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Abstract: Inspired by the remarkable shapes and properties of CaCO3; biominerals, many studies have
investigated biomimetic routes aiming at synthetic equivalents with similar morphological and structural
complexity. Control over the morphology of CaCOjs crystals has been demonstrated, among other methods,
by the use of additives that selectively allow the development of specific crystal faces, while inhibiting
others. Both for biogenic and biomimetic CaCOg3, the crystalline state is often preceded by an amorphous
precursor phase, but still limited information is available on the details of the amorphous-to-crystalline
transition. By using a combination of cryoTEM techniques (bright field imaging, cryo-tomography, low dose
electron diffraction and cryo-darkfield imaging), we show for the first time the details of this transition during
the formation of hexagonal vaterite crystals grown in the presence of NH,* ions. The formation of hexagonal
plate-like vaterite occurs via an amorphous precursor phase. This amorphous phase converts into the
crystalline state through a solid state transformation in which order and morphology develop simultaneously.
The mineral initially develops as polycrystalline vaterite which transforms into a single crystal directed by
an NH,"-induced crystal plane that acts as a templating surface.

Introduction

Inspired by the remarkable shapes and properties of CaCOs
biominerals, many studies have investigated biomimetic routes
aiming at synthetic equivalents with similar morphological and
structural complexity.? For several CaCOj; biominerals, it was
shown that they grow within a dedicated compartment in which
biomacromol ecules control the shape and the polymorphic type
of the mineral, as well as its crystallographic habit.® In a
laboratory environment, control over the morphology of CaCO3
crystals has been demonstrated by confining growth of the
mineral to a preshaped compartment, but also by the use of
additives that selectively allow the development of specific
crystal faces, while inhibiting others.™#“ In many cases, the latter
approach also leads to the destabilization of the thermodynami-
caly preferred polymorph, calcite, in favor of the normally less
stable phases, vaterite and aragonite. For example, in the
presence of NH,* ions or NHs*-bearing additives, vaterite
platelets with an unusual hexagonal morphology can be
obtained.>~® The ammonium groups of the additives stabilize
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the normally unfavorable (00.1) plane of vaterite, the expression
of which gives rise to hexagona tablet-like crystals.

It has been shown, both for biogenic® ** and biomimetic
CaC03,*2~ Y that the formation of the crystalline state is often
preceded by an amorphous precursor phase. Still, limited
information is available on the details of the amorphous-to-
crystalline transition, and both solid state transformations'>*2
as well as dissolution-reprecipitation mechanisms™ have been
proposed. Even less information is avalable on how the
development of structure coincides with the development of the
crystal morphology and the expression of the stabilized crystal
faces.

We recently demonstrated the combination of cryoTEM, low
dose selected area electron diffraction (LDSAED), and cryo-
electron tomography (cET) as a powerful approach to study the
development of crystallinity in template-directed CaCO; forma-
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Figure 1. (Left) The Vitrobot Mark I1l. The temperature and humidity are controlled to be 22 °C and 100% relative humidity. (Center) Visualization of the
blotting inside the Vitrobot chamber showing the grid with holey carbon support film held in a pair of tweezers between the blotting pads (top), the removal
of the excess liquid by automated blotting (middle), and the plunging of the sample in melting ethane (bottom). (Right) Schematic representation of the
sample preparation showing the deposition of the solutions (top) and mineral formation (middle) on the grid followed by the blotting (bottom) and subsequent

fixation of the reaction mixture through plunge freeze vitrification.

tion.*? In the present paper, we use these techniques (cryoTEM,
LDSAED, and cET) in combination with dark field imaging to
show for the first time, and in detail, the simultaneous
development of structure and the expression of crystal planes
for hexagonal vaterite crystals grown in the presence of NH;*
ions.

Results and Discussion

CaCO; was synthesized in presence of the NH,™ ions by
mixing solutions containing 10 mM CaCl, and 10 mM
(NHy4)2COs, respectively. The resulting mixture wasimmediately
applied onto a transmission electron microscopy (TEM) grid
coated with a perforated carbon film, inside the chamber of an
automated vitrification robot (FEI Vitrobot Mark 111), which
had been set to 22 °C and 100% relative humidity (Figure 1
and Supporting Information 1).*® Using this procedure, the
development of CaCO; occurs within the solution on the grid
and can be arrested at any given time point by vitrification
through plunging in melting ethane. After removing the excess
of liquid by automated blotting, thin aqueous films were vitrified
at different reaction times between 5 and 60 min and investigated
using cryoTEM. The pH of the solution was measured to be
8.7 and stable during the course of the reaction.

In accordance with the literature,> ® the CaCOj; crystals
formed in presence of NH,™ ions displayed a hexagonal plate-
like morphology. Mature hexagonal crystals were obtained after
a reaction time of 60 min (Figure 2). The electron diffraction
patterns of crystalslying on their large hexagonal faces identified
them as vaterite with the zone axis of the exposed face being
[00.1]. The stabilization of the nonequilibrium (00.1) face of
vaterite has been attributed to the presence of the NH,* ions
interacting with the carbonate ions present in this charged crystal
plane.5~8
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Figure 2. (a) CryoTEM image of a hexagonal vaterite platelet obtained
after atime reaction of 60 min. Scale bar = 300 nm. (b) LDSAED pattern
of the crystal revealing the [00.1] zone axis of vaterite. Scale bar = 5
nm™1,

To unravel the formation mechanism of these hexagonal plate-
like crystals, we isolated and studied different stages of the
reaction by using a combination of cryoTEM techniques. In the
early stages of the reaction (5—210 min), the mineral was present
in the form of small amorphous calcium carbonate (ACC)
nanoparticles. Size analysis of about 130 particles showed a
bimodal size distribution over two populations. One population
had a diameter of approximately 35 nm, while the other
population had a predominant size of around 70 nm (Figure 3).
Thisbimodal size distribution suggests that the two populations
of ACC particles have different stabilities. Recently, we
observed a similar bimodal distribution of ACC particles with
diameters of ~30 and 70—100 nm, respectively, when growing
calcium carbonate from a supersaturated calcium bicarbonate
solution in the presence of a Langmuir monolayer. In these
experiments, the ~30 nm ACC nanoparticles were observed in
solution, while the larger population was exclusively observed
in conjunction with the monolayer template.> The existence
of a narrow size distribution of nanoparticles in solution was
attributed to an optimal surface area/volume ratio for the
relatively unstable amorphous phase. The observation of a
second, larger population was attributed to the effect of the
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Figure 3. The early stages: (a) cryoTEM image of ACC particles. Scale
bar = 200 nm. (b) Size distribution of the ACC particles for the
concentration ¢ = 10 mM. N = 130. (c) Size distribution of the ACC
particles for the concentration ¢ = 50 mM. N = 132.

monolayer, stabilizing the particles and allowing them to grow
out beyond the optimal diameter in solution and to develop a
new optimal size of 70—100 nm at the air—water interface.

However, in the present case, both populations are formed
in the presence of the additive (i.e., the ammonium ions) which
is homogeneously present throughout the solution. We must
therefore assume that here the formation of a second population
of larger and hence more stable ACC particles is due to the
kinetics of the reaction rather than to the presence of ammonium
ions. Indeed, when we changed the reaction kinetics by
performing the reaction with 50 mM CaCl, and (NH,4),COs
solutions, the analysis of asimilar population (N = 132) revealed
asingle broad distribution of ACC nanoparticles with diameters
between 25 and 70 nm. We speculate that the two populations
formed from the 10 mM solutions may consist of two forms
ACC with different degrees of structural order and/or different
degrees of hydration.®*323
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Figure 4. (a) CryoTEM image showing shapeless CaCO; particle formed
after 20 min. Scale bar = 200 nm. (b) The corresponding LDSAED pattern
showing its amorphous nature. Scale bar = 5 nm™,

In the following stage (10—20 min), we observed particles
of 200—600 nm that did not display any specific shape in 2D
cryoTEM (Figure 4a). LDSAED patterns recorded from these
particles showed that some of them displayed broad rings typical
for ACC (Figure 4b). In other cases, particleswith similar shapes
produced electron diffraction patterns in which these broad
amorphous bands were overlaid with spot patterns (Figure 5).
The latter observation points to a situation in which crystalline
domains have developed within an amorphous matrix. For the
particle displayed in Figure 5, the two characteristic amorphous
rings (Figure 5b, red arrows) could be assigned to ACC.** The
superimposed diffraction pattern shows diffraction spots cor-
responding to the d-spacings of vaterite, but no indexation was
possible, indicating the presence of domains with different
crystallographic orientations. The LDSAED patterns of the three
highlighted domains of the particle (Figure 5a, yellow circles
1, 2, and 3) confirm the presence of different crystalline areas.
Area 1 corresponds to a well-defined crystalline domain of
vaterite with the (12.2) plane oriented to the electron beam
(Figure 5, 1). In contrast, the diffraction patterns of area 2 and
3 show spots corresponding to the d-spacings of vaterite, but
no specific orientations could be assigned implying that also in
this smaller zone different crystalline domains are coexisting.
The dark field images (Figure 5, 2 and 3, insets) corresponding
to the marked spots (yellow circles) confirmed that these
diffraction patterns relate to different crystalline domains. Hence,
this CaCO; particle contains different crystaline domains
distributed inside an ACC matrix. These observations are in
line with our previous studies of the development of crystallinity
in template stabilized calcium carbonate particles™ as well as
with the model system of Zhang et a.*® In both cases, the
development of multiple crystalline domains was indicated
inside an amorphous matrix prior to the formation of a single
crystal.

However, the presence of crystalline domains prompted us
to a more detailed inspection of the morphology of these
particles by imaging under different tilt angles. In Figure 5, it
is demonstrated how the apparent shape of a crystal may change
under different observation angles (tilt-series in Supporting
Information 2). However, for acomplete 3D view of the crystals,
we preformed cryo-electron tomography (3D cryoTEM). To this
end, series of cryoTEM images were recorded under different
angles with respect to the electron beam up to 70°, with intervals
of 2°. From the resulting tilt-series, the corresponding 3D
volumes were reconstructed using the Simultaneous lterative
Reconstruction Technique (SIRT). The reconstructed tomogram
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Figure 5. Intermediate stage (20 min reaction). (a) CryoTEM image (scale bar = 200 nm). (b) Electron diffraction pattern of the entire particle in which
all the different orientations of the vaterite crystal domains present in the particle appear (scale bar = 5 nm™). The red arrows indicate the diffuse rings
characteristic for ACC.*2 The diffraction patterns 1—3 (bottom) are the LDSAED patterns of the three domains indicated in the cryoTEM image. Pattern 1
corresponds to a well-defined vaterite domain with [12.2] orientation. The patterns 2 and 3 represent d-spacings corresponding to vaterite but cannot be
indexed, due to the polycrystallinity of the domain. The dark field images (insets) generated from the marked spot show different crystalline domains with
this same crystallographic orientation. (c—€) CryoTEM images of the particle (a) observed under different angles with respect to the electron beam. (f) 3D
reconstruction of the cET showing a poorly developed hexagonal shape. The movies of the cET tilt-series and the 3D reconstruction are presented in

Supporting Information 2.

of the apparently shapeless particle in Figure 5 reveaed that
this polycyrstalline particle indeed aready showed the first stadia
of facet formation (Figure 5f).

CryoTEM imaging under different tilt angles in combination
with LDSAED was aso very informative when studying the
development of structure and morphology in the later stages of
the process. This was demonstrated in the study of particles
with varying degrees of morphological development analyzed
after reaction times of 20—40 min. In this time interval, mostly
irregularly shaped particles (~200—800 nm) had developed in
which different stages of crystallinity could be observed.
Interestingly, the evolution of facets observed in the cryoTEM
images was not necessarily accompanied by the development
of structure, as judged from the acquired diffraction patterns.
This is illustrated clearly in Figure 6 where al three particles
show the development of facets but display strongly different
diffraction patterns. Where particle () givesrise only to broad
amorphous diffraction rings superimposed onto a polycrystalline
spot pattern, the pattern recorded for particles (c) aready showed
a dominating pattern for the [11.1] plane. Most surprising,
however, was the pattern recorded for the fully developed
hexagonal tablet (Figure 6€). Rather than the expected single
crystalline pattern, this particle gave rise to broad rings with
only very faint spots superimposed on them. This indicates that
while the morphology of the particlesis dready fully developed,
the evolution of structure is only just starting.

As the tilting of samples in the electron microscopy setup
used was limited to angles between —70 and 70°, some features
can only be revealed by full tomographic analysis as exemplified
in Figure 7. The diffraction pattern of the particle in this figure
showed clearly that it was polycrystalline, and that the amor-
phous phase is no longer present. Whereas from the tilted images
this was not directly visible, cryo-electron tomography showed
that despite its polycrystalline nature the particle possessed one

fully developed hexagonal (00.1) face (Figure 7c,d and Sup-
porting Information 2). The existence of such a well-defined
(00.1) face in a polycrystalline particle implies that this face is
formed by domains that all aligned in the (00.1) direction, but
with respect to each other are rotated around the crystallographic
c-axis. This selective stahilization of the (00.1) face can only
be explained by the selective interaction of this face with the
NH*" ions. Moreover, the observation of the different combina
tions of structure and morphology displayed in Figures 5 and 6
demonstrates that crystallinity and shape develop separately in
these intermediate stages of the formation of the CaCO; crystals.

M echanistic Considerations. Vaterite crystallizesin aunit cell
that can be described either as orthorhombic or hexagonal 2
In many cases, vateritic particles do not show very well-defined
morphologies and agglomerate to form spherical aggregates.”
On the basis of symmetry considerations, this hexagonal
morphology should expose the (00.1) faces. However, these are
high energy faces as they are composed of only CO5?>~ or Ca?*
ionsin an hexagonal orientation.® Nevertheless, this unfavorable
(00.1) plane of vaterite can be stabilized through the presence
of ammonium ions or ammonium bearing additives interacting
with the carbonate ions in this crystal plane which givesrise to
hexagonal tablet-like crystals. In the present case, the devel op-
ment of this ammonium stabilized (00.1) face is occurring within
particles that are ill polycrystalline or even partially amorphous.

The first step in the nucleation process is the formation of
~35 nm ACC nanoparticles. Although we have not demon-
strated it in the present paper, we must assume that they form
through the aggregation of nanometer sized prenucleation
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Figure 6. (a, ¢, and €) CryoTEM images of particles recorded after reaction
times of 40 min. Insets: same particles recorded under atilt angle of —70°.
Scale bars = 400 nm. (b, d, and f) Corresponding LDSEAD of particles a,
¢, and e, respectively. The yellow arrows indicate the rings typical of the
ACC. Scale bars = 5 nm™. Particle (a) is amorphous with polycrystalline
domains, particle (c) shows a dominating pattern which corresponds to
vaterite oriented [11.1], and particle (€) is also amorphous with polycrys-
talline domains despite the mature morphology.

clusters (Figure 8-1), as was recently reported by us'? and
others.?2* Similarly as was reported previously, these nano-
particles remain present in the solution throughout the entire
reaction and should therefore represent the first stable form of
solid calcium carbonate.* These small nanoparticles subse-
quently transform into a structurally probably more advanced
population of ~70 nmin size. Our observation of different sized
ACC particles may be related to previous findings of ACC with
different degrees of hydration,® different solubilities,?® different
stabilities under electron beam irradiation,® and different
degrees of short-range order.’® The bigger ones grow out to
form particles with diameters >200 nm, a size that allows them
to develop crystalline domains within the amorphous matrix.
After nucleating, these domains first increase in number (Figure
5) and only later in size as judged by the highly polycrystalline
nature of the particles (Figures 6 and 7) that precede the
hexagonal crystals (Figures 2 and 8, 5).

The above suggests that the development of the hexagonal
single crystals occurs through the growth of domains that are
stabilized by the interaction with NH," ions at the expense of
the randomly oriented crystalline domains. As this process takes
place within an amorphous matrix, it is most likely to occur

(24) Meldrum, F. C.; Sear, R. P. Science 2008, 322, 1802-1803.
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Figure 7. (a) CryoTEM image recorded after a reaction time of 30 min
(scale bars = 200 nm) and (b) the corresponding LDSEAD (scale bar = 5
nm™1). (c) Computer visualization of the cET of the particle (a) showing
(red arrows) the stabilized (00.1) face of the vaterite crystals face on (c)
and in profile (d). The movie of this 3D reconstruction is presented in
Supporting Information 2.

C032_ Caz+ 4—“'01—b L‘O
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Figure 8. Scheme of the formation of the hexagonal platelets. Step 1: 35
nm ACC formed from the prenucleation clusters. Step 2: formation of a
second population of ~70 nm ACC particles. Step 3: development of the
ACC into bigger particles allowing the development of randomly oriented
crystalline domains (vaterite) coupled to the morphological development
of the particle. Step 4: stabilization of the (00.1) face by the NH*" ions.
Step 5: inhibition of the growth in the (00.1) direction and formation of the
hexagonal platelets.

via a solid state dissociation—recrystallization process (Figure
8, 4). The development of crystalinity through a solid state
transformation rather than through a dissol ution—reprecipitation
mechanism is further supported by the fact that the expression
of the (00.1) face of vaterite precedes the development of the
single crystalline character of the vaterite particles. The
stabilized crystal face appears to act as a template from which
crystallinity devel ops throughout the particle, in a similar manner
as was described for monolayer directed crystal formation,*?
and in agreement with the model of Zhang et al.*°

The development of multiple crystalline domains inside a
single ACC particle suggests a solution-like character of the
amorphous phase that alows separate nucleation events to take
place. Moreover, the subsequent transformation into a single
crystalline domain requires reorganization and therefore mass
transport within the solid phase. It should be noted that the high
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degree of hydration in ACC may very well facilitate ion
transport from one domain to the other. In particular, the
presence of hydrated channelsinside ACC, as recently proposed
by Reeder et a., could be instrumental in this.®®

In the colloidal 2D model system of Zhang et d., it was
shown that initially created multiple metastable nuclel need to
reach acritical size to become stable and to develop into asingle
crystal. In our system, this step is represented by the formation
of multiple crystalline domains that are created inside the
amorphous nanoparticles. Only when one of these nuclel reaches
acritical sizeit will grow, and this will happen at the expense
of the other metastable crystalline domains which are dynami-
caly forming and dissociating. Thisresults, just like in the model
of Zhang and in our previous work, in only one mature crystal
evolving from an amorphous particle.

Conclusion

In conclusion, we demonstrated that the formation of
hexagonal plate-like vaterite occurs via an amorphous precursor

(25) Goodwin, A. L.; Michel, F. M.; Phillips, B. L.; Keen, D. A.; Dove,
M. T.; Reeder, R. J. Chem. Mater. 2010, 22, 3197-3205.

phase. This amorphous phase converts into the crystalline state
through a solid state transformation in which order and
morphology develop simultaneously. The minera initialy
develops as polycrystaline vaterite which transforms into a
single crystal directed by an NH,"-induced crystal plane that
acts as atemplating surface. Moreover, these results demonstrate
that the combination of cryoTEM, cET with diffraction and dark
field imaging can reveal unprecedented details of biomimetic
mineral formation.
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