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In Situ Liquid-Cell TEM Observation of Multiphase
Classical and Nonclassical Nucleation of Calcium Oxalate

David J. Banner, Emre Firlar, Pavel Rehak, Abhijit H. Phakatkar, Tara Foroozan,
Jodi K. Osborn, Lioudmila V. Sorokina, Surya Narayanan, Talia Tahseen, Yusuf Baggia,
Petr Krdl,* Tolou Shokuhfar,* and Reza Shahbazian-Yassar*

Calcium oxalate (CaOx) is the major phase in kidney stones and the primary
calcium storage medium in plants. CaOx can form crystals with different
lattice types, water contents, and crystal structures. However, the conditions
and mechanisms leading to nucleation of particular CaOx crystals are unclear.
Here, liquid-cell transmission electron microscopy and atomistic molecular
dynamics simulations are used to study in situ CaOx nucleation at different
conditions. The observations reveal that rhombohedral CaOx monohydrate
(COM) can nucleate via a classical pathway, while square COM can nucleate
via a non-classical multiphase pathway. Citrate, a kidney stone inhibitor,
increases the solubility of calcium by forming calcium-citrate complexes

and blocks oxalate ions from approaching calcium. The presence of multiple
hydrated ionic species draws additional water molecules into nucleating
CaOx dihydrate crystals. These findings reveal that by controlling the nuclea-
tion pathways one can determine the macroscale crystal structure, hydration

state, and morphology of CaOx.

1. Introduction

Calcium oxalate (CaC,0, - H,0, or CaOx) is an important
crystal positively affecting plants and fungi, which may be
involved in environmental CO, capture.'3] Oxalate sequesters
calcium within sub-cellular vacuoles to regulate calcium and in
effect stores excess CO, in plants, since oxalate is a downstream
metabolite of CO,.'3l This oxalate-mediated calcium storage is
essential to ensure that adequate calcium is available for critical

metabolic  processes without causing
excess free-calcium toxicity.*”] CaOx also
provides structural support to plants.[*”]
Bacteria and some fungi are capable of
catabolizing oxalate and release the stored
energy via metabolic catabolism, such
as the glyoxylate pathway.®] CaOx from
plants and fungi may be deposited into
soil, where it stores ecological calcium.!!
As a biomineral, the presence of oxalates
has been hypothesized to be indicative of
non-terrestrial life in astrobiology.'*?l In
human and animal life, however, CaOx is
pathogenic. CaOx is the major phase in
80% of kidney stones.>! Thus, under-
standing the formation, crystallization,
and dissolution of CaOx is essential to
the biomedical field, plant biology, soil
science, microbiology, and perhaps the
search for extraterrestrial life.

In nature, CaOx primarily exists as
CaOx monohydrate (COM), but it may also be dihydrate
(COD), trihydrate (COT), or rarely amorphous (ACO), where
the thermodynamic stability of COM is the highest and ACO
the lowest.” COM is the most common CaOx phase in kidney
stones, while COD is less common, and COT is exceedingly
rare.l'®1 Plants primarily contain COM and COD.P! ACO is
highly unstable and quickly crystallizes environmentally, but
it has been prepared in the laboratory setting by chemical sta-
bilization of CaOx.?22l Many studies have characterized the
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structure, morphology, and chemical content of CaOx min-
erals in plants,® humans, and in vitro chemical studies.?3-%%]
Transmission electron microscopy (TEM) studies of CaOx
have primarily focused on ex situ interactions of CaOx with
biological species or CaOx crystals formed within biological
tissues,[?*?7 such as renal epithelial cells,?®! or as a characteri-
zation technique for benchtop experiments.?*3% However, no
studies documented real-time CaOx nucleation.

The importance of understanding real-time nanoscale
nucleation processes of CaOx is indicated by the dependence
of the crystal structure and morphology of other calcium salts
on their nanoscale mineralization processes.’!! The formed
crystal structures and particle morphologies of CaOx also have
direct effects on human health: COM binds cell walls with
more strength than COD or COT.[?? Thus, previous works
have hypothesized that forming COD or COT may reduce
the incidence of CaOx kidney stones.??l COM kidney stones
are also more difficult for clinicians to treat. Understanding
the nucleation pathways of CaOx will thus allow direct
insight into the mechanisms by which CaOx forms patho-
genic crystal structures. Comparison of the nucleation path-
ways in the presence of molecular modifiers would provide
mechanistic insight into CaOx kidney stone prevention. This
understanding and insight into kidney stones would benefit
the health of =8% of the population of the USA who are per-
sonally affected by kidney stones.**l Nationwide, current treat-
ments costs have an annual financial burden of approximately
five billion USD.B4 The associated renal damage also contrib-
utes to other major diseases, such as chronic kidney disease
and heart disease.[3¥

Molecular modifiers such as citrate can affect the CaOx
nucleation by increasing its solubility and by other mecha-
nisms,B such as altering the crystallization and facet-growth
of CaOx.*® In the Cabrera-Vermilyea (C-V) model, citrate
molecules bind to the surface of a crystal growing via edge
growth, and inhibits or alters the continued addition of mon-
omers, oligomers, or polymers in the affected plane.’”38
Alternatively, citrate may bind to the surface of the crystal and
induce lattice strain.’® This lattice strain leads to removal of
ions and dissolution of the crystal at concentrations otherwise
suitable for the formation of CaOx.3¥ Stress in nucleating crys-
tals induced by molecular modifiers may also directly induce
their morphological changes.?”) In contrast, citrate prevented
crystallization of amorphous precursors by coating the sur-
face of the precursors, which resulted in the formation of COT
rather than COM.?)

The nucleation of CaOx crystals can be affected by many
parameters. The free energy of the solution, the interfacial
energy between the nucleating particles, precursors, and the
solution, as well as the local saturation of the ionic species may
all influence the crystal formation pathways.*! If the free ener-
gies of different pathways are similar, multiple formation path-
ways may occur within the same solution.*) CaOx may form
multiple particle morphologies from the same crystal struc-
tures. For example, COM with the same monoclinic crystal
structure may form rhomboid shaped pinacoids with a domi-
nant [100] facet, rhomboid shape pinacoids with a dominant
[010] facet, styloids, twins, dendrites, or agglomerates of COM
crystals.#142] Factors such as pH, temperature, stirring speed,
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and molar concentrations have been correlated with distinct
crystal morphologies.[*?

In principle, depending on the crystal formed and the crystal-
lization conditions, the nucleation of crystals may occur through
several different pathways.*3! Crystal nucleation may occur
through classical crystal nucleation, where monomer units attach
one after another to form a central crystalline core.[’] Alternatively,
crystal nucleation may occur through formation of oligomeric
or polymeric complexes, rather than individual monomers.[*!
Crystal nucleation may also occur through the formation of dense
liquid droplets, wherein ions aggregate together within a liquid to
form an area of high ion density (spinodal separation).*’] Upon
reaching a sufficiently high local concentration, the dense liquid
droplet can change its composition and start to aggregate into an
amorphous and (later) crystalline nucleus.**#] Crystallization may
also occur through nucleation and oriented attachment, in which
nanocrystalline precursors or amorphous precursors form and
then aggregate to form a larger crystal.*] Monomer, oligomer, or
polymer nanocrystals or amorphous particles form separately.*!
These particles then orient and attach to form a larger crystal,
which may involve internal reorganization of the nanocrystals.*!

Previously, in situ atomic force microscopy (AFM) was used
to study the real-time growth of CaOx from seed crystals.[3649-53]
While AFM allows analysis of material surfaces, it is unable
to determine the crystal structure and local chemical changes
during nucleation and growth. Graphene liquid cell (GLC)
encapsulation of a liquid sample has been used for in situ
imaging of colloid nanocrystals, ferritin, or bacteria.l>"] Here,
GLC within a TEM was utilized to observe real-time CaOx
nucleation and mineral growth. In the experiments, a super-
saturated liquid solution of calcium and oxalate (C,0,H,%") ions
was encapsulated in GLC, allowing observation of nucleation
and growth of CaOx.’>>=%U In a similar way, the effect of cit-
rate on the mineralization of CaOx was also studied in GLC.
Select-area electron diffraction (SAED) was used to characterize
the crystal structure of particles formed in the GLC. Molecular
dynamics (MD) simulations of CaOx formation were performed
in both the absence and presence of citrate. The end-stage prod-
ucts of GLC TEM studies were validated by ex situ benchtop
studies. The ex situ products were visualized by a scanning
electron microscopy (SEM), structurally analyzed via X-ray dif-
fraction (XRD), and chemically analyzed by electron energy loss
spectroscopy (EELS) and energy dispersive X-ray spectroscopy
(EDS) within scanning TEM (STEM).

2. Results

2.1. In Situ TEM Studies of CaOx Formation: Classical Nucleation

Figure 1 (Video S1, Supporting Information) shows the
observed nucleation of CaOx crystal in a supersaturated solu-
tion (Table 1) within a GLC. The CaOx crystal nucleus grew
sequentially on specific facets, as indicated by red arrows in
Figure 1 (Figure S1, and Video S1, Supporting Information).
Corners with an angle of 120° formed within 1 s, indicating
the initial formation of a rhombohedral CaOx particle.*%4 The
morphology of the rhombohedral particle formed in Figure 1
agrees with previous reports of COM,!! since COM is reported
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Figure 1. The classical nucleation of CaOx crystal within GLC-TEM. The process starts by the formation of a stable nucleus, followed by monomer
addition to the growing crystal. The particle (green) grows along specific facets as indicated by the red arrows. The time series from the beginning
of particle formation is included in the upper right corner of each image. All images were collected from the same magnification. The scale bar

is 50 nm. False coloring used.

as the most stable crystal structure of CaOx, with the lowest
free energy.l”l However, the particle growth in the (100) plane
is not directly visible, since it is orthogonal to the image plane.

Throughout Video S1, Supporting Information, there are
variations observed in the contrast of the particle. These
changes in the particle contrast have been plotted in Figure S2,
Supporting Information. Changes in contrast in TEM are typi-
cally the result of Rutherford scattering, which is dependent
on the mass thickness contrast (¥), and diffraction contrast.
Rutherford scattering has been described as:

_ N, 0 Qatom PAD
A

@ (1)
where N, is Avogadro’s number, the cross section of scattering
is Q, p is density, the thickness is represented by AD, and A
is the atomic weight.’! Diffraction contrast may also alter the
contrast of the video as described by Bragg’s law. This diffrac-
tion may be described by Bragg’s law

nA =2dsin(0) ()

While changes such as the material density may alter the
contrast, the crystalline nature of the particle in Figure 1 sug-
gests that the density of the particle does not significantly
vary.’>! Although the particle appears to be in constant orien-
tation throughout the video, minor changes in the crystal ori-
entation may produce minor fluctuations observed throughout
Video S1, Supporting Information.®¥l However, there is a

Table 1. A summary of the saturation states of the CaOx solutions.

Initial saturation Initial Equilibrium Equilibrium
index without saturation index  saturation index  saturation index
citrate with citrate without citrate with citrate
CcOM 4.4 4 0 0
COD 4.0 3.5 -0.4 -0.4
coT 4.0 3.5 -0.4 -0.4

Adv. Funct. Mater. 2021, 31, 2007736

2007736 (3 of 1)

significant increase in the contrast between the beginning and
end of the video. This suggests that the markedly increased
contrast at the end of the video compared to the beginning of
the video is likely to be due to the growth in the (100) plane.l?!

In Figure 1, the particle first begins growth to the upper right
of a boundary at 0 s. This boundary may represent changes in
the liquid thickness. The particle may nucleate homogenously
or heterogeneously. Similar particle dynamics were observed in
other samples where no visible boundary is present (Figure S3,
Videos S2 and S3, Supporting Information). Other particles
within Video S1, Supporting Information, may be CaOx, but the
lack of particle morphology prevents identification of the mate-
rials. While electron diffraction might identify the crystal struc-
ture, focusing the electron beam on beam sensitive particles may
damage the particles. Diffraction of a larger area would detect
the crystal shown in Figure 1, which would not provide addi-
tional information into the crystal structure of the particles.[*4
However, Visual MINTEQ simulations suggest that only CaOx
precipitates in the solution (Note S1, Supporting Information).
The particles may be amorphous CaOx or polycrystalline CaOx,
since they were not observed to form stable particle structures.
Figure 1 thus appears to reveal a classical nucleation of COM,
where ions, atoms, or molecular species nucleate to form a crys-
talline core.! This is followed by the attachment of individual
molecular species or small oligomeric species not directly
visible in TEM to the surface of the forming crystal (Video S1,
Supporting Information).

2.2. In Situ TEM Studies of CaOx Formation:
Non-Classical Nucleation

Figure 2 (Video S4, Supporting Information) illustrates a dif-
ferent type of nucleation of CaOx obtained through four dis-
tinct stages. First, CaOx forms an imperfect thombohedral
precursor as indicated by 120° corners visible at 6 s (Figure 2,
Figure S3, and Video S4, Supporting Information).l"%2 The par-
ticle corners are not as sharp and as clearly indicative of an ideal
rhombohedral crystal as the particle in Figure 1. The particle

© 2021 Wiley-VCH GmbH
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Figure 2. The non-classical formation pathway of CaOx within GLC in the absence of citrate. The particle shows initial classical formation via formation
of a central nanoscale nucleus followed by ionic addition to the growing crystal from 0 to 16 s. However, throughout the video the 120° corners are
not as sharp as in Figure 1 (Figure S1 and Video S1, Supporting Information), indicating the particle is not fully crystalline. Eventually, the sharpness of
the corners decreases at 61 s until the particles nearly, but not entirely, dissolve (63 s). The particle leaves behind two apparently amorphous particles,
which then begin displaying 90° corners (67 s). The particle corners continue to sharpen throughout growth, until the two particles coalescence. The

scale bar is 50 nm. False coloring used.

grows from 0 to 16 s (Figure 2, Figure S3, and Video S4, Sup-
porting Information). Unlike Figure 1, the particle in Figure 2
partially dissolves from 16 to 69 s (Figure 2, Figure S3, and
Video S4, Supporting Information). Both Figures 1 and 2
were collected from the same GLC at the same electron dose.
Previous works have observed either beam induced growth
or beam induced etching, but cyclic growth and dissolution
was only achieved by manually increasing and decreasing the
electron dose rate (Note S2, Supporting Information).[° This
suggests that the growth and subsequent dissolution of the
CaOx particle in Figure 2 is not an artifact of the electron beam
since the electron beam dose rate was constant.

Several alternative explanations may address the partial dis-
solution of the crystal observed in Figure 2. In general, nuclea-
tion and crystallization is driven by the reduction in free energy.
When the chemical component is more stable as a solid crystal,
a crystal forms rather than dissolved in a solution. However, the
formation of the crystal is energetically costly due to the inter-
facial energy between the ordered crystal surface and the disor-
dered solution.® The dissolution of the crystal could be due to
an increase in the volumetric energy, which is no longer greater
than the interfacial energy cost. This increase in volumetric
energy could be due to a number of phenomena, including:
1) imperfections in the crystal structure, 2) impurities in the
crystal, such as sodium or chloride contaminants, or 3) excess
water in the crystal.?6%’]

Defects in the free energy of the crystal may be modeled by
the following equation:

G=G*+NDAHD—TNDASV—TASC (ND) (3)

Here, G is the Gibbs free energy, G* is the Gibbs free energy
of the perfect crystal, T is the temperature, Np is the number of
defects, AHp is the enthalpy change due to the defect, S, is the
vibrational entropy due to the defect, and AS (Np) is the change
in the configurational energy.% This suggests that the presence
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of defects or additional phases within the crystal would be ener-
getically unfavorable. Thus, in the second stage, the particle
partially dissolves in Figure 2 from 16 to 69 s through an
amorphous stage to relieve this high energy state (Figure 2,
Figure S3, and Video S4, Supporting Information). This process
may include reorganization of the crystal structure or expul-
sion of contaminants or water which are not visible in the GLC
image.

In a third stage, the partially dissolved particles form 90°
corners at 67 s (Figure 2, Figure S3, and Video S4, Supporting
Information) indicative of rectangular COM, as reported in
literature, rather than fully dissolving (Figure 2, Figure S3,
and Video S4, Supporting Information).l! SEM of ex situ par-
ticles also showed the formation of rectangular and rhombo-
hedral COM (Figure S4, Supporting Information). XRD con-
firmed the crystal structures of ex situ samples (Figure S4,
Supporting Information). The removal of the crystal imper-
fections, contaminants, or excess water reduces the volu-
metric energy and allows the growth of particles, as shown in
Figure 2 from 69 to 76 s (Figure 2, Figure S3, and Video S4,
Supporting Information). Finally, in a fourth stage, the parti-
cles in Figure 2 (Figure S3 and Video S4, Supporting Infor-
mation) coalesce from 67 to 85 s to minimize their interfacial
energy between the surface and the solution by reducing the
surface area (Figure 2, Figure S3, and Video S4, Supporting
Information).[%) The rectangular particles in Figure 2 may
also be rhombohedral COM observed along the (111) facet.
This would however require the particle to be perfectly ori-
ented in the (111) orientation relative to the z-axis of the 2D
image throughout the dynamic video. Further, no increase
in contrast at the center of the particle is visible as would be
expected from a rhombohedral particle observed along the
(111) facet. The crystallization from an amorphous phase was
confirmed via Fast Fourier Transform analysis of HR-TEM of
a CaOx nanoparticle at different time steps in GLC (Figure S5
and Video S5, Supporting Information).

© 2021 Wiley-VCH GmbH
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Figure 3. Repeated CaOx formation and dissolution in the presence of citrate. a) The particle forms with a diameter of =20 nm, and increases in
contrast throughout 0-3 s. At t = 3 s, the particle develops 90° corners. This particle fluctuates in diameter, contrast, and corner sharpness before dis-
solving at t =17.3 s. b) MD simulations shows aggregation of calcium and oxalate ions during nucleation. In contrast, in MD simulations show that
calcium:citrate interactions prevent nucleation of CaOx. All TEM images were collected at the same magnification in the same area. c) The local water
molecule concentration in the MD simulations in the absence of citrate and in the presence of citrate. A representative aggregation of CaOx formed
without citrate illustrates the presence of water molecules (blue) around a CaOx particle in the inset. Oxalate anions are indicated in green, and calcium
cations in orange. In the presence of citrate CaOx has a much higher water molecule to calcium ratio along the Y-axis, suggesting an increase in the
hydration state. Further, there is reduced aggregation along the X-axis. In the inset smaller CaOx clusters formed in the presence of citrate illustrate a
higher local water molecule to calcium ratio as compared to absence of citrate. Citrate anions are indicated in red. The scale bar in (a) is 20 nm, 5 nm

in (b), and 1 nm in (c).

Other calcium salts have been also observed to form via
multiple nucleation pathways.}'7%7 While Figures 1 and 2
were collected from the same GLC zone, local variations in the
ionic saturation, temperature, or entropy of the solution may
also influence the observed crystallization pathway.[**7 These
factors, estimated in SI and described in other TEM works, may
vary at the nanoscale to produce the observed changes in the
crystallization pathway.316570.71.73-78]

2.3. In Situ TEM Studies of CaOx Dissolution in the
Presence of Citrate

GLCs containing both CaOx and citrate (Figure 3, Figure S7,
and Video S6, Supporting Information) display markedly dif-
ferent CaOx crystal nucleation for most of the particles observed
to nucleate. In Figure 3a, a particle first appears at =20 nm in
diameter with very low contrast throughout 0 to 1.3 s. A contour
plot of these contrast changes over time has been included in
Figure S8, Supporting Information. From 1.3 to 3 s, the par-
ticle contrast increases while remaining the same diameter
(Figure 3, Figure S7, and Video S6, Supporting Information).
The particle then dissolves from 3 to 17.3 s (Figure 3, Figure S7,
and Video S6, Supporting Information). Several underlying
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phenomena may explain these observations. First, the particle
may grow in the z direction only, without apparent growth in
the image plane in Figure 3. This changes the contrast due to
increased thickness. Second, the particle may be rotating. This
rotation may cause changes in the diffraction contrast of the
particle if the particle is crystalline. Third, the particle may be
dissolving and reforming at the same location. This may occur
due to high local concentrations of ions. The contour plot of
the growth phase (Figure S8, Supporting Information) resem-
bles previous observations of CaCO; growth from dense liquid
droplets.[¥ Here, high ionic concentrations may not be visible
in Figure 3. Regardless of the underlying mechanism of particle
appearance and disappearance, here citrate limits the formation
of CaOx to =20 nm in diameter. It is unclear if the particles are
crystalline, semi-crystalline, or amorphous, due to the limited
resolution of the figure.

Nucleation of CaOx from a supersaturated solution without
and with 0.1 M citrate were modeled by MD simulations
(Figure 3b,c, and Videos S7 and S8, Supporting Informa-
tion). While the magnification of experimental figures exceeds
many previous works on low-contrast carbon-based particles,
liquid-cell TEM is limited in its resolution due to the thick-
ness of the sample. MD simulations are limited to small vol-
umes and short timescales due to the current limitations of

© 2021 Wiley-VCH GmbH
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modern computers. Thus, the MD approach provides insight
what can be observed in liquid-cell TEM rather than direction
comparisons. In the MD simulations, in the absence of citrate,
CaOx aggregated to form amorphous clusters. These clusters
then continued increasing in size and combining with other
clusters (Figure 3b). However, when citrate was present, the
calcium ions interacted with the citrate and formed small and
unstable complexes (Figure 3b). The alternative calcium:citrate
interactions prevented stable precipitation of CaOx, similar to
the CaOx and citrate solution in Figure 3. This effect occurs
because the tridentate citrate anion, with three carboxylic
acids groups capable of accepting calcium cations, exhibits
stronger Ca:0 bonds than the bidentate oxalate.l*38] The MD
simulations were also performed at higher pressure to control
for possible changes in pressure due to GLC encapsulation
(Figures S8, and S10, and Note S3, Supporting Information).

The alternative calcium:citrate interactions thus reduce the
free calcium present which prevents stable formation of CaOx
(Figure 3c). However, calcium citrate does not precipitate
since the overall structure of calcium citrate is less stable than
CaOx (Note S1, Supporting Information).’> Thus, throughout
Figure 3, an equilibrium between the calcium:citrate and
calcium:oxalate exists, which prevents stable precipitation of
CaOx. Excess calcium ions in the solution temporarily over-
come the formation of soluble calcium:citrate complexes, which
form CaOx nanoparticles (Figure 3, and Video S6, Supporting
Information). However, the interactions of calcium with citrate
dissolves the CaOx particles, which leads to the cyclic formation
and dissolution of unstable CaOx experimentally observed in
Figure 3a and modeled in Figure 3b,c. This supports the third
possible explanation for the phenomena observed in Figure 3a,
wherein a high ionic concentration forms, condenses into a
20 nm diameter particle, before dissolving due to the citrate.

2.4. Formation of COD in the Presence of Citrate

As previously mentioned, citrate may increase the solubility
of CaOx. Previous works have reported this possibility at dif-
ferent concentrations of CaOx and citrate. The increase in the
solubility of CaOx was only reported to be =0.4 mm of CaOx
in previous works.*®l Here, much higher concentrations of
CaOx were used, which may alter the effect of citrate.* The
GLC confinement may alter the local ion concentrations, which
permits the particle dynamics observed in Figure 3a.35798% The
nucleation of CaOx or calcium citrate at higher ionic concen-
trations must also be considered. At sufficiently high ion con-
centrations the chelating effect of citrate may be overcome and
precipitation of CaOx observed as previously documented.*’]

In addition to the inhibitory effect of citrate, discussed above,
MD simulations also determined the correlation between the
ratio of water molecules and calcium ions present in each
cluster and the size of that cluster (determined by the number
of calcium ions in the respective cluster) (Figure 3c). In both the
absence and presence of citrate the above ratio reached a limiting
value with increasing cluster sizes (Figure 3c). Without citrate,
this limiting value is around 5, whereas with citrate it increases
to 12.5 (Figure 3c). In the presence of citrate, we can expect
that the finger-like clusters eventually collapse and capture
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more waters than do the round compact clusters formed in the
absence of citrate. This suggests that the presence of citrate may
increase the hydration state of the CaOx formed (Figure 3c), in
agreement with experimental observations (COD formation
observed in the presence of citrate).

In addition to the dissolution of CaOx previously observed
at equilibrium in Figure 3 (Video S6, Supporting Information),
other GLCs containing CaOx and citrate showed formation of
irregular nanoparticles (Figure 4a—d, Figure S10, and Video S6,
Supporting Information). Unlike Figures 1 (Video S1, Sup-
porting Information) and Figure 2 (Video S4, Supporting Infor-
mation), characteristic crystal morphologies were not observed
here (Figure 4a, Figure S10, and Video S9, Supporting Infor-
mation). However, SAED of CaOx particles formed in the pres-
ence of citrate (Figure 4b) shows the presence of polycrystalline
COD overlapped with graphene peaks.®83 The individual, dis-
tinct spots identify the (100) and (210) planes of graphene in
Figure 4b.B182 The side by side dots in the SAED pattern indi-
cate the presence of two layers of graphene (Figure 4b).B4 This
shows that the GLC consists of a lower single layer of graphene
under the sample, while another single layer of graphene
covers the sample to encapsulate it (Figure 4b). Circles rather
than individual diffraction spots indicate the presence of many
crystals which make up the overall polycrystalline structure and
identify the formation of COD rather than COM (Figure 4b and
Video S9, Supporting Information).®#3 The presence of COD
shows an increase in the hydration state from COM, consistent
with MD simulations (Figure 3b,c).

The formation of COD in the presence of citrate observed in
GLC was also supported by ex situ experiments. SEM imaging
showed CaOx morphologies representative of COD, while XRD
confirmed the crystal structure of COD (Figure 4c,d).®%l EDS
chemical analysis identified the oxygen signal increase from the
expected 5:1 O:Ca in COM synthesized in the absence of citrate
(Figure 4e—g). In the presence of citrate, there was a 6:1 O:Ca
ratio indicative of the formation of COD (Figure 4e-g). EELS
showed slightly lower values as compared to EDS, which is
likely due to electron beam sample damage (Figure 4e—g). EELS
did however confirm the increased oxygen signal (Figure 4e-g).
EDS mapping showed no significant background oxygen signal
in the ex situ samples (Figure S12, Supporting Information).

3. Discussion

Here, the nanoscale nucleation pathway of CaOx and the
effect of a molecular modifier (citrate) was directly observed
in real time and structurally analyzed by in situ liquid-cell
TEM imaging. MD studies provided additional insight into
the mechanism by which citrate alters the crystal structure
and hydration state. The first portion of this study was dedi-
cated to in situ liquid-cell TEM investigation of crystallization
pathways of CaOx without citrate. Previous works reported
that COM exhibits a monoclinic crystal structure.ll Preferen-
tial facet growth of the monoclinic crystal however produces
unique crystal morphologies.l!! Here, comparison of Figure 1
(Figure S1 and Video S1, Supporting Information) and Figure 2
(Figure S4 and Video S2, Supporting Information) reveals that
CaOx may mineralize via two energetically feasible pathways.
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Figure 4. Formation of COD in the presence of citrate is observed both in situ and ex situ. a) A time series shows motion of CaOx nanoparticles within
GLC. b) SAED shows overlapped crystalline graphene and polycrystalline COD diffraction peaks as collected from the GLC sample. ¢) SEM imaging
of CaOx synthesized in the presence of citrate shows the bipyramidal morphology indicative of COD. d) XRD of bulk CaOx samples synthesized in
the presence of citrate shows the formation of COD. e) EDS and EELS spectra of O:Ca ratios from ten ex situ samples without citrate and with citrate
are displayed. The EDS and EELS data show a consistent increase in the O:Ca ratio in the presence of citrate. f) A representative EDS spectra from
samples with and without citrate show an increase in the oxygen signal in the presence of citrate. g) Comparison between the EELS spectra of ex situ
CaOx without citrate and with citrate shows an increase in the O:Ca ratio in the presence of citrate. The scale bar in (a) is 100 nm. In (c) the scale bar

is 500 nm.

The rhombohedral COM seems to nucleate classically, while
the rectangular COM nucleates by multiphase non-classical
pathways (Figure 5).[348%

The presence of citrate alters the solubility, hydration state,
crystal structure, and morphology of the CaOx crystals during
the nucleation process. Citrate-induced changes in the forma-
tion of CaOx were previously predicted to occur by interaction
with amorphous precursors,?”! polynuclear complexes,?’!
or by step-pinning of crystal facets as in the C-V model.’”]
Ruiz-Agudo et al.?l showed that CaOx was inhibited by citrate
due to citrate coating growing amorphous particles to prevent
further aggregation. Here, it is difficult to find evidence for
such coating. Instead, it was observed that the dihydrate form
of CaOx can become more stable due to integration of water
molecules in the CaOx aggregates. These differences may arise
due to variations in the reagent concentrations, background
electrolytes, or addition of additives reported in many studies.

Future studies may implement similar approaches to pro-
vide mechanistic insight into the role of trace elements and
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molecular modifiers on the nucleation of CaOx. Previous works
have documented a wide range of trace elements and mate-
rials that alter the crystal structure and morphology of CaOx.[8¢]
These materials include copper, magnesium, zinc, manganese,
and ethylenediaminetetraacetic acid, among others.®®l Future
liquid-cell TEM studies are encouraged to explore the effect of
other additives which may alter nucleation pathways of CaOx.
In this work, the effects of the electron beam and pressure
due to encapsulation in GLC were considered and shown
to have minimal effects on the crystallization pathways of
CaOx (see Notes S2 and S3, Figures S1, S3, S8, and S9, and
Videos S1-S8, Supporting Information). Significant differences
in CaOx particles were not observed in separate areas of the
GLCs, in different GLCs, under different electron dose rates,
or within different electron microscopes (Figure S1, Note S2,
and Videos S1 and S3, Supporting Information). The in situ
TEM results were supported by MD simulations (Figures 3,
Figures S8-S10, and Videos S6 and S7, Supporting Information)
and ex situ studies (Figure 4, Figures S7 and S11, Supporting

© 2021 Wiley-VCH GmbH
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COM. Finally, in the presence of citrate, CaOx forms amorphous precursors, which dissolves, reforms, and then forms COD.

Information), which indicate that the CaOx crystallization in
GLC reflects the crystallization of CaOx in the absence of the
electron beam.

Here, real-time liquid-cell TEM studies show the nanoscale
nucleation of CaOx via two pathways. Classical nucleation
leads to the formation of rhombohedral COM, the most ther-
modynamically favorable crystal structure of CaOx, whereas
rectangular COM forms via non-classical nucleation. The
dependence of the final crystal structure on the nanoscale nucle-
ation pathway shown here demonstrates the importance of the
initial conditions which control particle nucleation pathways.
These conditions may include factors such as local ion mobility
and diffusion within the solution. Real-time liquid-cell TEM
studies and MD simulations show that citrate buffers formation
of stable formation of CaOx. This inhibition occurs via transient
formation of soluble calcium:citrate complexes. At high calcium
concentrations, however, the inhibiting effect of citrate is over-
come, which causes formation of COD. MD dynamics show
that the formation of COD rather than COM is induced during
the initial nucleation of the crystal, during which the citrate
draws more water into the forming CaOx nucleus.

4. Experimental Section

Sample Preparation: CaOx was synthesized by chemical reaction
between sodium oxalate (NaOx) (Sigma-Aldrich) and calcium chloride
(CaCly) (Fisher Chemical) in picopure water (WaterOmniTrace Ultra,
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EMD Millipore Corporation): Na,C,0, + CaCl, — CaC,0, + 2NaCl.
This implementation of picopure water prevents the addition of
possible additives and background ions. Sodium citrate was added
to the solutions to achieve a final concentration of 0.1 m NaOx, 0.1 m
CaCl,, and 0.1 m sodium citrate concentrations. In ex situ samples,
the CaOx formed immediately. CaOx was centrifuged within 10 min to
separate the solid sample from the supernatant which contained NaCl.
This would also have removed trace amounts of dissolved CaOx as
detailed in Tables S1-S14, Supporting Information. After the supernatant
was removed, the CaOx particles were rehydrated in DI water. The
samples were then mixed, centrifuged, and the supernatant removed
to rinse the sample. This process stopped the chemical reaction and
prevented the formation of NaCl and citrate solution immediately
upon mixing, prior to any product formation, at equilibrium, with
consideration of products formed. In in situ samples, the CaOx samples
were not rinsed, since the in situ samples remained in liquid, which
prevented the formation of NaCl (Figure 4c,d, Tables S12 and S13,
Supporting Information).

Visual MINTEQ software described the expected saturation state,
described factors such as the pH, ionic strength, dissolved species, and
possible solid products. Four conditions were considered: 1) the CaOx
solution immediately upon mixing, prior to any product formation,
2) the CaOx and citrate solution immediately upon mixing, prior to
any product formation, 3) the CaOx solution and citrate at equilibrium,
with consideration of products formed, and 4) the CaOx solution at
equilibrium, with consideration of products formed. The full input
parameters and results are included in Tables S1-S14, Supporting
Information. The formation of COM, COD, and COT were considered
as possible products. ACO was excluded since it has only been reported
to form in the presence of additives absent in this work.?% Calcium
citrate, sodium chloride, and calcium carbonate were included in the
Visual MINTEQ model as possible phases but did not form in the
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simulations (Note S1, Supporting Information). The saturation states of
the solutions are summarized in Table 1. The Visual MINTEQ model was
based on theoretical models and might not reflect kinetic factors.

In Situ GLC-TEM Imaging: In situ TEM imaging was achieved
by encapsulation of different CaOx samples between two layers of
graphene, which were prepared by adding NaOx, CaCl,, and sodium
citrate solutions to microcentrifuge tubes and then combining them
as previously discussed. Approximately 0.5 uL of the solution was
added to a graphene coated grid. A second graphene coated grid
was placed graphene side down on the liquid sample; Textor et al.
provided an extensive review of this GLC synthesis process.[”) The
grid was then placed into a TEM sample holder, which was placed
into a vacuum pump to remove any liquid that was not encapsulated
in GLC from the TEM holder. The sample was then imaged in TEM
at 80 kV.

The absorbed electron dose rate was calculated from:

5
LP:'IO Sl 4

ma?

MeVcm?

where S is the stopping power ( ), I is the current (amperes),

a is the radius of the electron beam (meters), and 10° is a constant in

) m2eCyg
units of ——=-2-

cm® MeV C
electron dose rate was between 3 x 10° and 2.24 x 10'2 Gy s7\. The
pH and radiolysis species analyses were based on previous works.[®’]
Time scales reported in Figures 1-4, Figures S1, S3-S5, S7, S11, and
S13 and Videos S1-S6 and S9, Supporting Information, consider the
start of the video to be t = 0, which occurs after preparing the sample-
containing GLC, loading the GLC into the microscope, aligning the
microscope, and locating a particle or area of interest. This process
took between ten minutes to an hour. Due to the high reaction rate, the
CaOx solutions reached chemical equilibrium prior to GLC synthesis.
The crystal formation observed in Figures 1-4, Figures S1, S3-S5, S11,
and S13 and Videos S1-S6 and S9, Supporting Information, occurred
upon the electron beam exposure of the area of the GLC in the image.
This electron beam exposure generated radiolytic species. Thus, the
electron beam exposure was the primary consideration in determining
the dynamics of the CaOx particle formation (Note S2, Supporting
Information).

GLC samples containing CaOx or CaOx and citrate were observed in
a JEOL 1220 TEM (Figure 1-3, Figures S1, S4, and S7, and Videos ST,
S4, and S6, Supporting Information) and a JEOL ARM 200CF STEM
operated in TEM (Figure 4, Figures S4-6, and S11, and Videos S2, S3, S5,
S8, and S9, Supporting Information). SAED of GLCs was collected by the
JEOL ARM 200CF STEM. Particle analysis of Figure 1 was performed as
described by Kennedy et al., which indicated the image resolution was
=2.5 nm or less (Figure S13, Supporting Information).

MD1 Modeling of CaOx Formation: MD simulations were performed
with  NAMD2.12.88] Water molecules were described using TIP3P
model.Bl Monoatomic ions were modeled by their Lennard—Jones
parameters and integral charges.l®¥ Parameters for citrate and oxalate
ions were determined using MP2/6-31G*// MP2/6-31G* level of
theory, in implicit water solvent through Gaussian program,® using
VMD force field toolkit.’?l In all simulations, the particle-mesh Ewald
method[®3 was used for evaluation of long-range Coulomb interactions.
Long-range interactions were evaluated every 1 (van der Waals) and 2
(Coulombic) time steps. The simulations were performed in the NpT
ensemble at a constant temperature of 310 K, constant pressure (varied
for different simulations) and a Langevin constant of §{,,, = 1.00 ps™.
The pure CaOx simulations had the same number of water, calcium,
oxalate ions, such that [CaOx] = 0.125 m at 1 atm. There were a total
of 254 oxalate ions in all simulations. Simulations with citrate ions had
the same number of citrate and oxalate ions. Spectator ions were also
added into the system in order to replicate experimental conditions. The
systems (citrate present or absent) differed by applied pressures of 1
and 100 atm. MD simulations at 100 atm were included to control for
the possible increase in pressure due to GLC encapsulation (Note S3,

that converts S| units to Grays s7.1° The absorbed
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Supporting Information). The 100 atm pressure was selected since it
was an order of magnitude greater than pressure predicted by previous
studies.””! The systems were minimized for 5000 steps and then pre-
equilibrated for 2 ns, with a time step set to 2.0 fs. During minimization
and pre-equilibration, one carbon atom on each oxalate and citrate (if
applicable) molecule was harmonically constrained in order to allow
these molecules to rotate, but not diffuse. There were no constraints
during the simulations, which ran for 100 ns and with a time step of
1.0 fs.

During the evaluation of number of water molecules within
clusters, it was assumed that a cluster had at least one calcium ion
and one oxalate or citrate molecule, which had at least one of their
atoms within 2.5 A of that calcium ion. Clusters were determined
by selecting a calcium or oxalate ion and finding the neighboring
calcium, oxalate, or citrate ions within 2.5 A. This process was
repeated until the whole cluster was determined. Iterations ended
when no new neighbors were found. After the cluster size was
determined, the number of water molecules that were within 2.5 A
of any calcium, oxalate, or citrate molecule in the final cluster was
determined. In order to eliminate effects related to a finite simulation
box, it was determined whether any molecule in the final cluster was
within 4.5 A of the boundary of simulation box. If there was a cluster
close to the boundary of the box, the entire cluster and neighboring
water molecules were displaced and the calculations were repeated.
The sizes of clusters were determined by the number of calcium ions
in those clusters. Evaluations of cluster sizes were determined for
every 1.00 ns, due to memory limitations. The computational power
of modern computers limited the volume of the MD simulations to
several nanometers.

Scanning Electron Microscopy: CaOx samples formed in the absence
of citrate and CaOx samples formed in the presence of citrate were
added in 50 pL volumes to copper tape upon an SEM stub and air-dried
overnight. Samples were gold sputtered for 4 min at 20 eV. SEM images
were collected at 2 to 3 keV at working distances of 13 to 20 mm with a
RAITH100 eLine EBL.

X-Ray Diffraction: A Bruker D8 Discover XRD system was used to
collect XRD data. The diffractometer was operated at 40.0 kV and
40.0 mA at a 26 range of 5 to 60° with a 0.02 step size, and exposure
time of 1s/step.

Energy-Dispersive X-Ray Spectroscopy: STEM-EDS data was collected to
determine the elemental composition of the samples. The JEOL ARM
200CF STEM used was equipped with Oxford X-max 100TLE windowless
SDD X-Ray detectors capable of detecting oxygen. Calcium and oxygen
peaks were expected, while potential contaminants such as sodium
and chloride were monitored. The 0-20 kV energy range was examined
while 0-10 kV was used to obtain a more precise data collection. EDS
mapping of the crystal was implemented to minimize the local electron
dose, which was observed to damage the sample and to alter the Ca:O
ratio in point or line EDS collection. Primary detection of elements was
performed with extended collection time with an electron dose rate of
1.8 e A~%s and a total electron dose of 2.8 x 10° A2, Quantitative Ca:O
data used to produce the reported Ca:O ratios was collected near the
edge of 200 to 500 nm particles. Edge collection and collection from
smaller particles reduced scattering within the particle and subsequent
production of damaging secondary electrons. EDS mapping was
collected from =200 by 200 nm areas with electron dose rates between
20 and 40 & A2s. Total electron doses were between 2 x 102 and 8 x
102 € A2, with an average of 26.2 e A~%s and an averaged total of 8 x
102 @ A2 per EDS map. These high electron dose rates maximized the
EDS signal while minimizing the total damage and incurred elemental
loss over the =10 s collection time.

Electron Energy Loss Spectroscopy: The STEM-EELS data was acquired
using a Hitachi HD2300 STEM microscope operating at 200 kV. The
energy range of 270-577.2 eV were examined with 0.35 eV energy
dispersion and EELS aperture of 3 mm. Energy windows of 50 eV were
used to compare the ratio of O:Ca using the O K edge and Ca L edge.
Electron exposure was set to 15 s. The EELS data collection electron
dose rate was 38 & A2 while the total dose was 5738 A2,
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