids at 298K are

161 201
) )

negligible. We approximate calcite (pKsp = 8.48) "' and witherite (pKs, = 8.56)"" to have

the same solubility of pK;, = 8.5 so that the free-energy of the solvated ions referenced to

the phase separated calcite and witherite can be expressed as

Ueqzr + WO0z- = Higzr + Uz~ = —RTIN(107°%) ~ 50 kj /mol (15.2)
In this case, the solubility of ACBC structures can be expressed as a function of their AH,,

logsoKsy %% = —8.5 + log, |exp (c)| ~ —85+043-AH,  (15.3)
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Figure 15.7. Representative ACC structures after relaxation in DFT. Calcium ions were replaced with barium
prior to DFT relaxation to form ACBC.
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Figure 15.8. Comparison of the enthalpy above the ground state for MD-relaxed (blue) and DFT-relaxed
(orange) ACBC. DFT relaxation produces considerably lower energy structures, which are more dense and
accurately reproduce experimental enthalpies of crystallization.
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Figure 15.9. Alignment of carbonate orientations for all simulated structures, quantified by the average an-
gle between the vector normal to the plane of oxygens.
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Figure 15.10. Plot of AH, i.e. the difference in enthalpy between ACBC (solid circles) and a phase-separated
mixture of calcite (CaCO,, solid triangle) and witherite (BaCO,, solid square), as a function of barium con-
tent x. Markers are colored by the average cation coordination number.
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15.4 EXAFS Fitting

Close inspection of the EXAFS of both cations reveals trends that are consistent
with changing carbonate alignment (Table 15.3-Table 15.8). As mentioned in 9.5.6, disor-
der in the first coordination shell around both cations required two separate nearest
neighbor oxygen distances. These distances, and the average number of oxygen at each
distance, changed with composition. For example, the number of oxygen closest to calci-
um increased from an average of 2.4 + 0.17 at x = 0 to 4.5 + 0.08 at x = 0.05, then de-
creased back to 2.3 + 0.24 between x = 0.05 - 0.55 (Table 15.3-Table 15.8). This trend cor-
related with the overall barium coordination number, and is also consistent with bond

distances for both Ca-O, and Ba-O, (Table 9.1).

Table 15.3. Ca K-edge EXAFS parameters (1* shell)
Ca-0
X C CN Distribution R Ca-0, () a? (A%
N CN 2 2
ca- | N | gidev. | RCa-O,, | R Ca-0,, | St.dev. | Ca- | 0" Ca- | g ey,
0y, 01,2 ’ 01,1 01,2
0 | 68| 244 436 0.17 221 2.40 0.01 0.002 0.002 0.001
(1)'0 6.8 | 3.60 2.90 0.08 2.32 2.48 0.01 0.022 0.005 0.002
(5)'0 68 | 4.14 236 0.08 231 2.50 0.01 0.007 0.005 0.001
8'1 6.8 | 3.51 2.99 0.09 2.29 2.47 0.01 0.002 0.002 0.001
(1)'2 6.8 | 331 3.19 0.06 230 2.47 0.01 0.003 0.003 0.001
2'3 68 | 3.12 3.38 0.05 2.28 245 0.01 0.002 0.002 0.001
(5)'5 64 | 228 422 0.24 2.19 2.39 0.01 0.001 0.004 0.001
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Table 15.4. Ca K-edge EXAFS parameters (2" shell)
Ca-C
X C CN Distribution R Ca-C, (&) a2 (8%
N [cN CN Ca- ) )
Ca- | Oy, St pcacy, | RCaCly | Stdev. | 9. C2 | 00 Ca g ey,
o, ; dev. ; ’ Ci1 Cin
0 68 | 1.77 473 0.17 3.06 3.54 0.12 0.005 0.022 0.022
001 | 68 | 257 3.93 0.08 2.94 3.11 0.01 0.002 0.004 0.001
0.05 1 68 | 39 2.59 0.16 2.94 3.13 0.01 0.004 0.002 0.001
0.10 1 6.8 | 409 2.41 0.35 2.88 3.49 0.05 0.007 0.016 0.010
021 | 6.8 | 366 2.84 0.13 2.88 3.04 0.01 0.005 0.002 0.001
038 | 6.8 | 774 3.76 0.13 2.82 3.08 0.01 0.010 0.007 0.002
0.55 164 | 5460 3.90 0.17 2.95 321 0.01 0.004 0.004 0.001
Table 15.5. Ca K-edge EXAFS parameters (3™ shell)
Ca-OZ
CN Distribution R Ca-0, (A) a? (A%
X CN | CN Ca- | CN Ca- R Ca- R Ca- g% Ca- g% Ca-
St. dev. St. dev. St. dev.
021 022 021 022 021 022
0 5.75 5.8 - 0.24 3.75 -- 0.19 0.028 - 0.028
0.01 | 8.00 | 399 4.01 0.60 3.35 4.11 0.03 0.024 0.023 0.005
0.05 | 8.00 | 53 5.69 0.28 3.90 4.14 0.02 0.004 0.009 0.002
0.10 | 8.00 | 420 3.80 0.42 3.04 4.10 0.05 0.011 0.020 0.010
021 | 8.00 | 409 3.91 0.13 3.14 3.40 0.01 0.007 0.011 0.001
038 | 8.00 | 147 6.33 0.27 3.50 401 0.03 0.013 0.025 0.005
0.55 | 8.00 | 375 2.25 0.16 3.41 3.66 0.01 0.003 0.001 0.001
Table 15.6. Ca K-edge EXAFS parameters (4™ shell)
Ca-(Ca/Ba)
CN Distribution R Ca-(Ca/Ba) (A 0% (A%
x CN | CNCa- | CN Ca- St dev R Ca- R Ca- St dev o? Ca- o2 Ca- St.
(Ca/Ba), | (Ca/Ba), ) " | (Ca/Ba), (Ca/Ba), ) " | (Ca/Ba), (Ca/Ba), dev
0 _ _ _ _ _ _ _ _ _ _
0.01 | __ B _ _ _ _ . _ _ _
0.05 | 491 491 - 0.69 4.54 - 0.01 0.016 - 0.002
0.10 | _. N . N N . N - N -
021 | 3.82 3.82 - 0.61 439 - 0.02 0.020 - 0.004
038 | _. N _ . . . . _ . _
0.55 | 8.00 2.07 6.93 0.63 3.72 433 0.02 0.019 0.027 0.004
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Table 15.7. Ba K-edge EXAFS parameters (1* shell)

Ba-01
CN Distribution R Ba-0, (A) a? (A%
XB ¢ CN CN Ba- R Ba- R Ba- 0% Ba-
a N | Ba- St. dev. St. dev. 0? Ba-0;, St. dev.
0 O, O, O Oy, ?
1,1

0 _ - _ _ _ _

0.01 11 | 3.64 7.36 0.97 2.58 2.78 0.06 0.013 0.008 0.005
0.05 12 | 6.67 5.53 0.68 2.62 2.76 0.05 0.031 0.009 0.015
0.10 |95 395 5.55 1.10 2.74 2.87 0.07 0.008 0.008 0.018
0.21 9 | 2.40 6.60 1.61 2.76 2.93 0.10 0.014 0.014 0.012
0.38 8 | 2.44 5.56 1.17 2.75 2.86 0.09 0.008 0.008 0.013
0.55 8 | 2.86 5.14 0.98 2.69 2.84 0.06 0.007 0.007 0.010

Table 15.8. Ba K-edge EXAFS parameters (2" shell)

Ba-Cl
CN Distribution R Ba-C, (&) a? (A%
C CN
X - - -
Ba N Ba- CN Ba St. R Ba R Ba St.dev. | 02 Ba-C;, | 02 Ba-C, St. dev.
C C] 2 dev. C] 1 C] 2 ’ 7
1.1 i ] i
0 - - - - - -
0.01 12 | 4.18 7.82 2.84 3.05 3.69 0.14 0.008 0.024 0.015
005 | 12| 724 4.76 1.66 2.97 3.65 0.06 0.016 0.017 0.005
010 | 85| 256 5.94 3.43 2.73 3.68 0.24 0.033 0.021 0.016
0.21 10 | 2.55 7.45 2.62 2.80 3.66 0.24 0.036 0.023 0.014
0.38 9 | 470 430 0.94 2.76 3.66 0.04 0.012 0.013 0.003
0.55 11| 295 8.05 1.80 2.83 3.64 0.17 0.030 0.022 0.009
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Figure 15.11. Frequency of the cation-oxygen bond lengths for calcium (red) and barium (blue) in ACBC as a
function of composition. Bin widths are 0.75 A. No appreciable change in bond length is observed as a func-
tion of x.
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16. Appendix B: Supplemental information for chapter 10
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Figure 16.1. Pseudobinary phase diagram of the BaCO,;-CaCO;, system."®® Witherite (O) undergoes a first
order transformation to a calcite-type R3m phase above 811°C. Barytocalcite (B) recrystallizes into a ‘disor-
dered calcite’ phase above 525°C. Approaching 970°C calcite (R3c) gradually transforms into a high temper-

ature phase with R3m symmetry through the progressive rotation of carbonates in the calcite lattice about

their 3-fold axes.'%®1%

16.1 BaCO;-CaCO; phase behavior

Barytocalcite undergoes a reversible first-order transition into the ‘carbonate-
disordered-calcite’-type phase above 525°C,"**'®!, Less frequently, it has been referred to
as ‘disordered barytocalcite’, in reference to the low temperature structure at the compo-
sition Ca,sBa,sCO5.""® It is likely that the stability field of barytocalcite, as reported phase
diagram (Figure 16.1), does not extend to room temperature.'*®?® It is also possible that
barytocalcite has a high kinetic barrier to formation, analogous to other binary car-

bonates norsethite (Mg, sBa, sCO;) and dolomite (Ca,sMg,sCO;), and is only observed at
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higher temperatures,'®"'® but it has also been suggested that barytocalcite may be stabi-

lized by minor impurities (i.e., strontium).?*
At higher pressures, aragonite is the equilibrium phase of CaCO;. A well-known but
‘anomalous’ increase in the stability of calcite relative to aragonite at higher temperatures
arises from a structural rearrangement of calcite.'®

Phase separation of balcite into calcite and witherite was expected based on the
reported phase diagram of the CaCO,-BaCO, system'® and DFT calculated formation en-
ergies from the Materials Project Database.?®’ Balcite is metastable relative to barytocal-
cite (Cao.5Ba,sCO;) below 525°C."*° Barytocalcite itself appears to be metastable,?®’ having
a higher formation energy than orthorhombic solid-solutions of the same composition
(aragonite + witherite) or the ground state, phase separated phases (calcite + witherite).

This may an indication of a crossover in stability below ~ 400°C, where experimental data

are not available.

Table 16.1. EDS composition of balcite precipitates.

Fe‘;’g;f’gggn' ACBC: XRE Balcite: EDS
Xfoed std. dev. X std. dev. X std. dev.

0 0 - -
0.060 0.0035 0.045 0.001 0.10 0.01
0.127 0.0073 0.105 0.001 0.21 0.02
0.251 0.0116 0212 0.002 0.34 0.01
0.369 0.0127 0314 0.003 0.39 0.01
0422 0.0248 0.382 0.002 0.42 0.01
0.640 0.0370 0.545 0.003 0.51 0.02
0.785 0.0254 0.673 0.004 0.51 0.01
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Figure 16.2. In situ WAXS of balcite upon heating from 25-600°C. Diffraction peaks are relatively unaffected
by increasing temperature, but diffuse scattering changes appreciably upon heating. Most prominently,
scattering below Q = 0.5 shifts to lower Q, and a broad peak emerges at Q~1.05 (A71), consistent with a su-
perlattice reflection of the (003) at Q ~ 2.1 (A71).
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Figure 16.3. TGA of samples crystallized from ACBC. All samples show gradual but minimal weight loss up
to 500°C, except for x = 0, which contained some vaterite and began to decompose around 400°C.
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Figure 16.4. SEM image of balcite and vaterite present in sample crystallized from ACBC with x = 0.21

(Figure 10.2a). Vaterite (center) was easily identified by the absence of faceted crystallites and rough, nano-

featured texture. Balcite (top right) was distinguished by its polycrystalline faceting and Ba signal by EDS

in SEM, and by its unique split Raman v; mode in the Raman microscope.
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16.2 Samples for NMR

BC-enriched balcite was characterized with X-ray fluorescence to determine the
composition, and powder X-ray diffraction (XRD) to determine the phase assemblage.
XRF analysis of bulk powders indicated that the cation fraction of barium in the precipi-
tate, x, was 0.51, 0.41, 0.31, and 0.24. This is 81% + 3% of the ratio in solution, slightly low-
er than previously observed for balcite made with natural isotope abundance (86%). XRD
(Figure 10.2) showed that all powders contained balcite, which is easily distinguished by
the most intense (102) peak between 28-30 °26. Surprisingly, powders A and B contained
witherite (BaCO;) as an impurity co-precipitate. This was unexpected, as previous synthe-
ses had traces of witherite only above x = 0.55. Therefore, it appears that increasing the
amount of C in the sodium carbonate starting solution affects the composition, and
phase distribution, of the product. This is an interesting observation worth further inves-

tigation, but was not conducted in this study.

*
X=0.51
W

‘V/J\__/\\__,A\_/\L 024

10 20 30 40 50 60
Bragg angle, 26 (°)

Figure 16.5. XRD of C-enriched balcite powders. (*) denotes highest intensity witherite peak. Intense peak
between 28-30° is the (102), analogous to the (104) of calcite.

normalized intensity (au)
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16.3 Balcite metastability
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Figure 16.6. Dissolution of balcite with x = 0.48 over time.
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Figure 16.7. The same compositions as those in Figure 10.2 (up to x = 0.51), but stirred constantly during the
24 hours in solution. At x < 0.21 much more vaterite formed when stirred, with the x = 0.05 sample com-
pletely converted to vaterite at the expense of balcite.

Witherite and calcite powders were suspended in water with calcite/witherite mo-

lar ratios from 0.1 to 0.9 in increments of o.1. After 30 days the powders were filtered,

washed with water, and dried overnight at 110°C. Only calcite and witherite were observed

at all compositions, with no evidence of balcite (Figure 16.8). Mixing either witherite with

100 mM CaCl,, or calcite with 100 mM BaCl, for the same duration yielded only witherite

calcite physical mixtures (Figure 16.8).
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Figure 16.8. (a) Physical mixtures of calcite and witherite ranging from pure calcite (blue, bottom) to pure
witherite (red, top). No indications of balcite formation are observed at any mixing fraction after 30 days in
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constantly stirred aqueous solution. (b) Balcite does not form through the addition of witherite to 100 mM
CaCl, or calcite to 100 mM BaCl,.

16.4 Supersaturation with respect to witherite
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16.5 Raman spectroscopy of precipitates in confinement
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Figure 16.9. Raman spectroscopy of drop-encapsulated precipitates. (a) ACBC and (b) balcite from starting
solutions with nominal barium cation fraction given by x.
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Figure 16.10. Composition of ACBC in drops, calculated from the shift in the v; Raman mode shift, com-
pared with bulk ACBC."’
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17. Appendix C: Supplemental information for chapter 11

17.1 Inductively coupled plasma-optical emission spectroscopy

feed of solutions of the starting materials was deter-

The barium mole fraction x
mined by inductively coupled plasma-optical emission spectrometry (ICP-OES), using a
Thermo iCAP 7600 instrument. Solutions were diluted 100x in water and then 200x in 3%
by volume aqueous nitric acid. Intensities for the four strongest emission lines of barium
(A = 230.424, 233.527, 455.403, and 493.409 nm) and Ca (1 =315.887, 393.366, 396.847, and
422.673 nm) were recorded in both axial and radial geometries. Intensities were converted
to absolute concentrations using a calibration curve recorded for a series of eight stand-
ard solutions ranging from 1 ug/mL to 4 ng/mL that were prepared by serial dilution. An

average concentration value and standard deviation for barium and calcium was deter-

mined from 8 individual values (4 different emission lines in two geometries each, Table

feed feed _ [Ca]

[Ca]+[Ba]’

Table 17.1). Finally, x“*“ was calculated according to x using the limits of un-

certainty for individual measurements as bounds for the reported error. ICP-OES was also
used confirm the composition of some ACBC samples. An aliquot of the dry powder (~1
mg) was dissolved in 3% nitric acid (10 mL), and then diluted by 100x in 3% aqueous nitric
acid. Both values agree within the experimental error for each measurement (Supple-
mental Table Table 17.2), justifying the use of both techniques for stoichiometry determi-

nation.
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17.2 XRF

The barium mole fraction, x, of single-phase balcite was determined on a custom
built X-ray fluorimeter with an Ag-anode operating at 15 mA and 4o kV. Detector calibra-
tion was performed using the Fe and Mo K, lines of a stainless steel ingot of known com-
position. Background scattering was subtracted from the raw spectra, and corrections for
matrix absorption and Compton scattering were applied using XRF-FP v5.2.7 software
from CrossRoads Scientific. Integrated barium L, ; and Ca K, fluorescence intensity was
obtained by fitting Gaussian peak profiles to all calcium and barium fluorescence peaks.
From the barium L, ; and calcium K, fluorescence intensities, x was determined. Three

technical replicates were performed at each composition.

17.3 Scanning electron microscopy (SEM)

Approximately 5 mg of the dry powder was deposited on carbon tape and coated with ~8
nm osmium with an SPI OPC-60A Osmium Plasma Coater. Imaging was performed in a Hitachi
S4800 FE-SEM or Hitachi S8030 operating at 20 keV at a working distance of 10 mm. Energy
dispersive spectroscopy (EDS) was collected using AZtec software (Oxford Instruments) using
an Oxford AZtec X-max 80 SDD EDS detector. Spectra for balcite and calcite spherulites were
collected from rectangular areas approximately 5 ym x 5 ym within five separate particles and
averaged. Data were fit with a Gaussian peak profiles and converted to atomic percent using cal-
ibrated standards MgO (Mg K-edge 1.0 — 1.4 keV), CaCO, (Ca K-edge 3.5 — 3.9 keV), and Ba-

TiO; (Ba L-edges 4.3 — 5.7 keV). The cation mole fraction for barium (or magnesium) was nor-

. . . . . [Ba] N [Mg] .
malized by the total cation mole fraction to give x = Capspa) T X = Cal+IMg] to give the overall
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composition Ca, Ba,CO, or Ca, Mg CO,. Line scans across balcite and calcite particle cross sec-

tions were collected at 30 keV for a minimum of 600 seconds total collection time, with 100 us
dwell time at 50 nm intervals. Data was smoothed with a mean filter distance of five, and nor-

malized to the overall composition measured on a 5 ym x 5 ym rectangular area.

Table 17.1. ACBC/Balcite composition summary

Fe‘;‘éli‘_"(‘)‘ggn‘ ACBC: XRF Balcite: EDS
Xfoed std. dev. X std. dev. X std. dev.

0 0 - -
0.060 0.0035 0.045 0.001 - -
0.127 0.0073 0.105 0.001 - -
0.251 0.0116 0212 0.002 - -
0.369 0.0127 0314 0.003 - -
0422 0.0248 0.382 0.002 - -
0.640 0.0370 0.545 0.003 0.52 0.02
0.785 0.0254 0.673 0.004 - -

Table 17.2. ICP-OES/XRF comparison

ACBC:
ICP-OES ACBC: XRF
X std. dev. X std. dev.

0.009 0.0003 0.01 0.001
0.042 0.0026 0.04 0.001
0.088 0.0066 0.09 0.001
0.171 0.0097 0.19 0.002
0.304 0.0094 0.33 0.002
0.438 0.0019 0.45 0.002

17.4 Powder X-ray diffraction (pXRD)

Approximately 200 mg of the dry powder was pressed into low background amor-

phous silica sample holders for diffraction analysis. X-ray diffraction patterns were ac-
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quired on a Rigaku Ultima diffractometer using copper Ka radiation (A = 1.504 A), 0.05°

step size, and sample-to-detector distance of 285 mm.

17.5 High resolution synchrotron powder diffraction (hr-pXRD) and Rietveld re-
finement

Synchrotron powder XRD pattern of balcite (Ca,.\Ba,CO;, where x = 0.50) was per-
formed at Sector 5-BM-D of the Advanced Photon Source at Argonne National Laborato-
ry. The wavelength, 1, was set to 0.2748 A (50 keV) and collected on a MAR345 two-
dimensional plate detector. Data were calibrated with polycrystalline silicon and integrat-
ed with Datasqueeze. The pattern was indexed with JADE2o10 software. Pattern indexing
yielded R3m, R3m, or R32, as the most likely space groups for balcite. R3m and R32 did
not produce adequate fits in Rietveld refinement. Rietveld refinement was performed

with GSAS using the EXPGUI graphical user interface®'%?"

using the R3m setting with
atom positions Ca (o, o, 0); Ba (o, o, 0); C (0,0,%); O (X, o, ¥4). Partial occupancy of the O

site was set to 0.5, and those of Ca and Ba fixed at 0.49 and o.51, respectively, based on

XRF measurements.
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17.6 In situ synchrotron wide angle X-ray scattering

Low mass aluminum pans (TZero) were filled with approximately 20 mg of powder
and hermetically sealed by crimping an aluminum lid to the top of the pan. The pans
were heated from 25°C to 600°C and cooled back to 25°C at a rate of 10 °C min™ using a
Linkam (Linkam Scientific Instruments, Tadworth, UK) controlled temperature stage.
WAXS patterns were collected every minute at intervals of 10 °C. Diffuse rings consistent
with a polycrystalline material were observed in two-dimensional CCD images. These im-

ages were radially integrated using custom beamline software.

17.7 X-ray total scattering

X-ray total scattering was performed at the Dow-Northwestern-Dupont collabora-
tive access team (DND-CAT), Sector 5-BM-D of the Advanced Photon Source at Argonne
National Laboratory. The X-ray energy (20.000 keV, A = 0.6195 A) was selected with a
Si(111) monochromator, and calibrated with a Mo foil at the Mo K-edge. Data was collect-
ed in Bragg-Brentano geometry with a Huber D8219 diffractometer (260 = 4-169°). The step
size was 0.5° and the dwell time was 10 s. Four Si-drift solid state detectors with multi-
channel analyzers (MCA, ~250 eV resolution at 20 keV) were used to simultaneously
measure elastic scattering, Ca K-edge, and Ba L-edge fluorescence. Total fluorescence sig-
nal was used for normalization of the elastic scattering. Spectra were also normalized for
incident beam intensity measured with an ion chamber (pN, = 550 Torr and pAr = 16

Torr). Scattering from the sample holder and Compton scattering were subtracted, and
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an absorption correction applied based on sample composition using GetPDFx2 pack-

age.”’

The reduced structure factor f(Q) was determined from the total scattering inten-
sity I(Q) by subtraction of atomic scattering and background. Real space information was
then obtained by Fourier transformation of f(Q). The resulting pair distribution function,
G(r), the probability of finding an arbitrary pair of atoms separated by the distance, r,

provides real space information about the interatomic distances on the ~1-50 A length

scale.

17.8 X-ray absorption spectroscopy

Samples for X-ray absorption spectroscopy were synthesized in the same way as
above, with drying times of at least 4 hours under vacuum. Measurements were per-
formed at the Dow-Northwestern-Dupont collaborative access team (DND-CAT), Sector
5-BM-D of the Advanced Photon Source at Argonne National Laboratory. Samples were
spread on 8 um Kapton tape and kept dry under a stream of He gas. Calibration at the Ca
K-edge was performed with a geological Iceland spar (calcite) standard, for which the
edge energy was set at 4038 eV. ACBC samples were measured relative to this value. Data
was analyzed using the Demeter package.”” Normalization and background subtraction
were carried out in Athena using Autobk. x-data were weighted by k, k*, and k> between

1.6 < k <11.5 A~* for the Ca K-edge and between 2 < k < 14 A~* for the Ba K-edge.
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17.9 Nanoindentation

Powders were mounted in EpoTek epoxy resin, with a 4:1 ratio of base to curing
agent, cured for at least 24 hours at room temperature. Flat surfaces were obtained via
argon ion milling in a Leica TIC3X equipped with a cryo-stage, operating at 8 kV and 3
mA, 510° mbar, and a stage temperature set point of -25°C. Milling was followed by air
plasma treatment at 6-10” Torr for 2 min for a final surface cleaning. Nanoindentation was
performed in a Hysitron TI 950 Tribolndenter using a Berkovich diamond indenter ge-
ometry to a peak load of 1000 uN. Tip shape and piezo control were calibrated with a
fused quartz standard prior to testing each sample. Particle surfaces were imaged with the
same in diamond tip before and after indentation. Porosity in the center of the spherulite
particles, measured from the root-mean-squared height profile from images obtained
with the indenter tip, required indents to be taken from ~5-10 um thick shells on the out-
side of the particles that were fully dense and had roughness less than 1 nm rms. After
elastic relaxation, indents were approximately 50 nm deep and 1.5 um across. At least 10
measurements across at least 3 particles each were collected for as-synthesized balcite,

balcite heated to 600°C, spherulitic magnesian calcite, and single crystalline calcite.



277

,__/\,\_M___J\_\A—,/"\___d\*_/gw_‘[\_—&h_“ - witherite
_._A/JLJ\___JL_/\/\/W___/\__ e
’:T % — x=0.67
3 WMWMMMWM
R } x=0.55
%\ g panr g YNt mapppmsa i I “MM““mew/\wmww‘«
2 x=0.38
()
E x=0.29
g x=0.21
=
LI FRRTRTITTORDIIIIPIEZ o s S ST A I M —x=on
© et ot
WWM’M%% —— x=005
WWMW% — ACC
. — calcite
S T T T

Bragg angle, 26 (°)

Figure 17.1. pXRD patterns of ACBC and reference compounds. Note that the ACBC sample with x = 0.67
may contain a small amount of witherite (asterisk).
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Figure 17.2. Pseudobinary phase diagram of the BaCO,;-CaCOj, system, modified from ref'*®. Witherite (O)
undergoes a first order transformation to a calcite-type R3m phase above 811°C. Barytocalcite (B) recrystal-
lizes into a ‘disordered calcite’ phase above 525°C. Approaching 970°C calcite (R3c) gradually transforms
into a high temperature phase with R3m symmetry through the randomization of carbonate orientation
about their 3-fold axes. There appears to be a gradual (second order) transition from R3c to R3m structures

with increasing barium at higher temperatures.
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Figure 17.3. Balcite particle cross section and hardness measurements. (a) SEM image of a cross section of a
balcite spherulite prepared by broad beam ion milling. Arrows indicate the dense rim on the exterior of a
spherulite. (b) Plot of barium and calcium cation fractions against distance along the dashed line in (a),
determined by SEM-EDS. Note that while the shape of the profile is affected by the hemispherical shape of
the particle, the relative amounts of Ba and Ca are within expectations and do not change significantly
across the spherulite. (c) Representative nanoindentation load-displacement curves for a balcite spherulite
and a calcite spherulite, from which the hardness, H, and indentation modulus, EI was calculated using es-
tablished methods.™" (d, e) Probe force images of calcite (d) and balcite (e) generated by scanning the in-
denter tip across the surface after nano-indentation. Scale bar represents 2 pm.

Figure 17.4. SEM images of spherulites of magnesian calcite. Scale bar represents 10 pm.
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18. Appendix C: Supplemental information for chapter 12

stopped flow
synchrotron mixer WAXS SAXS
X-ray Beam N | /iﬁ MAXS a
sample T
> |
monochromator . 11
focusing a

Slits
Figure 18.1. Schematic of time-resolved X-ray scattering configuration. A stopped-flow mixer allowed for
rapid and repeatable precipitation in solution. The aqueous precipitate was passed through a thin walled
(100 pm) glass capillary, where scattering was acquired over a continuous range of scattering vectors q =
0.002 — 5 A! with three separate detectors.

18.1 X-ray scattering
SAXS was acquired with a 75 ms acquisition time and 25 ms readout time. Patterns

were azimuthally averaged and plotted as the scattering intensity versus the scattering

4msiné
A

vector, q = , where 6 is the scattering angle and A the wavelength of radiation.

WAXS is generally considered the region g > 1 A1, where real-space scattering distances

2 . . . . .
d= 7” are on the order of interatomic or interplanar spacings. For g<<i, the scattered in-

tensity I(gq) can be written as

1@ =A@ = |f, po (e dr|’ (18.1)
where v is the particle volume, A(q) is the normalized amplitude of scattering, and p, (1)
the electron density of the scattering particle relative to its surroundings. From this ex-
pression, the increase in scattered intensity with time can be attributed to the increase in
volume of growing particles. In the limit of small g, the scattering function simplifies to

the Guinier approximation:

(oag)’

B(E) = BB~ 3 (18.2)
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where R, is the radius of gyration and G is equal to (p,v)?. In the limit of larger g, a pow-

er law dependence takes the form

a(m) = (18.3)

7]

where B is Porod’s constant, equal to 2mpZ2S, where S, is the particle surface to volume
ratio. Using the unified model of Beaucage,?® the scattering intensity from low and high g

can be considered independent and additive, giving a total scattering intensity

P;

Il(q) = Zi Gie 3 +e 3 (184)

(aRg)” (aRgco)’  [erf gy
B. | ——6 "
t q
where i is the number of scattering levels (e.g. 2 for discs, one each for the thickness and
diameter). Ry ¢, is the cutoff radius from a smaller level, effectively limiting the contribu-

tion of smaller particles on the scattering from larger ones.

The total volume of precipitates can be calculated from the Porod invariant, Q,, by

= [,.,B°0(2)00 (18.5)
This parameter is independent of the particle shape, and can therefore be used to quanti-
fy the total volume of precipitate, even for polydisperse distributions or particle type mix-

tures.

18.2 SAXS data fitting

Data fitting was performed in the Irena package® for Igor Pro. The ‘Unified Fit’

model' was applied to all data. Only four fit parameters, R,, G, P, and B were required for
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convergent fits with standard residuals of < 10 over the entire g range. At t < 0.7 s, a single

R, was sufficient for convergent fits (Figure 18.2). This suggests that the particles were rel-

atively isotropic. Through the first 0.7 seconds, R, increased from 31 to 54 nm. Assuming
spherical particles, the particle radius, R, was calculated from R? = ZRé, giving radii from

40 to 70 nm. The Porod invariant, Q,, increased linearly during this time, an indication of
continual growth. However, P decreased from 4.0 to 3.0, which is indicative of a rough
surface. This suggests that the initially smooth particles underwent a roughening transi-
tion during growth.

Beginning at ¢ > 0.7 s, the single unified fit failed to produce physically realistic re-
sults (e.g., unphysical S, values). P decreased below 3.0 and the Q, diverged. Two unified
levels were required, with two of each parameter R, G, P, and B. The size cutoff for the
larger Ry, (Ry.) was fixed at the value of the smaller Ry, (R;). The smaller dimension re-
mained relatively invariant at Ry, = ~9 nm, while the larger dimension grew slightly be-
tween 0.7 < t < 0.1.3 s but also stabilized around R,, = 50 nm (Figure 18.2). Under the as-
sumption that these two radii originate from disk-like particles, the thickness, T, using
the formula T? = 2R} for thin platelets, a thickness of nm was obtained, in excellent

agreement with EELs measurements.
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Figure 18.2. SAXS fitting in Irena. (a) First time point after the initiation of mixing (0.1 s) exhibiting a single
Guinier shoulder above q = 0.01 A" and a Porod slope of ~4 below 0.01 A1, (b) After 4.0 seconds, there
were two distinct Guinier/Porod regions above and below q = 0.02 A™!. Note the lower intensity, greater
noise in the high q region, and larger standardized residual in (a). A slight deviation from the fit towards
higher intensities at low q suggests that the particles may aggregate to some degree.
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Figure 18.3. SAXS fitting parameters extracted from Guinier/Porod unified fits, like those shown in Figure
18.2. (a) R, of initial isotropic particles (blue) and anisotropic particles with two separate R, (green and yel-
low). (b) Porod slopes, showing a decrease in time for the first-formed particles, with relatively stable values
for the anisotropic particles. (c) Porod invariant, showing continually increasing precipitate volume with

time.
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Figure 18.4. WAXS corresponding SAXS data shown in Figure 12.1. Bragg peaks begin to appear between 1-2
seconds, concurrent with a change in SAXS behavior.
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Figure 18.5. Synchrotron X-ray diffraction of BaCO, precipitation in solution. Gortotowskite transforms into
witherite over the course of 30 minutes.
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Figure 18.6. Cryo-TEM (a, ¢, e, g) and cryo-STEM (b, d, f, h) of gortotowskite precipitation. Initially, precipi-
tates were condensed, isotropic particles with dense cores (a, b) approximately 40 nm in diameter. EDS (in-
set, b) confirmed that the particles were barium rich and that the dense cores were enriched in barium. The
diffuse network around the dense cores is consistent with the fractal-type structure predicted from the de-
creasing Porod slope during growth in SAXS. These particles transitioned into aggregates of this platelets (c,
d), as expected from SAXS. These aggregates dispersed in solution (e, f), growing to > 500 nm in edge length
before recrystallizing into acicular spherulites that resemble witherite (g, h).
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Figure 18.7. Edge-on view of gortotowskite. (a) Bright field TEM. Scale bars represent 200 nm. (b) SAED ap-
erture centered on stack of platelets. (c) SAED pattern, exhibiting strong diffraction only in the plane of the
particle but not in the narrow dimension. Diffraction spots exhibit 6.8 A spacing, consistent with the in-
plane diffraction shown in Figure 12.2. Streaks running perpendicular to these most pronounced diffraction
spots confirm that individual platelets are quite thin.

18.3 Electron energy-loss spectrometry (EELS) and high annular dark field
(HAADF) imaging

Parallel EEL spectra were recorded on a Hitachi HD2300 dedicated STEM, fitted
with a Gatan Enfina Spectrometer. The electron microscope is equipped with a field emis-

sion gun (FEG) operated at 200 keV.

18.3.1 Thickness determination

In order to assess a local absolute specimen thickness t of the thin platelets, the
log-ratio EELS procedure described by Malis et al. was followed.?®® This method requires
a known characteristic mean free path for inelastic scattering, A, with a relation to the

specimen thickness t as

% =1In (Ii) (18.6)
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with I; is the total electrons in the electron energy loss spectrum and [, the amount of

electrons that did not lose energy (i.e. the zero-loss peak). The mean free path (units in

nm) can be given as

_ 106 F E, (18.7)
Em ln(zﬁEO/Em)

with E, the incident beam energy in keV, 8 the spectrum collection angle in mrad, and F

is a relativistic factor given by

1+ (Ey/1022) (18.8)
T (14 (Ey/511))2

The E,, term is some average energy loss (in eV), depending on an “effective” atomic

number Z,;; according to

Ep ~ 7.6Zy "% (18.9)
with
i fiZ;M3 (18.10)
eff = 5. 2,03

Mean free paths can be fitted within ~ 20% by the above equations (18.7) and (18.9),
an acceptable degree of accuracy for many applications.
We acquired zero-loss spectra at low convergence angle a and collection angle f

(7 mrad and 8 mrad, respectively). These values were chosen since they reflected ade-
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quate count rates in the EELS spectrum. Since the magnification was relatively high (>

100,000 X), an entrance aperture of 3 mm was selected. Total collection times equaled o0.01

second, summed over 10 individually acquired spectra. The dispersion was set to 0.3

eV/channel.

18.3.2 Ba N-edge acquisition

Ba N, 5 edges were obtained at a = 21 mrad and 8 = 8 mrad, with a total acquisition time

of 5 seconds (summed over 20 individually acquired spectra), at a dispersion of o.1

eV/channel.
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bulk powder

relative intensity (au)

i,

10 15 20 25 B30 B35 40
q (A7)

Figure 18.8. Comparison of in situ WAXS and pXRD of the bulk powder, confirming that they are the same
phase.
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Figure 18.9. (a) EELS linescan across an aggregate of gortotowskite platelets, showing discrete changes in
thickness in approximately 10 nm intervals. (b) EELS spectrum from location marked with blue star in (a),
showing large zero-loss peak Ba N, ;-edge ELNES
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Figure 18.10. (a-b) SEM images of gortotowskite, and (c¢) EDS, confirming the presence of C, O, and Ba.
Background signal from the Si substrate (1.7 eV) and a small (unlabeled) peak near 1.5 eV from the Al sam-

ple holder were also present.
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Figure 18.11. TGA of gortotowskite. Mass loss due to the removal of physisorbed water is expected to occur

below 100°C, which accounts for 1.5% of the initial mass. Approximately 8.4% of the initial mass is lost be-

tween 100 — 600°C, which is consistent with one formula unit of water per BaCO,. Above 600°C mass loss

increases with temperature, and is ascribed to decomposition of BaCO; into CO, and BaO. Error (gray) rep-

resents one standard deviation from four separate measurements.
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Figure 18.12. Raman spectrum of gortotowskite.



