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Biominerals are highly organized composites of inorganic and
organic materials created by living organisms; they include
oyster shells, coral, ivory, sea urchin spines, magnetic crystals
in magnetotactic bacteria, and human bones. Intriguing
examples of biominerals are frequently considered as inspi-
rations for materials science because of their superior
materials properties, environmentally friendly synthesis, and
complex shapes with hierarchical structures. In biominerali-
zation, the organization of matter into highly ordered super-
structures is observed. Simultaneous control over the shape,
sizes, and phase of inorganic materials from the nanometer up
to the macroscopic scale is an important characteristic of
biomineralization.™]

In some cases, delicate structures cannot be fabricated by
a simple atom-by-atom amplification process; instead, they
are developed through more complicated mesoscale trans-
formations.” In these processes, nanocrystals are formed and
then self-assemble in a controlled way because their surfaces
contain face-specific information. In the simplest case, this
can be attributed to the different surface energies of the
crystal facets.”)

In order to get well-defined crystals with unique structures
in the nanometer and micrometer range, it is crucial to control
the crystallization processes.! This mesoscopic assembly can
be achieved by the use of many different additives, such as
double hydrophilic block copolymers (DHBCs),” biopoly-
mers,! synthetic macromolecules,l”! low-molar-mass addi-
tives,® and self-assembled monolayers.[g] Previous studies
mainly focused on the use of a single additive for crystal-
lization control, whereas a combination of two different
functional additives in crystallization processes controlled by
distinct additive distribution and functions at different
reaction stages has been rarely investigated.!'”)
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Heterostructured biominerals exhibiting domains consist-
ing of two (or more) different polymorphs are omnipresent in
Nature. The otoliths of piranhas, for instance, contain three
polymorphs of calcium carbonate (calcite, vaterite, and
aragonite).'! Mussel shells consist of an outer prismatic
calcite layer and an inner aragonite tablet layer. However, the
coexistence of more than one CaCQO; polymorph in the same
particle is rarely observed in biomineralization as well as in in
vitro studies of crystallization. Here, we present remarkably
shaped CaCO; crystals which were grown in the presence of
poly(sodium 4-styrenesulfonate) (PSS) and folic acid (FA; see
Figure S1 in the Supporting Information) by a nonclassical
particle-mediated crystallization pathway. We provide the
first example of spherical vaterite cores, surrounded by
equatorial loops consisting of three-dimensionally arranged
calcite nanobricks. High-resolution transmission electron
microscopy (HRTEM) and selected-area electron diffraction
(SAED) results indicate that the equatorial calcite loops arise
from the in situ transformation of vaterite intermediates. A
mechanism involving temporary amorphous calcium carbon-
ate (ACC) precursors and delayed gradual phase trans-
formations is proposed and discussed in detail. Our findings
will thus contribute to the general understanding of the
crystallization of heterostructured biomimetic materials as
a consequence of the combination of kinetics and thermody-
namics.

The heterostructured calcium carbonate microspheres
with equatorial loops were obtained by a simple gas-diffusion
method? in the presence of PSS and FA (see the Exper-
imental Section in the Supporting Information). PSS is
a polymer with a high density of negatively charged sulfonate
groups and was already proven to modify the crystallization of
inorganic minerals in several previous studies of bio-inspired
mineralization.'® FA (also called vitamin By) is indispensable
for many body functions such as the promotion of cell division
and growth, and the stabilization of DNA.! FA is insoluble
in acidic aqueous solution, whereas in alkaline solution it
becomes soluble and forms anions. The morphology and
composition of the obtained crystals (PSS 1gL™', FA
0.5 gL, and [CaCl,] = 10 mm after 2 days of crystallization)
were examined by scanning electron microscopy (SEM;
Figure 1). The sample consists almost entirely of uniform
microspheres with equatorial loops (Figure 1a). The typical
diameters of the spheres are in the range of 8-18 um, the
width of an equatorial loop ranges from 0.6 to 2.5 um. Closer
examination of a single sphere (Figure 1b) reveals that each
equatorial loop consists of oriented bricklike crystals with
regular faces and sharp edges. In recent studies nanoparticles
were suggested as building units of biominerals in combina-
tion with a brick-by-brick formation mechanism; several
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Figure 1. SEM images (a—c) and XRD pattern (d) of the heterostruc-
tured calcium carbonate microspheres with an equatorial loop grown
for 2 days. [PSS]=1gL™", [FA]=0.5 gL™", [CaCl,] =10 mm. The high-
resolution SEM image (c) is taken from the marked region in (b).
White arrows indicate pronounced vaterite hexagonal crystals. In (d)
the diffraction peaks from calcite are labeled “c” (JCPDS card no. 47-
1743); “v” indicates vaterite (JCPDS card no. 33-0268).

biominerals exhibit uniform crystallographic orientation of
the nanocrystals and are thus mesocrystals.'”! In the structures
in Figure 1, the bricklike crystals in the equatorial loop are
arranged perpendicular to the surface of the sphere, while the
hexagonal platelet crystals in the core grow along the
tangential direction of the spherical surface. In the high-
resolution SEM image (Figure 1c) the nanobuilding blocks on
the surface of the sphere exhibit a hexagonal shape (marked
with arrows), which is characteristic for vaterite.'® In
contrast, the equatorial loop is composed of rhombohedral
building units which are much bigger than the hexagonal
particles on the core surface. In view of this unexpected
structure with distinct segments, central questions concerning
the composition and crystalline phases of the superstructures
arise. X-ray diffraction (XRD) analysis (Figure 1d) indicates
a mixture of two crystal phases (calcite and vaterite) in the
sample after 2 d of growth. We examined many SEM images
and did not observe other calcite sources. Based on these
results, we assume that these kinetically captured calcium
carbonate crystals are spherical heterostructures with spher-
ical vaterite cores and equatorial calcite loops (denoted as
vaterite@calcite).

HRTEM and SAED measurements of the sample after
2d of growth confirm the vaterite-based phase of the
microsphere cores (Figure S2). However, further questions
arise regarding the crystal phase of the equatorial loops.
There is a transition of microstructures and polymorphs of the
equatorial loops with increasing growth time. Figure 2 a shows
a typical TEM image of the calcium carbonate microspheres
with an equatorial loop after 1d of crystallization. The
corresponding HRTEM image recorded for the loop shows
resolved lattice fringes of vaterite (004) planes (d=
0.422 nm), which is further confirmed by SAED (inset in
Figure 2a). An apparent transformation of vaterite into
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Figure 2. Time-resolved TEM analysis of the calcium carbonate loops
after a) 1d, b) 1.5d, and c) 2 d. HRTEM images recorded for the
equatorial loops (indicated by white boxes) show clearly resolved
lattices. Insets show the corresponding SAED patterns: a) vaterite,

b) coexisting vaterite and calcite, and c) calcite. [PSS]=1 gL,
[FA]=0.5 gL', [CaCl,] =10 mm. Labels “c” and “v” denote calcite and
vaterite, respectively.

calcite in the edge of the equatorial loop occurs in the 1.5d
sample, as shown in Figure 2b. The clear observations of
multiple randomly oriented domains with clear lattice fringes
indicate the emergence of newly formed crystalline areas
embedded within the original vaterite framework; the lattice
spacings are determined to be 0.249 and 0.284 nm, which is in
good agreement with the (110) and (006) crystal planes of
calcite, respectively. The corresponding SAED pattern (inset
in Figure 2b) can be indexed with both hexagonal vaterite
and randomly distributed calcite crystalline phases. This
indicates the coexistence of calcite and vaterite nanocrystals
in one ensemble of each sphere. The calcite crystalline
domains originate from partial vaterite-to-calcite transforma-
tion, and provide nucleation sites for further phase trans-
formation to the more stable calcite phase. These calcite
crystalline domains undergo continuous reorganization until
they find a perfect lattice match and fuse to a highly oriented
calcite mesocrystalline loop in the 2d sample, where no
vaterite phase in the equatorial loop can be detected (Fig-
ure 2¢). The appearance of periodic diffraction spots and the
well-resolved lattice fringes of calcite (006) planes indicate
that these originally randomly nucleated particles have
aligned and fused into highly oriented aggregates and diffract
now as a single crystal. These results demonstrate that
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equatorial calcite loops evolve from the original vaterite
phase. Although the underlying mechanisms for the forma-
tion of a new calcite phase have not yet been unraveled, it is
clear that randomly distributed active sites in the edge of the
equatorial loop serve as nucleation sites for the in situ
evolution of a new stable calcite phase.

Figure 3. SEM images of the time-resolved experiments: a) 5 h,

b) 16 h, c) 1d, and d) 2d. [PSS]=1 gL', [FA]=0.5 gL',

[CaCl,)=10 mm. Insets are the corresponding SAED patterns: a) amor-
phous, b) vaterite.

SEM results of time-resolved experiments (Figure 3) give
a clear record of the changes in both the crystal shape and the
modification of the heterostructured vaterite microspheres
with calcite equators. At a very early stage, probably a few
hours after the reaction had started, amorphous calcium
carbonate (ACC) nanoparticles with irregular morphologies
were formed. Figure 3a shows the corresponding SEM and
SAED measurements after a reaction time of 5h. The
formation and transformation of amorphous precursor nano-
particles is very often the first step in nonclassical crystal-
lization pathways.!'"”! These ACC nanoparticles crystallized
and aggregated to produce vaterite platelets after growth for
16 h (Figure 3b). Each platelet can be described as an
agglomeration of nanoparticles that share the same three-
dimensional orientation; this is in agreement with the
reported alignment of vaterite nanoplatelets by oriented
attachment in a gas-diffusion crystallization of calcium
carbonate."™™ Upon further attachment of nanoparticles,
predominantly on the upper and lower surfaces of the
intermediate vaterite plate, the CaCO; platelets grow thicker
along the c-axis direction of the plates to form discoid
particles while the equatorial loop begins to develop simulta-
neously in the 1 d sample (Figure 3¢). After 2 days of growth,
calcium carbonate microspheres with bricklike superstruc-
tures on the equator have finally formed (Figure 3d). The
growth route revealed by time-resolved experiments demon-
strates that heterostructured calcium carbonate spheres
develop from intermediate vaterite platelets, while the
former plate edges transform into the equatorial calcite
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loop. Additionally, SEM images of a broken CaCOj; sphere
(Figures S3 and S5b) clearly show that the calcite equator is
arranged around the spherical shell rather than passing across
the body of the sphere, indicating that the calcite band forms
a ring but not a disk.

To further validate this proposed growth route, we
provide more evidence. While most calcium carbonate
microspheres exhibit only one equatorial loop, intersecting
loops can be occasionally observed. SEM images of time-
resolved experiments for such a remarkable CaCOj; micro-
sphere are shown in Figure S4, which clearly indicate the
evolution of a sphere with two intersecting brick-wall
equators. After a reaction time of 16 h, two intersecting
platelets appear in this scenario (Figure S4a). After 1d
reaction, both of the crossed platelets grow thicker (Fig-
ure S4b). A remarkable CaCO; sphere with two intersecting
brick-wall equators is observed after 2 d growth (Figure S4c).
This shape evolution process further supports our proposed
transition mechanism: superstructured vaterite spheres
evolve from the intermediate platelets, while the platelet
edges finally transform into the brick-wall calcite equators.

Upon prolonged crystallization time, metastable vaterite
subsequently transforms into calcite (Ostwald’s rule of
stages), as shown in Figure S5. The initial transformation is
proposed to take place in the equatorial loop at the expense of
the vaterite particles. This transformation process is remark-
ably slower than the previously reported vaterite-to-calcite
transition which took place within 7 h."”! In our case, the
spherical core dissolves gradually while the calcite brick-wall
equator remains intact. Later, calcite crystals in the loops
grow bigger and bigger at the cost of the sacrificed vaterite
spheres, thus leaving behind dimples on the surface of
rhombohedral calcite. This polymorphic phase transforma-
tion behavior is similar to the growth of the previously
reported hollow spheres made up of calcite rhombohedra in
the presence of poly(ethylene oxide)-block-poly(methacrylic
acid).”” After growth for 7 days, only large calcite crystals can
be observed.

Nucleation and crystal growth will unavoidably result in
the incorporation of additive molecules into the three-dimen-
sional crystals, forming organic-inorganic hybrid structures.
Thermogravimetric analysis (TGA) indicates that 2.8 wt%
PSS and 2.4 wt% FA were occluded into the crystals (Fig-
ure S6). FA itself has bright yellow color (Figure S7a), while
PSS and CaCO; are white powders. As-synthesized hetero-
structured CaCO; microspheres exhibit a pale yellow color
(Figure S7b), implying the presence of abundant FA mole-
cules in the crystals. In addition to the inclusion of FA
molecules into vaterite, the adsorption of FA onto calcite can
also be observed (Figure S8).

The additive molecules likely play an important role in
inhibiting and tuning the crystallization of inorganic species,
leading to the formation of different crystal polymorphs. The
multiple effects of additives can be quantitatively classified
according to their possible interactions with CaCO; prenu-
cleation species by titration experiments (see the Experimen-
tal Section in the Supporting Information).”! Typical curves
(Figure 4) describe the development of the free ion product
with time and the amount of calcium ions added. Titrations
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were performed for a reference case (only carbonate buffer)
and three additive cases (PSS, FA, and PSS/FA). Compared to
the reference experiment, the curve in the presence of FA
shows a lower slope indicating the binding of more calcium
ions to carbonate ions and thus more stabilized prenucleation
clusters. The linear onset of the calcium development
indicates that there is no binding affinity between calcium
ions and FA molecules. However, strong calcium binding is
observed in experiments with PSS and with the PSS/FA
mixture. The corresponding calcium binding capacities of PSS
and FA were determined in independent titration experi-
ments. While FA molecules do not show any calcium binding,
approximately 0.21 Ca*" ions are bound per PSS monomer at
pH 9. In Figure 4, the solid straight line and dashed straight
line have the same x-axis intercept, indicating that also in the
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Figure 4. Time development of free ion product measured in 10 mm
carbonate buffer solution without (reference) and with additives (FA
(1gL™") only, PSS (2 gL™") only, and PSS (2gL™")/FA (1 gL ™)
mixture) at constant pH 9. Two different solubility products of ACC
phases of roughly 3.1x 1078 m? (ACC 1) and 3.8x 1073 m? (ACC 2) are
related to the amorphous phases exhibiting calcitic short-range order
and vateritic short-range order, respectively.

FA/PSS combination the binding capacity for calcium ions
can be entirely attributed to PSS. A second feature of the
titration curves in the presence of additives is that nucleation
point is retarded compared to that of the reference, indicated
by the peak maximum. The inhibition of nucleation demon-
strates that the addition of either FA or PSS stabilizes
prenucleation clusters against aggregation which would sub-
sequently lead to nucleation. After nucleation, the ion
product drops and reaches solubility products of the precipi-
tated phases. In the case of PSS and the PSS/FA mixture, the
reached solubility product corresponds to the amorphous
phase exhibiting vateritic short-range order, while the refer-
ence and FA curve reach the solubility of the calcitic ACC
phase.*

Based on these experiments, we conclude that PSS can
stabilize the vaterite phase (Figure S9) while FA alone cannot
(Figure S8). Regarding the kinetic capture of biphasic hetero-
structures, further information could be obtained from
fluorescence microscopy measurements. Because of the
fluorescence characteristic of FA molecules and nonfluores-
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cent PSS, photoluminescence (PL) properties of CaCOj;
microspheres could display the distribution of occluded FA
within the CaCO; crystals during crystallization.” As shown
in Figure S10, upon excitation by ultraviolet light with
a wavelength of 370 nm, the whole body of CaCO; micro-
spheres radiates blue light: It can be clearly seen that the
equatorial loop is more pronounced than the core, indicating
that it contains more FA molecules than the sphere body. This
is due to a fact that at the low initial pH value of 4, FA
molecules are insoluble while PSS can dissolve in water. The
sulfonate groups are bound Ca’" ions, so that the primary
clusters of calcium carbonate and subsequently formed
vaterite platelets occlude a lot of PSS. Moreover, a decreasing
concentration gradient of the occluded PSS exists within each
platelet from the inside to the outside.” As the reaction
proceeds, the pH increases, to a final value of 9. Since FA is
deprotonated and soluble in water the electrostatic repulsion
between FA and PSS results in the incorporation of less PSS
but more FA in the loops. Control experiments demonstrate
that PSS can temporarily stabilize the vaterite phase but FA
cannot (Figure S8 and S9). Therefore, the loop regions with
high FA content are assumed to generate nucleation sites for
vaterite-to-calcite phase transformation, as FA can not inhibit
the formation of calcite (Figure S8). On the other hand, the
vaterite phase in the sphere body can be temporarily
stabilized by PSS (Figure S9). The distinct distribution of
the two additives resulting in different crystalline phases is
proposed to be the origin of the formation of the unexpected
heterostructured vaterite@calcite microspheres. To prove this
assumption, we performed control experiments by addition of
FA after the crystalllization had started (see Figure S11).
Vaterite spheres are observed only in the presence of PSS for
1 d reaction (Figure S11a), which are similar to those shown
in Figure 3¢, indicating the dominant role PSS plays in the
formation of vaterite spheres at the early stage. After 1d
reaction, FA was added into the above solution to explore
what would happen. With further crystallization for another
1d after addition of FA, newly formed calcite shells
encapsulate the initial vaterite spheres, as shown in Fig-
ure S11b,d. It is obvious that obtained heterostructured
CaCOj spheres have vaterite cores and calcite shells (indi-
cated by arrows in Figure S11d), illustrating that FA indeed
induces the growth of the calcite shell at the later stage of
crystallization. FA was added to the solution of vaterite
spheres, and FA molecules were uniformly distributed on the
whole surface of vaterite spheres; therefore, calcite shells
instead of calcite loops were formed on vaterite. Additionally,
Figure S11creveals that in the absence of FA, similar vaterite
spheres with equatorial loops are produced in the presence of
PSS for 2 d growth. However, these equatorial loops exhibit
a characteristic morphology of vaterite platelets instead of
calcite bricks. The results of control experiments provide
strong support for the fact that the inclusion of FA in the
equatorial loops is the key factor for the generation of the
calcite loops.

Taken together, the synergistic effect of FA and PSS—
individually stabilizing and inducing different calcium car-
bonate phases at different reaction stages—leads to the
formation of the complex vaterite@calcite heterostructures

Angew. Chem. Int. Ed. 2013, 52, 63176321


http://www.angewandte.org

for the first time. Two CaCO; polymorphs could be obtained
and stabilized in one and the same particle for several days,
while the previously reported vaterite-to-calcite transforma-
tion usually takes place at the same reaction stages. This is
a typical model system for the basic investigation of the
combination of kinetics and thermodynamics in crystalliza-
tion processes. The CaCO; microspheres formed by a non-
classical particle-mediated process also indicate the impor-
tance of mesoscopic transformations in coexisting polymorph
crystallization. The controlled distribution of various growth
modifiers with distinct functions in crystals should open up
new possibilities for rational design in crystal morphogenesis,
polymorphs, and hierarchical superstructures.
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