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Amorphous calcium oxalate nanoparticles with sizes of = 10
nm were synthesized at room temperature by hydrolysis of
dimethyl oxalate from ethanolic solution.

A common strategy in biomineralization is the formation of
10 transient amorphous precursor phases that transform subsequently
into one of their more stable crystalline counterparts.' This pro-
cess was first observed in the animal kingdom in the radular teeth
of molluscs.> Amorphous calcium phosphate was identified re-
cently in newly deposited fin bones of zebrafish.® Calcium car-

s bonate was observed in different invertebrate phyla.*® Amor-
phous calcium phosphate and calcium carbonate (ACC) can be
synthesized in vitro from highly supersaturated solutions.'*"* The
amorphous phases are stable in the dry state, but rapidly trans-
form into the associated crystalline phases in aqueous solution.

20 The most common types of biominerals in plants are calcium
oxalate crystals, calcium carbonate, and silica.'* In higher plants,
calcium oxalate is sequestered within intravacuolar membrane
chambers of specialized cells. Calcium is a required element for
plant growth and development, and it plays important roles, for

»s example, as a structural component of cell walls' or a signal in
various physiological and developmental pathways.'® As the free
Ca®" concentration in the cytosol must be kept at a low level to
prevent interference with cell processes such as Ca-dependent
signaling,'® phosphate-based energy metabolism,'” or microskele-

30 tal dynamics'® surplus Ca?" is stored as crystalline calcium oxa-
late monohydrate (COM, CaC,04H,0, whewellite)19 or tetrago-
nal calcium oxalate dihydrate (COD, CaC,042H,0, wed-
dellite).”>?! Calcium oxalate trihydrate (CaOx, CaC,0, 3H,O0,
caoxite)21 is less prominent. Calcium oxalate in cell walls and the

3s vacuole? is a relatively insoluble, metabolically inactive salt for
calcium sequestration.”> Some plants may accumulate calcium
oxalate in substantial amounts, up to 80% of their dry weight.?’
Furthermore, calcium oxalates are the main constituents of kid-
ney stones,”* one of the major health problems worldwide >

40 The mechanistic details of the formation of calcium oxalate, in
particular of its phase transformations, are poorly understood.
Because of the fundamental role of calcium oxalate, experi-
mental'®?'?"® and theoretical®® studies have been concerned
with its crystal structure, formation and growth. A chemical

ss synthesis of the amorphous transient phase may not only help
explaining the formation of complex biominerals in living sys-
tems, but also shed light on the mechanisms of its crystallization

in general. Here, we address this fundamental issue by the syn-
thesis of amorphous calcium oxalate (ACO) through the reaction
so of CaCl, x 2H,0 with dimethyl oxalate in ethanol in the absence
of additives. During the reaction, ACO precipitates on a timescale
of 1-3 minutes as determined by UV-vis spectroscopy and light
scattering.
In a typical synthesis of ACO 0.1 mmol of calcium chloride
ss dihydrate (CaCl, x 2H,0, 99,99%, Sigma) and 0.1 mmol of
dimethyl oxalate (CH;),C,04, 99,99% Sigma) were dissolved in
50 mL of absolute ethanol at room temperature. The reaction was
initiated by adding 0.2 mmol of NaOH under stirring to the reac-
tion solution. After 2 h a gel-like precipitate (digital images in
o Fig. la,b) had formed which was removed by centrifugation
(9000 rpm, 20 minutes) and washed several times with anhydrous
ethanol. After vacuum drying for 24 h a thin film (Fig. 1c) con-
taining aggregates of spherical particles with diameters of approx.
10 nm had formed as shown independently by scanning electron
¢s microscopy (SEM) and light scattering. For comparison, a reac-
tion using CaCl, x 6 H,O and an aqueous dimethyl oxalate solu-
tion lead to the formation of a precipitate of COM crystals (Fig.
la left and Fig. S2, Supporting Information).

o i
70 Fig. 1. (q) Precipitation of calcium oxalate by reaction of dimethyl oxa-
late and CaCl, x 2H,O in aqueous solution (left) and in anhydrous ethanol
(right). (b) A transparent gel-like precipitate was formed in the anhydrous
system, whereas crystalline COM was formed in the aqueous system. (c)
SEM image of the dried film of amorphous calcium oxalate which con-
75 tained (d) nanosized (10-30 nm) spherical particles.
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Fig. 2. X-ray diffractograms of ACO (bottom trace) obtained by the
reaction of CaCl, x 2H,0O in anhydrous in ethanol and annealing at 80°C
and the products obtained after annealing 250°C, 380°C, and 415°C.

The product from the non-aqueous system was amorphous as
indicated by the absence of reflections in the X-ray diffractogram
(Fig. 2, black trace). The thermal stability of ACO and the phase
transition to COM were monitored by X-ray powder diffraction,
differential scanning calorimetry (DSC) and thermogravimetry
(TG). The thermogravimetric and DSC traces of ACO under
nitrogen (Fig. 3) revealed a weight loss of 13.5% in the range
from 150-200°C, which was attributed to the loss of water and/or
ethanol solvate. The crystallinity of the COM intermediate (PDF
20-0231) increased with temperature (Fig. 2, red and blue trace),
the crystallization was complete at =~ 380°C. Around 400°C an
incipient decarbonylation lead to the formation of CaCO;. The
formation of calcite was complete at =~ 415°C, as shown by the
exothermic event in the DSC (Fig. 3) and the diffractogram (Fig.
2, green trace). The decarboxylation of CaCO; at 700°C and the
formation portlandite, a mixture of calcium oxide and calcium
hydroxide, as final products of the thermal decomposition are
apparent from the strong endothermic event between 700 and
800°C and the X-ray powder diffractogram (Fig. S3).
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Fig. 3. Thermogravimetric trace (black line) and DTA signal (red line) of
ACO under N,.

Signals observed in both IR (Fig. S4) and Raman spectra (Fig. 4)
of ACO can be related to the stretching and bending vibrations of
the oxalate groups. The Raman spectra for ACO and a reference
sample of COM (Fig. 4, red line and Fig. S5) show bands at 1629
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and at 1486, 1465 cm' for the asymmetric and the symmetric
v(C=0) stretching modes, bands between 850 and 950 cm™ for
the v(C-C) stretching mode band and in the region of 500 cm' for
the deformation 8(CO,).*! The similar band positions of ACO and
the reference sample are compatible with a composition CaC,0,
x H,O for ACO. The bands of free oxalate anions and water
molecules are split due to factor group splitting and lower site
symmetry in the crystal structure of COM (2nd trace, dashed),
whereas the spectrum of ACO shows a significant peak broaden-
ing, apparent by a higher value for the full width at half maxi-
mum (FWHM). These characteristics are representative of highly
disordered materials like these amorphous samples. A weak band
at 1086 cm™ can be assigned to the C-O stretch of a trace of
ethanol, which may act as a solvate molecule in ACO.
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Fig. 4 Raman spectra of COM (reference, top trace) and ACO (bottom
trace).

The “C MAS-NMR spectrum of ACO (black line) shows two
broad resonances at 167.9 and 168.7 ppm with a pronounced
background between 163 — 172 ppm, whereas for a COM refer-
ence sample (red line) four isotropic resonances (FWHM ~ 55
Hz) were observed in agreement with the asymmetric unit of the
structure.'® These four resonances are characterized by similar
CSA (see Table 1). Such results are in agreement with those
proposed by Bak et al.* for calcium oxalate x-hydrate phases
(CaC,04'xH,0). After two months at ambient temperature the
sample re-crystallized to calcium oxalate, but only two signals
rather than four four could be resolved due to a lack of crystallini-
ty predominates. Ethanol is still present as a trace solvate mole-
cule in ACO as indicated by the IR spectra (Fig. S4)

Our results show that ACO can be synthesized at room tempera-
ture from non-aqueous media even without using inorganic or
organic additives that would inhibit crystallization by surface
complexation.**** ACO could be converted to a mixture of COM
and COD in water by ultrasonication. In recent years the early
stages of mineral formation, i.e. nucleation and early growth,
have received increasing attention as it became evident that not
all published data could be reconciled with the classical nuclea-
tion and crystallization theory.*>*® One limitation in quantifying
and controlling these early reaction stages is our lack of under-
standing the processes and variations in the structural identities of
the precipitated solids and the mechanisms by which intermedi-
ates such as ACO crystallize. The synthesis of the ACO nanopar-
ticles supports the hypothesis that the formation of the metastable
amorphous polymorph over the thermodynamically more stable
COM (with higher lattice energy) is favored either (i) kinetically
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or (ii) because of surface energy.
The precipitation must be carried out in non-aqueous media®’ in

order to avoid the precipitation of COM (K, = 2.7x10" mol™) or

the transformation to COM via dissolution-recrystallization. This
was demonstrated by carrying out the synthesis in aqueous solu-
tion. From a thermodynamic viewpoint the nanoparticles (O ~
10 nm) are small enough to allow a crossover in from the crystal-
line to the amorphous polymorph due to surface energy. The
critical size of hydrated ACC for such a crossover has been esti-

mated to = 4 nm.

38

ACO my serve as a reservoir from which crystalline material can
evolve. Furthermore, the crystallization process described here
may shed light on the biological crystallization pathway, where
COM could be formed (analogous to amorphous CaCO;*) in
15 membrane-bound vacuoles, where the binding of transient ACO
by the membrane keeps the system free of bulk water.
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Fig. 4. "C-MAS-NMR spectra of whedellite (top trace, red), ACO (mid-

dle trace, black), both measured at v,=25 kHz, and ACO after storing for

20 two month in air (data was measured at v,/=10 kHz ).
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