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ABSTRACT Besides the dassical atom/ion/molecule based mechanism, nonclassical crystallization provides
a nanoparticle-based crystallization pathway toward single crystals. However, there is a lack of experimentally
established strategies for engineering a range of crystalline microstructures from common nanoparticles by
nonclassical crystallization. We demonstrate that a commercial random copolymer polyelectrolyte poly(4-styrene
sulfonate)-co-(maleic acid) (PSS-co-MA) considerably guides crystallization of calcium carbonate (CC) with a high
versatility. The bioinspired nonclassical crystallization protocol yielded a series of calcite microstructures. Calcite
single crystals obtained at low supersaturation show a pseudo-dodecahedral shape with curved faces, whereas
increasing supersaturation generated calcite mesocrystals with pseudo-octahedral shapes and scalloped surfaces.
Further increase of supersaturation induced the formation of polycrystalline multilayered and hollow spheres. In
the initial growth stage of all these microstructures, amorphous CC nanoparticles formed as the early product.
Remarkably, microparticles with minimal primitive (P)-surface were captured as the prominent intermediate
indicative of liquidlike behavior. Moreover, nanogranular structures exist broadly in the as-synthesized crystals.
These results demonstrate that the polyelectrolyte can effectively stabilize the amorphous CC nanoparticle
precursors, impart control over the evolution from amorphous precursors via a liquid aggregate through P-
surface intermediates to the final crystals, and thus allow the morphogenesis. Simple variation of calcium and
polyeletrolyte concentrations enables a systematic control over the size and morphology of particles among
pseudo-dodecahedra, pseudo-octahedra, multilayered spheres, and hollow spheres, which are expressed in a
morphology diagram. A unifying nanoparticle aggregation formation mechanism was suggested to explain the
morphogenesis by the combination of nonclassical crystallization and surface area minimization principles.
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ontrolled nanoparticle aggregation

is a topic of considerable scientific

interest in nanotechnology and ma-
terials science. Serving as a bottom-up as-
sembly scheme, it possesses two major ad-
vantages for the fabrication of novel
materials. First, assembling nanoscale build-
ing blocks allows utilization of the interac-
tions between the constituents to precisely
engineer crystal shapes that can not be re-
alized via a classical atom/ion/molecule-
based crystallization technique mainly due
to the inherent crystal anisotropy.' —° Sec-
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ond, combining nanoparticles of different
materials and inorganic—organic hybrids
can provide a large number of possibilities
to rationally tailor desired properties of a
material by the simple composition
regulation.®” Inspired by nature’s great con-
trol over the placement of nanoscale build-
ing blocks for the formation of mesoscopic
and macroscopic aggregates, nanoparticle
oriented attachment®~'2 and gel matrix-
mediated nanoparticle arrangement'® "¢
evidenced enormous advances. However, it
is still a great challenge to obtain ultimate
control over nanoparticle aggregation to as-
semble microstructures with shapes and
properties tailored for a given application.
Also it is currently hard to predict the as-
sembly route of nanoparticles for a given
set of conditions.

Polyelectrolytes are polymers with re-
peating units bearing charged groups,
which can dissociate from their counter-
ions in water. Fascinated by the polymer
controlled production of calcium carbon-
ate (CC) biominerals in a wide variety of bio-
logical systems in nature, many groups ap-
plied polyelectrolytes to modify CC
crystallization in order to pursue possible
access to mimicking the growth of natural
biominerals. The composition, conforma-
tion, charge density, pH, and solvent depen-
dence of polyelectrolytes are variables to
modulate their interactions with growing
crystal species and thus the morphogene-
sis. It turned out that CC single crystals, such
as calcite and vaterite, are scarcely avail-
able in polyelectrolyte controlled crystalliza-
tion, though polyelectrolytes can tempo-
rarily stabilize amorphous calcium
carbonate (ACC) precursor nanoparticles
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and inhibit the growth of individual
particles.'”” 2> Subject to energetic con-
straints, particles usually aggregate to poly-
crystalline microparticles. This aggregation
process can be controlled, which opens up an
alternative crystallization pathway:
nanoparticle-mediated crystallization (non-
classical crystallization) in contrast to atom or
molecule-mediated conventional crystalliza-
tion. This pathway yields mesoscopically or-
dered assemblies of nanoparticles, which can

finally fuse to a single crystal.*®~2° Poly(so-
30,31
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poly(styrene-alt-maleic acid) (PS-MA),>? and
poly(ethylene oxide)-block-poly(styrene sul-
fonate) PEO-b-PSS*? have been shown to en-
able the formation of calcite mesocrystals with
rough surfaces and porous structures. Al-
though crystallization pathways to polycrystal-
line aggregates, single crystals, and mesocrys-
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tals were found to belong to a unifying
framework based on the aggregation of pre-
cursor subunits,®>®* most CC products obtained
so far seem to be only serendipitous parts of a
more complex crystallization scenario. Hith-
erto, the systematic precise control over CC
crystallization, from one and the same solu-
tion system without any chemical variation,
was only rarely reported.?®33

Furthermore, such systematic morphogenesis stud-
ies are an important first step to harness the potential
of utilizing polyelectrolytes as crystal growth modifier
and to access bioinspired superstructure construction
principles that can be integrated into existing crystalli-
zation principles.

Here, we approached the nanoparticle-mediated
construction of calcite particles with microstructures
ranging from single crystalline, via mesocrystals to poly-
crystalline by controlling nanoparticle aggregation
with a commercial polyelectrolyte, poly(4-
styrenesulfonate-co-maleic acid) (PSS-co-MA) random
copolymer, as the crystal modifier in detail following a
preliminary investigation of calcite crystals, which are
accessible with this polymer.3* Although most polyelec-
trolytes used to effectively control crystallization of CC
are block copolymers consisting of two or more ho-
mopolymer subunits linked together by covalent
bonds, we chose a copolymer with random sequences
of styrenesulfonate and maleic acid monomers. Carbox-
ylate groups of small dicarboxylic acid molecules have
been reported to modulate crystal morphology by in-
hibiting crystal growth upon binding to the {110}
planes.® Sulfonate groups on the other hand are able
to control the morphology of calcite mesocrystals by
stabilization of the {001} planes.?° 32 It is reasonable to
assume that a random copolymer consisting of these
two surface-active monomers can bind to both fami-
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lies of faces and thus would have a very effective influ-
ence on the nucleation and growth, orientation, and
morphology of CC crystals. Moreover, the inherent con-
formational flexibility of PSS-co-MA provides an oppor-
tunity to control a wide range of crystal structures by
the same mechanism without altering the chemical na-
ture of the system.

RESULTS AND DISCUSSION

Calcite Single Crystals. We started the systematic work
with low concentration of PSS-co-MA in diluted CaCl,
solution. Crystallization of CC through a gas-diffusion
procedure in CaCl, solution (1.25 mM) with PSS-co-MA
(0.1 g/L) as additive produced calcite single crystals with
pseudo-dodecahedral shapes after 2 weeks, as shown
in Figure 1.

An optical microscope image of the obtained prod-
uct in Figure 1a shows that the sample is composed of
particles that are uniform in shape: their external mor-
phologies display pseudo-dodecahedral shapes with an
edge size of 20—30 wm. Some particles with multiple-
twinned structures or ill-defined structures with elon-
gated tips can also be found in the product. From the
typical SEM images of individual particles,®* it can be
observed that there is a total of six smooth and six
coarsened faces with curvature for each dodecahedron.

The curvature of rough faces was identified using
atomic force microscopy (AFM) observation for this
sample (Figure 1c). As far as can be observed, all the
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Figure 1. Calcite pseudo-dodecahedral particles: (a) optical microscopy image of
particles in solution, (inset of panel a) SEM image of a typical pseudo-dodecahedral
particle; (b) AFM height image (5 X 5 wm) of rough faces on the selected calcite
pseudo-dodecahedral particle; and (c) section analysis showing the curvature of the
rough face in panel b. [PSS-co-MA] = 0.1 g/L, [CaCl,] = 1.25 mM, 2 weeks.
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Figure 2. TEM images of a thin section and (inset) SAED pat-
tern taken from the framed ultrathin section obtained from
calcite pseudo-dodecahedral particles. [PSS-co-MA] = 0.1
g/L, [CaCl,] = 1.25 mM, 2 weeks.

curved faces show a nanogranular surface structure
with particles of about 150 nm in size (see also Support-
ing Information Figure S1). We formally ascribe the crys-
tallographic planes of the six rough faces to the {011}
family although they are curved and thus no crystal
faces in the classical sense, whereas the other six
smooth faces could be indexed to the {104} family.3®
To substantiate the indexing, we utilized the Cerius?
software to access the pseudo-dodecahedral morphol-
ogy. The resulting model with {104} and {011} indices
matches the as-obtained pseudododecahedra very
well.3* The existence of a 3-fold symmetry along the
c-axis direction is also confirmed by the model. The XRD
pattern®* and FT-IR spectrum verified that the pseudo-
dodecahedral product is pure calcite phase, as shown in
Supporting Information Figure S2a. The sharp peaks of
the XRD pattern of the dodecahedral product are very
similar to those of the default calcite single crystals, sug-
gesting that the dodecahedra are single crystals.>* In
the FTIR in Supporting Information Figure S2a, the non-
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splitting peaks at 712 and 872 cm ™' correspond to the
out-of-plane bending (v;) and the in-plane bending (vs)
modes of the carbonate groups in calcite as already
published in the literature.>”-*® The result supports that
the CC composition in the sample is in the crystallo-
graphic form of the calcite phase.

The transmission electron microscopy (TEM) image
(Figure 2) taken from an ultrathin section of the ultrami-
crotomed sample shows that these particles possess a
large number of interstices with a length ranging from
2 to 10 nm and with porous architectures in the bulk.
The interstices show the character of a nanoparticle-
based crystallization pathway?®~2? although no sepa-
rate nanoparticles can be observed anymore in the in-
terior of the crystal in contrast to the nanogranular {011}
surfaces observed by AFM (Figure 1 and Figure S1)
and SEM. The selected area electron diffraction (SAED)
taken from the framed area of the ultrathin section, as
shown in the inset of Figure 2, enabled us to determine
the single-crystalline nature of each dodecahedral cal-
cite particle in agreement with XRD data.>* This indi-
cates that the single crystal was formed via a mesocrys-
tal intermediate with subsequent Ostwald ripening of
the flat {104} low energy faces, whereas the pseudo-
{011} faces still show the nanogranular mesocrystal sur-
face. Thermogravimetric analysis of this sample shows
a content of ca. 2.0 wt % organic matter, which indi-
cates the existence of incorporated polyelectrolyte mol-
ecules between boundaries of nanocrystallite domains.

Calcite single crystals with pseudo-dodecahedra
morphologies were already literature reported with an
amazing variety of additives, such as Mg?*,?°~*! Co?*,*?
simple organic acid,*® phosphate,®® carboxylate-rich
polymers,** amino acids,** calcite-binding helical pep-
tide,** lysozyme,*® globular proteins,*” and protein ex-
tracts isolated from aragonitic abalone shell nacre*® and
sea urchins.*®° The universal paradigm in these stud-
ies mainly relies on the selective adsorption of additives
on the expressed faces,***" the inhibiting effect of ad-
ditives on the step-growth,*® or the combination
of the two mechanisms.>? The influence of the or-
ganic matrix in determining the orientation and
morphology of nanocrystallite aggregates, how-
ever, had never been investigated in these studies.
Recently, aggregation was put forward as a general
feature of crystallization at high
supersaturation.?33%>375% For example, calcite
forms pseudo-octahedral mesocrystals when grow-
ing in polyacrylamide hydrogel networks.>® The
physical diffusion limitation in gels is the key to the
ordered organization of rhombohedral building
units. For our particles, the curved appearance, the
absence of step-growth evidence, and the pores in
the TEM thin cut also indicate a nonclassical crystal-
lization pathway. This nonclassical crystallization

Figure 3. Calcite particles showing the curved surfaces. (a—c) the rhombohedral pathway via mesocrystals involving elements of lig-
P-surface shape, (d) the transition shape, and (e, f) the pseudo-dodecahedral
shape. [PSS-co-MA] = 0.0025 g/L, [CaCl,] = 1.25 mM, in 1 week.

A‘“ﬁ%\@) VOL.3 = NO.7 = SONG ET AL.

uid minimum surface organization could indeed
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be evidenced by looking at the intermediates in a time-
resolved study.>*

To gain more insight into the formation of calcite
pseudo-dodecahedral single crystals, the product ob-
tained at a much lower PSS-co-MA concentration
(0.0025 g/L) but the same CaCl, concentration (1.25
mM) was characterized by SEM. As shown in Figure 3,
the intermediates obtained after 1 week are microparti-
cles with different shapes. While only a small minority
of the crystals transformed to display pseudo-
dodecahedral morphology, the majority just evolved
to show morphologies with the rhombohedral {104}
faces but simultaneously displaying the curved mini-
mum P-surfaces which are characteristic for a liquid and
which were already found as early intermediates in the
time-resolved study of dodecahedra formation.>* These
P-surface particles are smaller in size compared with
those obtained at higher PSS-co-MA concentration but
show the same morphogenesis sequence.

Comparative Morphogenesis by Face Selective Polymer
Adsorption onto Seeds. Nucleation is a very important step
in controlling the precipitation reaction. It directly influ-
ences the final particle shape and size and can even de-
cide the whole growth mechanism. Indeed, the shape
evolution of crystals grown in solution has been exten-
sively discussed in mineralogy. Generally, the poly-
morph formation is determined by nucleation although
indications exist that the polymorph is already en-
coded in prenucleation clusters even in undersatu-
rated solutions.>® However, the isotropic transforma-
tion often involves dissolution.>” Here, both the single
crystalline structure and the smooth {104} faces of the
pseudo-dodecahedral particles could suggest that the
unusual morphology could be formed by {011} face se-
lective polymer adsorption to calcite rhombohedral
particles which are formed by nucleation at the initial
stage. This would be in agreement with dodecahedra
formed in presence of malonic acid.>®> To address this
question, we attempted to evoke shape control by face
selective polymer adsorption after introducing foreign
seeds at the start. The seed for the shape conversion
process was chosen to be rhombohedral calcite par-
ticles prepared from 1.25 mM CaCl; by the gas-diffusion
method. When PSS-co-MA of 0.1 g/L was used as the so-
lution medium for the morphogenesis, only slight trun-
cation at edge sites was observed after 2 weeks indicat-
ing face selective etching of the polymer (Figure 4a).
When the mixture of PSS-co-MA of 0.1 g/L and CaCl, of
1.25 mM was used, the resultant crystals became larger
in size with time indicating particle growth (Figure 4b
and 4c) and displayed sleek edges after 2 weeks. These
edges were formed by face selective polymer adsorp-
tion while the {104} faces also show etching pits. (Fig-
ure 4d) through irreversible dissolution.>” The two sets
of experiments demonstrate that rhombohedral calcite
single crystal seeds in a growth solution containing the
polymer do not produce pseudo-dodecahedral mor-
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Figure 4. Dissolution and growth of calcite rhombohedral seeds
in aqueous solutions by gas diffusion method (a) over 2 weeks in
PSS-co-MA solution (0.1 g/L), (b) after 1 week in the mixture of
CaCl; solution (1.25 mM) and PSS-co-MA (0.1 g/L), and (c) after 2
weeks in the mixture solution of CaCl, (1.25 mM) and PSS-co-MA
(0.1 g/L); (d) SEM image of the (104) surface in panel ¢, showing
the etching pits.

phology but a rhombohedron with truncated edges
due to face selective polymer adsorption in a classical
growth process. This is another indication for the non-
classical crystallization pathway to pseudododecahe-
dra.

Calcite Mesocrystalline Intermediates. At a PSS-co-MA con-
centration of 0.1 g/L, an abrupt transition in morphol-
ogy was observed with increasing [Ca?*] from 1.25 to 5
mM. In contrast to the pseudo-dodecahedral shape of
calcite particles obtained at 1.25 mM, pseudo-
octahedral shaped particles (Figure 5g) were observed
for a [Ca?"] concentration of 5 mM. The XRD pattern®*
and FT-IR spectrum (Figure S2b) confirmed the assign-
ment of the product to a pure calcite phase. Examina-
tion of the primary particle size by a XRD peak
broadening-based simulation suggests a primary nano-
particle size of 60—70 nm.>* The direct observation of
nanoparticles (Figure 5a) as precursor and P-surface in-
termediates with curved surfaces (Figure 5b,c) by SEM is
helpful for providing structural insight into the growth
of calcite pseudo-octahedral particles. The liquidlike ap-
pearance is obvious (Figure 5b—e). Figure 5f shows
the typical SEM image of particles obtained after 1
week. These particles exhibit rough and scalloped sur-
faces and appear as ~40 pm individual pseudo-
octahedral microparticles with smooth {104} faces. Al-
though angles and edges on a larger scale are well
shaped, it is obvious that most of the exposed faces
do not belong to the natural faces of calcite, but are as-
sembled from oriented subunits. A 3-fold symmetry is
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Figure 5. SEM image of precursor, intermediates, and calcite pseudo-octahedral
particles grown for 5 h (a), 3d (b), 4 d (c), 5 d (d, ) and the inset in panel d, 1 week
(f), and 2 weeks (g). [PSS-co-MA] = 0.1 g/L, [CaCl,] = 5 mM. In panel f the smooth
faces (six apexes of the truncated octahedron) are ascribed to the {104} family.

10 um

20 um

evident through the two opposite equilateral triangu-
lar facets per octahedral particle. We attribute these two
facets to (001) and (001), as indicated by the absence
of birefringence under crossed polarizers.>>>°°8 The
other remaining lateral triangular facets can not be con-
structed by simply connecting the end points of the
two {001} triangles. Using faces of the {011} family for
this interconnection would result in trigonally de-
formed {011} faces, which differ well beyond experi-
mental error from the experimentally observed equilat-
eral triangles.>* Thus, a real octahedron cannot be con-
structed from a calcite single crystal. TEM was employed
to observe the microstructure of the calcite pseudo-
octahedral particles. TEM and high resolution TEM (HR-
TEM) images of an ultrathin section of the obtained oc-
tahedral calcite mesocrystals show that the sample has
a mesoporous structure.>* Mesopores and defects un-
der preservation of a joint crystal orientation are impor-
tant characteristics of a mesocrystal, which originates
from the interstitial voids of primary nanoparticle stacks
within the whole aggregates.?® 33 Selected area elec-
tron diffraction (SAED) of this area shows a single-crystal
diffraction pattern with minor distortions.>*
Comparable observations were reported for fluoroa-
patite seed crystals grown in a gelatin gel'*'® and for
truncated triangular calcite mesocrystals,*®>" suggest-
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ing that a mesoscale transformation process oc-
curs in the formation of these octahedral calcite
aggregates. In other words, these are not single
crystals, but energy minimized superstructures of
nanocrystals. Note that both the texture and size of
the octahedral calcite microparticles are different
from pseudo-octahedral calcite mesocrystals con-
structed by rhomobohedral building units in a
specifically high supersaturation reaction environ-
ment relying on the limited diffusion in polyacryla-
mide gels.>%>3>° The mesocrystals synthesized in
aqueous solution in the presence of PSS-co-MA
show faceted {104} faces characteristic of a single
crystal as well as curvature indicative of liquid char-
acter (Figure 5f).

In addition, the obtained octahedral calcite has
a BET surface area of 64.8 m? g™, which is much
larger than a BET surface area (1.8 m? g~") of rhom-
bohedral calcite grown in the absence of poly-
mer. An unavoidable result that features the aggre-
gation of nanocrystalline calcite subunits is the
large occlusion of polymer molecules in the struc-
ture. Thermal gravimetric analysis (TGA, not
shown) proved that a content of ca. 4.0 wt % poly-
mer remained in the final product. The polymer
content is only half as high (2.0 wt %) in the case
of pseudododecahedra, underlining that those are
the low polymer concentration species.

Indeed, the product structure and morphology
has a significant dependence on both calcium and
PSS-co-MA concentrations. A series of experiments
was performed to investigate the effects of the cal-
cium ion concentration at rather lower PSS-co-MA con-
centrations. For example, at a PSS-co-MA concentration
of 0.0025 g/L, a morphological variation from pseudo-
dodecahedral to pseudo-octahedral was also observed
when Ca concentration was increased from 1.25 to
5—20 mM. This means that the structural transition
from single crystal to mesocrystal is already triggered
by the smallest concentrations of polyelectrolyte.

Figure 6 shows the growth evolution of the particles.
It is interesting to note that the initial nanoparticle ag-
gregates formed already after 30 h (Figure 6a). When
the reaction time was increased to 2 d, scaffolded em-
bryos contoured with the differentiated octahedral
shape resulted (Figure 6b). When the reaction time
was further increased to 4 d, the particles grew further
with nearly completed octahedral shapes (Figure 6c,d).
At this stage, the octahedral particles are uniform and of
a high yield. Each octahedron consists of six smooth
faces and two coarse faces. As shown in the high reso-
lution SEM image (Figure 6e), the roughened faces ex-
pose many smaller and highly aligned subunits, thus
clearly displaying mesocrystal features. The roughen-
ing is on the order of 100 nm (Figure 6i), and the undu-
lation of the surface structure is observable (Figure 6j).
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Looking more carefully onto the
particles, it is easy to find that every
roughened face is an equilateral tri-
angle plane with interplanar angles
of 60°. A 3-fold symmetry exists
through the centers of two such
roughened faces per crystal. The con-
struction toward well-defined octa-
hedral shapes approached comple-
tion after 6 d. AFM characterization
provides considerable insight into
the textures of the intermediate par-
ticles. Although the further growth
generated round tips and made the
difference between the smooth and
coarse faces disappear in the SEM ex-
periment (Figure 6f), it still proves
the presence of mesocrystals with re-
spect to the appearance of rugged
and scalloped faces texture and the
observation of smaller building units
on their surfaces.

Interestingly, the particles ob-
tained after 6 d exhibited two types
of mechanical behavior of their sur-
faces, as demonstrated in the phase i
contrast mode of AFM, shown in Fig-
ure 6k,l. One type of face is severely
biphasic, the other is homogeneous. §

It indicates that there are two groups /\x
of faces with different crystal plane B
characteristics in each particle. We &

ascribe the crystallographic planes : Z

of the roughened and biphasic faces  Figure 6. Calcite mesocrystals and the intermediates obtained by time-resolved ex-
in the intermediate particles to the periments. [PSS-co-MA] = 0.0025 g/L, [CaCl,] = 20 mM. SEM images of products ob-

(001) and (001) faces, respectively.

tained after 30 h (a), 2 d (b), 4d (c—e), and 6 d (f). (g) AFM height image (3 pm X 3 pum),
(h) 3D rough image of the area framed by black lines in panel g and (i, j) section height

The basal planes of the {001} family analysis, showing the rugged face appearance; (k) biphased and () homogeneous
consist of alternate layers of Ca ions AFM phase images taken from crystal faces. The crystal morphology is shown in

. . Fi 6f.
and carbonate, thus creating a dipo- ‘gure

lar surface, which is a high energy
face (see Supporting Information Figure S3). The rela-
tive surface energies for calcite faces are 0.7064 (104)
and 2.4872 (001) J/m2.*#5° Such surfaces favor the trap-
ping of charged polymers by Coulomb interactions.
The interaction conversely stabilizes the (001) and (001)
faces and lowers their surface energy. Therefore the bi-
phasic soft—hard character of these faces is plausible.
To verify the structural features of the calcite octahe-
dral mesocrystals, we microtomed the particles shown
in Figure 6f and characterized the ultrathin slices by
TEM. A 3D alignment of nanoparticles with high orien-
tation was found over multiple length scales, as shown
in Figure 7. Although some individual nanoparticles
within a local area seem to be random, the overall crys-
talline aggregates exhibit long-range ordering of the el-
emental nanocrystallites. This provides an evidence to
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Figure 7. TEM image showing the oriented alignment of
nanocrystallites. It was taken from an ultrathin section of cal-
cite octahedral mesocrystals shown in Figure 6f. The corre-
sponding SAED pattern is in the inset. [PSS-co-MA] = 0.0025
g/L, [CaCl,] = 20 mM, 6 d.
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Figure 8. SEM images of intermediate particles obtained after 4 d (a, b) and 2 weeks (c, d).
(e) AFM image showing the highly oriented location of nanoparticles on the crystal faces.

[PSS-co-MA] = 1.0 g/L, [CaCl,] = 2 mM.

assign nanoparticle-mediated aggregation as the crys-
tallization mechanism.

Intermediates with rhombohedral P-surface mor-
phologies were obtained after 4 d at [PSS-co-MA] = 1
g/L and [Ca] = 2 mM. SEM images of the particles are
shown in Figure 8a,b. From the rough concave faces, it
can be clearly seen that the particles are formed by
nanoparticles. The six flat faces per particle can again
be assigned to the {104} family. Here, both the features
of nanoparticle aggregation as well as the P-surface
morphologies of the superstructure bear strong resem-
blance with the intermediates of dodecahedral par-
ticles. But the intermediate particles have a size twice
of that in the case of dodecahedral particles (Figure
3a—a). In addition, some particles carry smaller
P-surface embryos on their curved faces (Figure 8b).
These results suggest the occurrence of multiple par-
ticle generations during the growth process and as-
pects of self-similarity in the organizing joint crystal
field.>>°" From the fact that in the final sample the
smaller intermediates have vanished (Figure 8c), the
presence of dissolution and recrystallization or (more
likely) joint attachment to the parental bigger micropar-
ticle under partial reorganization of their structure has
to be deduced. This could explain the scalloped struc-
ture of six of the eight faces in each octahedron (see
Figures 5f,g and 6f).

The morphology of the particles further changes
with crystallization time. As found for lower [PSS-co-
MA] concentrations already at shorter times, the inter-
mediary P-surface ripened to pseudo-octahedra when
the growth time was extended to 2 weeks. Figure 8
panels ¢ and d show SEM images of the sample ob-
tained after 2 weeks in the presence of [PSS-co-MA] =
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1 g/L and [Ca] = 2 mM. Figure 8cis a
typical SEM image with low resolution.
The sample contains abundant octahe-
dra (Figure 8d) with edge lengths of ap-
proximately 30—40 wm. Figure 8e shows
the typical AFM image of one octahe-
dron surface. Again, AFM shows the
granular character very well across the
whole pseudoface. The nanoparticles
are easily seen, with a mean diameter
of ~100 nm. Both SEM and AFM images
show the absence of the classical step
growth mechanism, but a large number
of nanoparticles on the surfaces of the
mesocrystalline arrays.

Calcite Polycrystalline Particles. In the last
set of experiments, the crystallization
was conducted in the presence of PSS-
co-MA and Ca both of higher concentra-
tions. Increasing [Ca®*] by the factor of
4 and maintaining [PSS-co-MA] at 1 g/L
gave well-defined polycrystalline calcite
spheres with diameters in the range of
30—55 pum (Figure 9a), instead of the pseudo-
octahedral mesocrystals obtained at [Ca] = 2 mM. The
spheres are highly uniform in size. The calcite phase of
the product was confirmed by XRD pattern (Supporting
Information Figure S4).

A continuous change in morphology and crystallo-
graphic phase was observed with the variation of [PSS-
co-MA] at constant [Ca®*]. For instance, flat and hollow
ellipsoidal hemispherical and spherical particles with di-
ameter of 4—6 pm (Figure 9b,c) were obtained after
3d at [PSS-co-MA] = 0.025 g/L and [Ca] = 20 mM, while
maintaining the concentration of Ca at 20 mM but in-
creasing the concentration of PSS-co-MA by a factor of
4 yields hollow spheres with an mean diameter of 7—8
wm after 3 d (Figure 9d—f). A core—shell assembly
structure with a shell thickness of 40 nm can be ob-
served by the SEM image of the product at this stage
(Figure 9e). The external layer on the inner core is con-
stituted of visible nanocrystallites. The shells of the mul-
tiply layered spheres are mechanically not stable and
can be peeled off from the cores by external forces (Fig-
ure 9e). Further increasing the concentration of PSS-
co-MA to 0.05—1 g/L gives hollow spherules with an in-
side diameter of 10 wm and outside diameter of 50—90
wm after 3 d (Figure 9g). The radial alignment of nanoc-
rystallites in the wall of the bigger hollow spheres can
be clearly seen from SEM images of the crushed sample
(Figure 9h). As evidenced by FT-IR analysis (Figure S2)
and XRD measurement (Figure S4), there is a phase
transformation from vaterite (Figure 9b,c) through a
mixture of vaterite and calcite (Figure 9d—f) to calcite
(Figure 9g,h).

Particle Formation and Morphogenesis. Time-resolved ex-
periments provide important evidence to identify the
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underlying mechanisms and further elucidate the rela-
tionships among the as-synthesized crystals. An impor-
tant point decisive for the further fate of morphogene-
sis is the capture and stabilization of ACC nanoparticles
at the early stage of the crystallization process.>* This
can be attributed to the nucleation inhibiting and nano-
particle stabilization effect of PSS-co-MA. Addadi and
Weiner et al. suggested that biological macromolecules
induce the formation of a transient ACC phase at early
stages of growth, which transforms to calcite at a later
stage in sea urchin larval spicules.** Amorphous
phase synthetically produced in aqueous polymer and
Ca?* solution is, however, different from the biogenic
transient ACC phase, as water would be inevitably in-
corporated into the phase while the biogenic transient
ACC phases contain no water.5%%* Titration measure-
ments in analogy to those reported in ref 65 show that
nucleation is largely delayed when PSS-co-MA instead
of PSS was used as the additive in the crystallization
process.>* The result backs up the observation of ACC
nanoparticles in the solution at early stage.

The finding that practically all generated particles
are close-to-spherical (a crystalline shape generated
from a close to spherical intermediate) and about mon-
odisperse, with their size increasing both with mineral
and polymer concentration reflects the next step of
morphogenesis. Typically, spheres are formed from a
fluid, here a nanoparticle aggregate with fluid charac-
ter as we see the primary nanoparticles still at later
stages. We assume that the primary amorphous par-
ticles precipitate from water into a joint liquid phase,
in which the integration of PSS-co-MA®® prevents the
primary particles from tight, irreversible aggregation
(Scheme 1 A1, A2, B1, and B2). Because of a high Ha-
maker constant of these ACC nanoparticles®” and their
critically high concentration, they exhibit a strong ten-
dency for colloidal phase formation (Scheme 1 A2, B2)
toward liquid droplets of nanoparticles, which are in ad-
dition about monodisperse. This mesoliquid is held to-
gether by the attractive van der Waals force between
the individual nanoparticles. This liquidlike, colloidal
phase has to be distinguished from polymer induced
liquid precursor (PILP) phases, which are described as
classical molecular liquids without recognizable
substructure,®®~7° whereas nanoparticles are observed
in the present case. The liquidlike character of those
droplets is also derived from the formation of the inter-
mediate particles with rhombohedral P-surface mor-
phologies. Such minimal surfaces occur in cases where
a surface tension controls the arrangement of two dis-
similar liquids, such as lipid—water or surfactant—water
mixture.”’

The further fate of this hybrid phase of nanoparti-
cles now depends on the specific reaction conditions.
In the case of the pseudo-dodecahedra, nucleation of a
calcite nanoparticle with six {104} faces (Scheme 1 A3)
and with their subsequent growth by attachment and
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Figure 9. SEM images of the obtained calcite polycrystalline aggregates
grown for 3 days. [CaCl,] = 10 mM, [PSS-co-MA] = 1 g/L (a). [CaCl,] = 20
mM (b—h). [PSS-co-MA] = 0.025 g/L (b,c), 0.01 g/L (d—f), 0.05—1 g/L (g, h).
The particles in panels g and h were crushed.

crystallization of neighboring ACC nanoparticles leads
to a skeleton composed of 3 rods with mutual angles
corresponding to those between the {104} faces
(Scheme 1 A4). A liquid being contained in such a drop-
let with a single crystalline skeleton inside would auto-
matically deform into the P-surface shaped aggregates
upon drying or shrinking or upon scaffold growth,
which is strongly evidenced by the simultaneous pres-
ence of single crystal faces and nanotectons in one and
the same object. This leads to the observed curved
P-surfaces, which are controlled by the surface tension
of the liquid (Scheme 1 A4 and B5).

In this product, the mesostructures share the fea-
tures of a crystalline solid and a liquid crystal at the
same time. The “hard”, weakly polymer controlled crys-
tallization directions define the directionality of the
single crystal skeleton and edges, whereas the poly-
mer stabilized, hydrated, “soft directions” originate from
the joint character of the soft condensed precursor
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Scheme 1. Schematic illustration of the CaCO; crystallization in the
presence of PSS-co-MA. (A) Dodecahedron formation: (1) formation of
polyelectrolyte stabilized ACC nanoparticles; (2) aggregation of ACC
nanoparticles to form liquidlike aggregates (the dots represent the ACC
nanoparticles for clarity reasons); (3) calcite nanoparticle crystallization
with six {104} faces; (4) growth along the six {104} faces and deformation
of the liquid aggregate within the crystalline skeleton; (5, 6) Ostwald rip-
ening of {104} and further growth fuses three {104} faces at both sides
of the crystal leaving rough crystallized former P-surfaces in between
forming the dodecahedra. (B) Growth of pseudo-octahdedral mesocrys-
tals. (1, 2) As described above for the dodecahedra; (3) crystallization
of calcite nanoparticles with one charged high energy face stabilized by
the polyelectrolyte and further growth by oriented attachment of crys-
talline nanoparticles or ACGC; (4) crystalline rods have a dipole field
(shown only for one rod for clarity reasons). Minimization of interac-
tion between dipole fields leads to three perpendicularly oriented rods
with mutual 90° angles. (5) Deformation of the liquid aggregate along
the crystalline skeleton leads to P-surface formation while patches of lig-
uidlike ACC aggregates attach to the particle (not shown for clarity rea-
sons); (6) further disposed patches of liquidlike phase crystallize without
fusion to a single interface leading to the scalloped surface of the meso-
crystal. For the sake of clarity, the polymer is not included into the draw-
ing. Also, the three-dimensional structures are projected into two di-
mensions and supplemented by SEM images

and its surface tension. This enables the generation of
rounded surfaces and the exposure of directions which
cannot be attributed to the inherent crystal symmetry.
If little polymer is present, the {104} faces on the tips can
grow and Ostwald ripening and further growth fuses
three neighboring {104} faces leaving the liquid aggre-
gate in between (Scheme 1 A5 and A6). Depending on
polymer concentration, these P-surface dominated as-
semblies can be stable for a rather long time, but when
they crystallize, the nanoparticles get into crystallo-
graphic register and form a mesocrystal with P-surface
shape forming the rough faces of the finally observed
pseudo-dodecahedra in addition to the six smooth
{104} faces. The curvature and inward bending is ampli-
fied by the 40% volume contraction upon calcite forma-
tion from the less dense ACC.
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For the formation of the pseudo-octahedra, nucle-
ation and oriented attachment of a crystalline scaffold
within the droplets with their moderate mobility obvi-
ously results in a hexapod, the size and symmetry of
which is exactly controlled by the size of the intermedi-
ary microdroplet and its surface tension (each arm can
only grow until the surface of the droplet is reached;
“poking” out would result in a stop of growth/disassem-
bly again). This explains the about perfect preservation
of the octahedral shape, although no “real faces” are in-
volved. Similar multipods grown by additive directed
crystal growth are well-known from heavy metal chal-
cogenides,”? but are in contrast to our case encoded by
crystal symmetry and grown by classical crystallization.

The direction of oriented attachment and axis of
the primary rod is not easy to identify, as the clearly
identifiable (104) caps are tilted toward the hexapod di-
rection. Because two of the eight octahedral sites are
aligned in c-direction, {012} is a meaningful option as
this is a highly charged face like {001} which should be
a good adsorption site for the applied polyanions (Fig-
ure S4). Owing to the symmetry of calcite, a dipolar
character is not present in the crystal itself, but can be
generated if polymers adsorb on only one of the
charged faces.?**" This leads to dipolar nanoparticles
which can aggregate along the [012] axis (Scheme 1 B2)
or quite probably by oriented attachment of ACC nano-
particles as already evidenced for {001}.3%”3 A hexapod
is the direct consequence of dipole repulsion between
the single rods to be aligned: repulsion energy is mini-
mal for three rods aligned in three different orthogonal
directions as the three sets of p-orbitals (Scheme 1 B4
and B5). As in the case of pseudo-dodecahedra dis-
cussed before, the liquid aggregates will form
P-surfaces around the crystalline skeleton which are
controlled by the surface tension of the liquid (Scheme
1 B5). Further liquid aggregates attach to the P-surfaces,
which can already be crystallized hindering a fusion of
the liquid phases (Figure 7b) and thus forming a
patched surface structure. This leads to the finally ob-
served pseudo-octahedron after crystallization of the
liquid aggregates (Scheme 1 B6).

For the final, high mineral and high polymer concen-
tration product, the fluid in the droplets cannot form a
skeleton by oriented attachment, and heterogeneous
nucleation from the surface takes over: crystal balls and
shells are formed. With the large increases in the con-
centrations of Ca and PSS-co-MA, the formation of
nanocrystallites speeds up significantly. Growth from
the surface while increasing the density of the material
upon crystallization of ACC (40% volume decrease) in-
evitably results in the formation of hollow zones, which
can be located between the layers or finally even in
the core of the structure, resulting in “multilayer
spheres” or hollow crystal balls, respectively. It is how-
ever again the existence of a highly concentrated colloi-
dal mesofluid droplet driving overall structure forma-
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tion, with the void volume giving a measure for the
amount of solvent and volume shrinkage.

The loss of crystallization control due to too high ther-
modynamic driving forces is also reflected in a lost poly-
morph control. Rapid crystal nucleation usually gives rise
to the formation of vaterite phase products, which later
transform to calcite to attain a higher stability. Indeed, a
temporal morphology transition of “hexagonal lenses” to
“hollow spheres” to “multiple-layered hollow spheres”
was observed. According to FT-IR analysis (Figure S2c),
the sphere product obtained from a solution containing
20 mM Ca and 0.01 g/L PSS-co-MA after 3 d is a mixture of
vaterite (1084 and 745 cm ™' characteristic peaks) and cal-
cite (1394, 872, and 712 cm ™' characteristic peaks).3”3874
In agreement with the FTIR result, the hexagonal lens mi-
crostructures (Supporting Information Figure S5) ob-
tained at the early stages are similar to the reported CC
product with vaterite phase.?’

Finally, the careful analysis of the surface structure
within the faces of the mesocrystalline pseudo-
octahedral assembly gives a remarkable insight on
how the presence of the scaffold surface and the con-
nected dipolar force fields influence the crystallization
of the remaining (liquid) amorphous droplets. Figure 10
depicts a high magnification of one of the faces of a cal-
cite octahedron directly after recrystallization. It is obvi-
ous that the single crystal skeleton does not extend
through every patch of newly deposited material. More-
over, the structure is grown in a patch like fashion
where the register of the crystallographic orientation is
a reflection of the 3D alignment within the meso-
crystal. In that way, the primary nanoparticles trans-
form on the surface into small versions of the bigger
mesocrystal, even exposing small {104} tips in the cor-
rect orientation on the surface of deposited particles.

SUMMARY AND CONCLUSIONS

Our ability to control nanoparticle aggregation
through the use of random copolymer polyelectrolytes
provides us with the chance to create a model system of
controlled CaCOs crystallization which is remarkably
rich in morphologies and elaborated a unifying crystal-
lization scenario being able to explain the found struc-
tural complexity. Contrary to classical crystallization and
nucleation and growth, the precipitation takes place
under nonequilibrium conditions which are, however,
highly defined.

As in many additive controlled crystallization reac-
tions, molecular supersaturation is practically instanta-
neously lowered by the formation of amorphous nano-
particles. It is more peculiar for the present stabilizer
that the stabilization of those nanoparticles is only in-
termediary so that the particles themselves aggregate
to larger droplets of 10— 100 m size, however, preserv-
ing the fluid nanoparticle assembly character.

For all different observed morphologies, it is impor-
tant what happens in the initially formed liquid aggre-
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Figure 10. SEM of enlarged surface structure of calcite
pseudo-octahedral mesocrystals, showing the alignment of
small building units made up by nanoparticles; 6 days, [PSS-
co-MA] = 1.0 g/L, [CaCl,] = 2 mM.
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Figure 11. Morphology diagram for calcite obtained by the gas diffusion
method in the presence of PSS-co-MA showing the morphology depen-
dence on concentrations of Ca and polymer additive. The particles are
drawn to scale. The animations of dodecahedral and octahedral can be
found at http://www.3quarks.com/GIF-Animations/PlatonicSolids. The x

axis is presented at logarithm scale.

gate of ACC nanoparticles. The fate of the initial liquid
aggregate is highly controlled by the polymer concen-
tration as well as that of calcium. Slow crystallization at
low [Ca?*] concentrations leads to formation of the
rhombohedral calcite nanoparticle seeds which will
then extend to rods on the {104} faces and lead to scaf-
fold forming rhombohedral P-surfaces (Figure 3c) and
finally the pseudo-dodecahedra. At higher [Ca%*] con-
centrations, a hexapod is formed by three rods exhibit-
ing dipole fields and thus orient with mutual 90° angles
due to dipole repulsion, again being a skeleton for the
formation of P-surfaces of the liquid aggregate con-
trolled by surface tension. This leads to the pseudo-
octahedral particles, as a higher driving force toward
crystallization can also lead to nonequilibrium morphol-
ogies of the primary nanocrystals,”> which can explain
the generation and subsequent polymer stabilization of
the high energy {012} or similar faces. Finally at the high-
est [Ca?*] concentrations and also highest polymer addi-
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tive concentrations, surface nucleation on the liquid ag-
gregate phase gets favored over nucleation inside this
phase resulting in multilayered and hollow spheres.
Such an easily attainable method overcomes limita-
tions of traditional crystal engineering strategies, as it
requires no changes in reaction temperature, chemical
components, or solvent but allows for a variety of mor-
phologies available at ambient conditions by simple
variation of reactant concentrations. As shown in Fig-
ure 11, we categorize the as-obtained calcite micro-
structures in the morphology diagram into three classes
according to their morphological and structural fea-
tures, that is, mesocrystals with large single crystalline
parts’® (pseudo-dodecahedra), mesocrystals with single

METHODS

Materials. All chemicals, calcium chloride, and ammonium car-
bonate (Aldrich), poly(4-styrenesulfonate-co-maleic acid) (PSS-
co-MA) (sodium salt, 25 wt % in water, obtained from Aldrich, av-
erage molecular weight = 20 000, styrene/maleic acid molar
ratio = 3:1) were of analytical grade and were used without fur-
ther purification. All glassware (glass bottle and small pieces of
glass substrate) was cleaned and sonicated in ethanol for 5 min,
rinsed with distilled water before being further soaked with a
H,0—HNO; (65%)—H,0, (1:1:1,V/V/V) solution, then rinsed with
doubly distilled water, and finally dried in air with acetone.

Synthesis. The crystallization of CaCO; was carried out in a
closed desiccator at room temperature (22 + 3 °C). In a typical
run, a solution (A) of CaCl, (20 mM) and a mixture solution (B)
containing 0.25 mM polymer and 20 mM CaCl, were prepared by
using doubly distilled water freshly bubbled with nitrogen over-
night. After 9.8 mL of solution A and 0.2 mL of solution B were in-
jected into a glass bottle (30 mL) with glass slides under stirring,
the bottle was covered with parafilm, punched with three holes,
and placed in a closed desiccator at room temperature. One
glass beaker (50 mL) with crushed ammonium carbonate pow-
der was also covered with parafilm, punched with three needle
holes, and put at the bottom of the desiccator in advance. After
different periods of time, the crystals were recovered, briefly
washed with water, and allowed to dry. After gold coating, the
crystals were examined with a scanning electron microscope.
The time dependent crystallization experiments were done by
taking out the small pieces of glass slides from the bottles in or-
der to stop the reaction for examination.

Charaterization. Powder X-ray diffraction (XRD) patterns were
recorded on a PDS 120 diffractometer (Nonius GmbH, Solingen)
with Cu Ka radiation (\ = 1.542 A). Thermogravimetric analysis
was carried out under a stream of nitrogen, at a heating rate of
10 °C/min using a Netzsch TGA-209. N, adsorption measure-
ments were performed at 77 K using a Micromeritics ASAP 2010
system utilizing Barrett—Emmett—Teller (BET) calculations for
surface area and Barrett—Joyner—Halenda (BJH) calculations for
pore size distribution for the adsorption branch of the isotherm.
The SEM measurements were performed on a LEO 1550, GEMINI
microscope. TEM, HRTEM images, and SAED were obtained on a
JEOL-2010 microscope operated at 200 kV. The samples were
embedded in epoxy resin and ultramicrotomed for the TEM mea-
surements. The surface cleavage of the crystal faces, the unit
cell structure, and the modeling of morphology were performed
with the Cerius? software (Accelrys). The AFM images were ob-
tained by means of a Digital Instruments nanoscope llla Multi-
mode AFM (Digital Instruments Inc., Santa Barbara, CA).
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crystalline skeleton (pseudo-octahedra), and polycrys-
talline spherical aggregates.

More specifically, the finding of scaffold structure
formation by oriented assembly and its effect on exert-
ing oriented assembly and crystallization in a collective
force field may have significant impacts on the funda-
mental understanding of the observation of naturally
formed biomineral structures exposing minimal sur-
faces, such as sea urchins, and the design of novel bio-
mimetic materials. The versatile crystallization protocol
offers effective means to the precise design and control
over nanoparticle assembly which holds promise for ex-
tension to other materials with their performance de-
pending on the shape and structure.

Supporting Information Available: Figures S1, S2, S3, S4, S5.
The material is available free of charge via the Internet at http://
pubs.acs.org.
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