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Calcite Mesocrystals: “Morphing” Crystals by a Polyelectrolyte
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Abstract: Crystallization of calcite
from different concentrated calcium
chloride solutions by the CO, vapor
diffusion technique in the presence of
polystyrenesulfonate (PSS) yields de-
fined assemblies of nanoparticles with
unusual morphology. From the typical

well facetted as observed in light mi-
croscopy, electron microscopy analysis
and BET isotherms reveal that the
structures are highly porous and are
composed of almost perfectly three-di-
mensionally aligned calcite nanocrys-
tals, scaffolded to the final, partly

curved structures. The formation of all
mesostructures is discussed within the
framework of a polymer-mediated
structure-formation process, in which
the polymer is acting in four different
ways. The present model case also pro-
vides evidence for the importance of

calcite thombohedra, the morphology
can be systematically varied via round-
ed edges and truncated triangles to
concavely bent lens-like shapes. Al-
though these “crystals” are apparently

Introduction

The control of crystallization processes is one of the most
important techniques in the preparation, purification, and
application of solid substances. Control of crystal size and
shape ensures desired dissolution rates (e.g. of pharmaceuti-
cals), and control of crystal shape and texture defines flow
properties, space filling by the powder, and mechanical
properties. High reproducibility of the chosen procedures
ensures the quality of industrial products and is of utmost
importance, as easily elucidated in the case of calcium car-
bonate abrasives and filler particles. As nucleation and
growth are very sensitive processes, crystallization is usually
controlled by addition of nucleation agents, stabilizers or
ternary components in general. The choice of solvents,!] low
molecular additives, surfactants and functional polymers is
regularly reported (for recent reviews, see references [2-5]).

In addition to nucleation and growth control, it was re-
cently revealed that there is also a nonclassical pathway of
crystallization via colloidal intermediates and mesoscale
transformation.!*® The evidence for this process was also re-
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nonclassical mesoscopic processes in
polymer-controlled crystallization in
general.

cently reviewed.®? On this pathway, crystalline structures
are constructed by assembly and/or transformation from
larger units (instead of by addition of single ions). For exam-
ple, both Addadi and Weiner", and Célfen and Mann®! in-
dependently reviewed the role of amorphous nanoparticles
in bio- and biomimetic mineralization. The role of similar
intermediates in CaCO; scale formation, as well as their ex-
perimental identification, is also a question of larger indus-
trial relevance.""'” Taden etal. analyzed a model system
constituted of dye nanodroplets, which formed highly or-
dered dye crystals of unexpected size by mesoscale transfor-
mation.®! Mesoscale assembly and transformation also ap-
pears to take place for inorganic crystalline solids such as
iron oxides,™¥ cerium oxide," copper oxalate and copper
oxide.["”)

The addition of an interacting polymer to the crystalliza-
tion solution can modify the ongoing processes in various
different ways (Figure 1):

e first, by complexing the ions, the polymer can block or
retard the growth path of single ions, making assembly
effects (b, ¢) more significant then the classical crystalli-
zation route (a)

e it can act as a nucleation agent by lowering the interface
energy of subcritical and critical nuclei, increasing the
number of primary nanoparticles (e)

@ it can colloidally stabilize metastable intermediates, such
as amorphous precursor structures (c)
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Figure 1. Crystallization by addition of ions (slow, a) or mesoscale aggre-
gation and alignment (fast, b), partially adapted from reference [3]. Crys-
tallization control by particle stabilization (c), crystal shape changes by
selective polymer adsorption (d) or changes of primary nanoparticles (e)
is also shown.

e it can alter the shape of the primary nanoparticles by se-
lective adsorption and/or enrichment onto specific crystal
faces (d), which leads to growth inhibition of these crys-
tal faces.['®!

Additionally, the polymers can induce aggregation
through a change in colloidal stability (for instance, by de-
pletion!"”'"®) or modified interaction potentials, where crystal
alignment can occur in a directed fashion.

Usually, the added polymers adopt more than one, if not
all roles mentioned in the list, which makes a prediction of
crystal morphology impossible. This is in contrast to the ide-
alized thermodynamic description, which has been proposed
early last century by Wulff.!'")

If the polymer is tightly bound to the particles, the pri-
mary hybrid particles are organized into a mesoscopic super-
structure by the anisotropy of their shape, specific steric,
electrostatic, van-der-Waals and hydrophilic-hydrophobic
interactions.

Organization of nanocrystals in crystallographic registers
to defined microstructures with more or less defined exter-
nal faces takes place.”*! Such “mesocrystals” have already
been described for calcium carbonate systems,*"?
BaS0,,® copper oxalate® CdS,? CoPt;,® and p,L- ala-
nine,?*?! and many others, as reviewed in reference [9]. The
reasons for the almost perfect alignment of the mesoscopic
building units with respect to each other are currently ex-
plored, and long-range interactions are certainly involved.

CaCOs; is a scientifically and industrially important miner-
al system, and its crystallization control has attracted exten-
sive attention for decades, as reviewed recently.?”*! Until
now, a whole variety of additives or templates such as bio-
macromolecules,”>¥ synthetic polymers,>?*3-7 Jow molec-
ular weight compounds,***l solid matrices™*?! as well as
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Langmuir monolayers,***! or self-assembled films,***" were
effectively used to control CaCO; morphologies and poly-
morphs.

In a recent communication, we presented a very simple
model system composed of calcite and PSS.*¥l A remarkable
change from the typical single crystal calcite rhombohedra
with {104} faces to mesocrystals presenting the unusual {001}
faces was found. It is the task of the present paper to extend
these primary observations on the calcite/PSS mesocrystal
system, where, by appropriate adjustment of concentrations,
the mesomorphology will be varied over a broad range in a
systematic fashion. Thus, we hope to answer the question of
how the polymer interferes with the crystallization and ag-
gregation process in more detail.

Experimental Section

The following chemicals were purchased and used without further purifi-
cation: CaCl,2H,0 (Fluka, >99%), poly(sodium 4-styrenesulfonate)
(PSS, M,,~70000 gmol ') (Aldrich). Double-distilled water was used for
the preparation of the crystallization solutions.

Crystallization of CaCO;: The mineralization was performed by a slow
CO, gas diffusion technique described by Addadi etal.® To compare
the effect of polymer and calcium, crystallizations in the presence of dif-
ferent concentrations of PSS and CaCl, were carried out in glass bottles
with glass slides, which were kept in a closed desiccator at room tempera-
ture. All glassware was cleaned as follows: firstly sonicated in ethanol,
then rinsed with distilled water, further immersed in a H,O-HNO:-
(65%)-H,0, (1:1:1, v/v/v) solution, then rinsed with double-distilled
H,O, and finally dried at room temperature.

A stock solution of CaCl, (10 mm) was freshly prepared in boiled double-
distilled water through which N, was bubbled overnight. From this stock
solution, 5-mL solutions with different concentrations of polystyrenesul-
fonate (1, 0.5, 0.1 gL ") and CaCl, (5, 2.5, 1.25 mmolL"") were prepared
under vigorous stirring. The solutions were distributed into different glass
bottles with a glass slide on the bottom (1 mL solution in each bottle) for
further crystallization experiments. The bottles were covered with Para-
film, three needle holes were punched into the film, and the bottles were
placed in a larger desiccator. Two small glass bottles (10 mL) with crush-
ed ammonium carbonate were also covered with Parafilm, three needle
holes were punched into the film, and the bottles were placed at the
bottom of the desiccator as the source of CO,. At different times, the
bottles with the crystals were removed from the desiccator, the glass
slides carrying the crystals were separated from the solution, rinsed short-
ly with distilled water and directly examined by optical microscopy. Scan-
ning electron microscopy (SEM) and other techniques were performed
on the crystals after they had been dried at room temperature.

Analytical methods: Optical microscopy and SEM were applied to all
samples. The use of light microscopy as technique is necessary to show
that the SEM images are free of drying artefacts that may result from the
sample preparation. In addition, polarized light microscopy allows the
identification of the calcite ¢ axis, which is the only direction free of bire-
fringence. The SEM measurements were performed on a LEO 1550 -
GEMINI. Transmission electron microscopy (TEM) as well as electron
diffraction were performed on a Zeiss EM 912 Omega microscope at
120 kV with a 580-mm camera. Light microscopy images of samples in
solution were taken with an Olympus BX50 or BX41 microscope con-
nected to a MONACOR TVCCD-460 color camera. Powder X-ray dif-
fraction (XRD) patterns were recorded on a PDS 120 diffractometer
(Nonius GmbH, Solingen) with Cuy, radiation. Thermogravimetric anal-
yses were performed on a Netzsch TG 209, and the samples were exam-
ined under an oxygen atmosphere at a scanning rate of 20 Kmin™" from
room temperature to 800°C. The surface cleavage of the crystal faces, the
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unit cell structure, and the modeling of morphologies were performed
with the Cerius® software (Accelrys).

Dynamic light scattering (DLS) measurements were carried out using a
standard, laboratory-built scattering spectrometer operating at 633 nm
(argon-ion laser, Coherent, Model Innova 300) (power: 30-600 mW) at
scattering angles of 90°. The radius distribution of the particles in solution
was calculated from the experimental correlation functions using the pro-
gram FASTORT.exe.l*) Samples for DLS were freshly prepared in S mL
aqueous solution. BET sorption measurements were carried out on 1 mg
of sample at 77 K using an Autosorb-1 from Quantachrome Instruments.
Desorption curves are not used due to hysteresis effects.

Results and Discussion

Calcium carbonate crystallizes within the presented crystalli-
zation setup and procedure in the absence of additives in
one day into calcite rhombohedra (data not shown). The ad-
dition of minor amounts (0.1 gL™") of polystyrenesulfonate
(PSS) led to two effects. On the one hand, all the crystalline
species became very homogeneous in morphology and size.
This is easily explained by a better control of nucleation by
PSS. The improved nucleation is also reflected by the in-
creasing number and decreasing size of CaCO; particles
with increasing PSS concentration (data not shown). Time-
resolved microscopic studies showed an increasing number
of crystals within the first 10 h, without obvious size and
shape changes. This indicates a continuous nucleation of
CaCOj; crystals in the early crystallization stages.’”!

On the other hand, with PSS addition, the surface struc-
ture of the formed crystalline superstructures increased in
roughness, and selected corners/edges became rounded. All
of the described crystal morphologies are very stable, once
formed. A typical result of high-resolution scanning electron
microscopy (HRSEM) of the obtained particles is shown in
Figure 2.

The formation of porous crystals, rough surfaces, and
rounded corners are very strong indications for the altera-
tion of the crystallization mechanism from ionic growth to
mesoscale assembly. PSS, as a polyelectrolyte, strongly
binds free Ca* ions,""! decreases the free Ca®* ion concen-

Figure 2. High-resolution SEM image of a crystal obtained from 1 mL of
1.25 mmol L' Ca* solution with 0.1 gL.™' (PSS). Samples were obtained
on a glass slip by a gas diffusion experiment after one day. Note the for-
mation of rounded corners.
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tration by intermediary binding, and thus slows down the re-
lated speed of growth by addition of single ions. We propose
that this PSS-Ca complex is the primary species. With in-
creasing carbonate concentration, the better-binding carbo-
nate ions compete with the sulfate ions for the highly local-
ized and enriched Ca’* ions close to the PSS backbone, pre-
sumably initially forming a mixed nanoparticle composed of
hydrated, amorphous CaCO; and PSS.

The existence of such colloidal PSS—Ca complexes and
amorphous intermediates can be proven with analytical so-
lution techniques. Time-dependent dynamic light scattering
(DLS) on the whole investigated range of samples reveals
the existence of nanoparticles in solution already well ahead
of crystallization, and TEM, in conjunction with electron
diffraction, shows that the early nanoparticles are amor-
phous.*¥ This was independently confirmed by the so-called
density variation method in analytical ultracentrifugation.?
It was revealed that the density of all investigated precursor
particles is between 1.44 and 1.58 gmL ', in agreement with
the amorphous CaCOj; density of 1.49 gmL~! determined by
small-angle X-ray scattering by Ballauff et al.>

The CaCOj; nanocrystals are presumably nucleated from
these mixed amorphous species, with the PSS then immedi-
ately associated nearby. This mechanism provides the large
number of fine, metastable crystals needed for mesoscale as-
sembly.

Nitrogen sorption measurements evaluated according to
Brunauer-Emmett-Teller (BET, Supporting Information
Figure S1) on the final dried structures show that the
formed calcite mesocrystals are highly porous, with specific
surface areas for three different species always larger than
260 m?>g~!. The size distribution curves calculated from the
adsorption branch of nitrogen isotherms show that the pores
are in the mesopore range, with maximum pore diameters
of approximately 3-10 nm, depending on the system. This
goes well with a primary crystal size of approximately 30 nm
and an interstitial channel system between the primary crys-
tallites. Pore volumes of the samples were calculated to be
in the range of 0.26-0.51 mL g, using the Brunauer, Joyner
& Halenda theory under the simplifying assumption of cy-
lindrical pores.

Approximately 50-nm-sized tectonic elements were de-
tected on the mesocrystal surface by AFM (data not
shown). These results also clearly exclude crystal growth by
Ostwald ripening, which would lead to a fused single crystal
without any pores. AFM also shows that the mesocrystal
generation is accompanied by numerous defect structures on
the nanoscale, despite the external facetted morphology
being well-defined.

The concentration of PSS has a very strong influence on
the morphology of the crystalline superstructures in the oth-
erwise standardized crystallization process. This is depicted
in Figure 3, in which both the Ca’* as well as the PSS con-
centration was varied in a systematic fashion.

The case presumably closest to classical crystallization is
the one with the lowest Ca’* concentration of 1.25 mmol L™
combined with the lowest polyelectrolyte concentration of
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Figure 3. Typical SEM images of calcite mesocrystals obtained on a glass slip by the gas diffusion reaction
after 1 day in 1 mL of solution with different concentrations of Ca** and polystyrenesulfonate: a) [Ca’*]=
1.25 mmol L', [PSS]=0.1 gL™'; b) [Ca**]=1.25 mmol L, [PSS]=0.5 gL'; ¢) [Ca’*]=1.25 mmol L', [PSS]=
1.0gL""; d) [Ca**]=2.5mmolL"!, [PSS]=0.1gL"; e) [Ca’*]=2.5mmolL™", [PSS]=0.5gL""; f) [Ca**]=
h) [Ca’*]=5mmolL"!, [PSS]=

2.5mmolL~", [PSS]=1.0gL™"; g) [Ca’*]=5mmolL"!, [PSS]=0.1gL™";
0.5 gL' i) [Ca’*]=5 mmol L', [PSS]=1.0 gL .

0.1 gL™" (Figure 3a). Low concentrations are also coupled to
lower supersaturation and slower growth. At this concentra-
tion couple, rhombohedral calcite structures are still found,
however obviously composed of smaller calcite subcrystals.
The mesocrystal still exposes the six {104} faces, showing
that the influence of the polymer on the mutual alignment is
still weak. Note, however, that these species already possess
two rounded corners in the (001) direction (see also
Figure 2). Interestingly and indicating generality, similar
structures with rounded corners and rough surfaces were de-
scribed before.’**! Single-crystal analysis could be used to
index their outer faces.”>"

If the PSS concentration is increased to 0.5 gL' at a fixed
low Ca’* concentration of 1.25 mmol L™ (Figure 3b), a finer
texture of the primary nanoparticulate building blocks is
found. This underlines our view that the primary units are
nucleated in the proximity of the polyelectrolyte, as more
polyelectrolyte can then nucleate a larger number of parti-
cles. The two “rounded” corners along the (001) direction
(where 1 is at the back of the crystals in Figure 3b) are more
pronounced. This suggests that the efficiency of aggregation
of the primary particles is lowered in direction of the ¢ axis.
As this is the only nonbirefringent orientation of calcite, the
orientation can be easily assigned by polarized light micros-
copy (Figure S2e, f in the Supporting Information). Further-
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more, six out of the eight edges
are rounded. It is worth men-
tioning that this morphology,
with minor modifications, reoc-
curs for two other concentra-
tion pairs, also at higher calci-
um concentrations in the mor-
phology map, see Figure 3d and
Figure 3e. It seems to be a ge-
neric structure, and the finer
the surface textures at higher
Ca®* (or higher polymer) con-
centrations are, the more pro-
nounced the rounding of the
two corners in the ¢ direction is.
The discrimination of the c axis
allows a more detailed under-
standing of the mesoscale as-
sembly process. The ¢ axis of
calcite has hexagonal symmetry
and is usually not exposed, as it
is constituted by either pure
cationic or anionic sites. The
corresponding Cerius® represen-
tation of this face is shown in
Figure 4.

It is easy to understand why
this surface is specifically stabi-
lized by the PSS: the multiple
cationic sites can bind the nega-

10 pm

Figure 4. Cerius® presentation of the calcite (001) surface, which is indi-
cated by the yellow dashed line. Ca** blue, C gray, O red. Left: Side
view, Right: Top view of a 3x3x2 unit-cell arrangement; the hexagonal
symmetry of this face is clearly visible.

tive polyelectrolyte, and by this binding a low-energy sur-
face is obtained. We assume that this surface structure origi-
nates from a PSS-Ca complex precursor, that is, the inher-
ent Ca’*-rich character of the crystal face and the PSS
charge counterbalance is predefined in the precursor. The
involved multiple binding of a polyelectrolyte onto the (001)
surface also explains the very high binding efficiency and
stability of the nanoparticle assembly at comparably low
concentrations.

Increasing the polyelectrolyte concentration to 1gL™
(the maximum applied concentration) at a still low Ca**
concentration of 1.25 mmolL™" leads to a new, but related
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Figure 5. Typical SEM images of calcite mesocrystals (the same sample as Figure 3c) obtained on a glass slip
by the gas diffusion reaction after 1 day in 1 mL of solution with 1.25 mmolL™" of Ca?* and 1.0 gL' of PSS.

morphology, presented in Figure 3c and—in more detail—
in Figure 5.

The suppression of nanoparticle assembly along the six
edges and two corners has progressed so far that the whole
structure has no similarity to the primary rhombohedron
anymore. The missing edges overlap to an extent that the
whole structure is partly rounded, leaving six elliptical side
faces. The architectural program to set up this complicated
superstructure of flat and curved planes is nevertheless
quite precisely kept throughout the sample, as seen by the
comparison of three different, randomly chosen particles
from different viewing angles (Figure 5). From the finer de-
tails of these HRSEM pictures, it becomes obvious that the
whole structure is composed of hexagonal/truncated trigonal
plates of calcite, which again expose the unusual (001) face.
The six removed edge directions are clearly not planar or
even faces in a classical sense, and thus cannot be explained
by the classical picture of polyelectrolyte adsorption to sta-
bilize faces of a single crystal. Although crystalline with re-
spect to the primary nanoparticle building units, the meso-
crystals are strongly curved. Active shaping in these direc-
tions is driven by lowered efficiency of assembly and stack-
ing.

As these mesocrystals are unusually rough, higher resolu-
tion SEM pictures (Figure 6) reveal additional information
on the assembly process. Within the disordered pore struc-
ture one can identify primary, roughly globular nanoparti-
cles, approximately 30 nm in size, which assemble in a first
integration step towards 100-300 nm thick plates. These
plates are, however, astonishingly disordered on the meso-
scale. The single plates are obviously not connected, or just
weakly intergrown, which indicates incorporation of the poly-
electrolyte into the structure. This is also supported by the
thermogravimetric analysis (TGA) of these structures,
which hints at a relative polymer content of approximately
3 wt % . However, the vectorial alignment between the single
plates seems to be close to perfect, which results in excellent
order on the micrometer range which is much higher than
the order on the mesoscale.

When keeping the polymer concentration high (1.0 gL ™)
and increasing the Ca’* concentration (2.5 mmolL™), the
next, related morphology develops (Figure 3f). The expo-
sure of the (001) and (00—1) faces has increased in a way
that the whole sample now adopts a truncated trigonal mor-
phology (Figure 7).
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The two dominant (001)
faces are now connected with
the remainders of the six (104)
faces, which is the minimal sur-
face-area construction to con-

nect the two (001) faces. It was
gt already mentioned that the
(001) direction, due to its sym-
metry, is the only axis in calcite
which is not birefringent. Con-
sequently, those crystals are

Figure 6. High-resolution SEM images of calcite mesocrystals (the same
sample as Figure 3c) obtained on a glass slip by the gas diffusion reaction
after 1 day in 1 mL of solution at 1.25 mmolL™" of Ca®* and 1.0 gL ! of
PSS.

Figure 7. Left: Cerius® color model of truncated trigonal calcite structure
view of the 001 face (yellow) and the 104 face (red). Right: The corre-
sponding assembly motif, according to Figure 3f.

black in the polarization microscope when looking upon the
(001) faces, whereas all other faces are bright (see Figure S2
in the Supporting Information). Interestingly, there is an
analogous case of morphology control in biomineraliza-
tion:° the eye lens of five-hundred-million-year old trilo-
bites is also made of hexagonal calcite oriented towards the
unusual [001] direction in a very similar fashion, as this is
the only direction where clear sight (without double vision)
can be obtained.

Chem. Eur. J. 2006, 12, 5722-5730
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The most complicated structure series is obtained at high-
est Ca’* concentrations of 5 mmolL™!; see Figure 3g-i. Sem-
iconvex—concave crystalline assemblies are formed, which
are only weakly dependent on polymer concentration. The
formation does not depend on the relative concentration of
Ca’* to PSS, as similar ratios for other Ca’>* concentrations
resulted in other structures (Figure 3). Indeed, it is the high
Ca’* supersaturation which leads to the exotic morphology.
The assemblies, as shown in higher resolution in Figure 8,

Figure 8. Typical convex—concave structure of calcite at high Ca®* con-
centration (5 mmolL™"). The sample was obtained on a glass slip by the
gas diffusion reaction after 1 day in 1 mL of solution with 0.5 gL' of
PSS.

are roughly circular in the [001] direction (as seen by the
typical truncated-trigonal in-plane texturation), but show a
convex/concave discrimination of the two perpendicular
sides.

A time-dependent SEM study revealed that there is a
morphology change throughout particle growth (see Fig-
ure S3 in the Supporting Information): at the early stage
after 3 h, biconvex particles approximately 600 nm in size
are formed, which develop the convex—concave morphology
upon further growth. This is indicative of continued nano-
particle attachment to an existing, initially symmetric parti-
cle, which however has different surface properties on the
two opposite sides.

The lower the polymer concentration, the more pro-
nounced the asymmetry and the more bent the structures
are, until a central hole on one side is finally formed. This
morphology is contradictive to all classical pictures of crys-
tallization, for which such a hole should immediately vanish
by Ostwald ripening, and where symmetry is encoded in the
primary unit cells and thermodynamics, as described by the
Waulff-law of crystal growth.l]

Such a hole (=no effective mass transport) with a pile (=
increased effective mass transport) on the opposite side
strongly indicates dipolar long-range interactions controlling
the growth and mesoscale assembly of such structures.
Wulff’s law only considers short-range interface energies
(i.e. energies in the plane) as the driving force, but inclusion
of long-range energy contributions might indeed explain the
different mesocrystal morphologies. A model case of such
long-range interactions is the presence of a dipolar field, as
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already proposed by Kniep etal. for the rod—dumbbell-
sphere transition described for fluoroapatite crystallization
in gelatin gels.””l

Owing to the simplicity of the present system and the pos-
sibility to experimentally assign the (001) face, a model for
the generation of a dipole moment in the otherwise nondi-
polar calcite structure can be given (Figure 9).
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Figure 9. Mechanism of the final morphology change in calcite crystals
due to selective adsorption of PSS to one (001) face and the resulting
build up of an inner dipole moment within the crystal along the ¢ direc-
tion. The primary crystals are asymmetric as they bind the polymer only
on one side. These primary blocks assemble to give flat, pseudo-symmet-
ric mesocrystal structures. When a certain size is exceeded, not only pri-
mary platelets, but also amorphous intermediates are attracted. By re-
crystallization of those species, bent crystalline structures without transla-
tional order can develop.

The very high Ca®* supersaturation results in fast nuclea-
tion of very small, thin platelets. The highly positive, pure
Ca- exposing (001) face is ideal for the adsorption of PSS,
making this face energetically very favorable and exposed.
Once the crystal has nucleated in this direction from the
precursor, the polymer will effectively block this face from
further growth. The counterface, at least for nanosized pla-
telet crystals, now has to be a CO;*~ ion-terminated (001)
face, as two positive planes in such proximity (smaller than
ca. 40 nm) would repel each other throughout the crystal.
As a result, no further carbonate or PSS layer can adsorb on
this counterface, as this is charge-forbidden.

As the primary platelet (Figure 9, red) carries the poly-
electrolyte on one side (Figure 9, yellow), but is negatively
charged on the counterface as well, such a structure is col-
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loidally stable with respect to direct charge interactions and
carries the typical electrostatic double layer (Figure 9, blue).
However, such an asymmetric stacked structure always
comes with a strong dipole moment, brought in by the two
oppositely charged crystal splitting planes. Note that the
dipole moment is dependent on the thickness of the crystal,
that is, the double layer (2-nm thick; under the applied con-
ditions) cannot compensate for the charge separation over
the platelet (ca. 40 nm thick; see Figure S4 in the Support-
ing Information).

This simple argument reveals a new possible source of di-
polar fields associated with highly symmetric ionic nanocrys-
tals, which are otherwise nonpolar on the basis of their crys-
tal symmetry. Previous reports in the literature have focused
on the specific binding of a polymer to a distinct crystal sur-
facel or surface dipole fields ranging into the solution,”*!
which however are known to be weak and screened by the
ionic strength of the solution. Our view is based on the natu-
ral dissymmetry of a nanocrystal with highly charged planes,
with the surface-charge-generated electric field being strong
and long-ranged throughout the crystal. It is important to
repeat that ionic crystals possess a rather low dielectric con-
stant (usually ¢ ~5), and that the nonscreened Coulomb law
holds within the structure (instead of the screened Coulomb
law in solution). Therefore, electric fields are much stronger
and more long-ranged throughout a nanocrystal than
through the aqueous environment.

In essence, a calcite nanocrystal with the cationic (001)
face stabilized by an anionic polyelectrolyte will generate an
anionic counter side. This counter side cannot grow by addi-
tion of single ions, as anions are repelled by charge repul-
sion from the surface, and cations cannot add to the crystal
because of the inner field effects (Figure 9). The whole
structure can then only grow by assembly of other neutral
species, either by addition of ion pairs (rare) or by aggrega-
tion with another completed, dipolar crystalline slab (the
actual case).

For high Ca** supersaturations, a rough estimate of the
single platelet thickness on the basis of the HRSEM data
(see Figure S4 in the Supporting Information) gives approxi-
mately 40 nm. A simple calculation based on Coulomb’s law
shows that the field strength on the other side of the crystal
is of the order of some hundred kT (thermal energy). The
resulting nanoplatelets possess a dipole moment perpendicu-
lar to the plane, based on the different surface structures.
Such dipolar platelets will align in three dimensions to mini-
mize their mutual interaction energy, and in that way pro-
moting the build-up of an even larger dipole moment in the
growing stack.

Above a critical size, due to the linear dependence of the
dipole moment on thickness, a new effect sets in. The inner
dipole moment is getting so large that not only the dipolar
nanoplatelets (as for the first set of morphologies), but also
polymer-stabilized amorphous intermediates are attracted.
As these small particles have, owing to the polyelectrolyte
component, a homogeneous surface charge of one type (pre-
sumably negative), the potential of the attracting amorphous
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intermediates defines the moment where the mesostructures
develop curvature and dissymmetry: the one, similarly
charged pole in the middle of one mesocrystal (001) face
repels all intermediates from further crystal growth (and a
hole is formed), whereas the other oppositely charged pole
attracts the particles. As there is a continuous change from
attractive to repulsive interaction from pole to pole, the con-
tinuous variation of aggregation probability leads to the fi-
nally observed, nicely curved concave/convex particle mor-
phology. The existence of strong dipole fields in the final
mesostructure is also proven by their non-statistical overall
orientation on the substrate: We were not able to find a
single mesostructure (out of several thousands) of this type
which was positioned with the hole or cavity towards the
(usually negatively charged) substrate.

A question that remains unresolved by this model is why
the single platelets put themselves into crystallographic reg-
ister, that is, why do they also vectorially align in the two
other, in-plane directions. We can only speculate that the
single platelets in close proximity are able to detect their ep-
itactic, complementary hexagonal charge patterns through-
out the layer of polystyrenesulfonate.

Additional experimental evidence for the organization
scheme of the convex—concave assembly structure was ob-
tained by polarization light microscopy (see Figure S2a, b in
the Supporting Information), where the images show a dark
spot in the center of the structures, indicative of the calcite
(001) orientation. Time-dependent experiments (see Fig-
ure S5 in the Supporting Information) show that the princi-
pal (001) orientation of the growing mesostructures is kept
throughout the whole process of crystallization, although
the structure develops the bent rims without register into
the c axis at the end of the crystallization process.

In a recent investigation the truncated calcite morphology,
as shown in Figure 3f and Figure 7, was also reported.”
These crystals were, interestingly enough, obtained by ad-
sorption of methylene blue containing a sulfonate group,
similar to the PSS molecules used in this study. A final
proof of the dipolar character of the convex-concave meso-
crystals therefore can be obtained by staining experiments
with charged dyes. If a positively charged dye (fast dark
blue) is added to the final convex- concave crystals, only the
top is stained (see Figure S6 in the Supporting Material),
whereas the addition of a negatively charged dye (Congo
red) selectively stains the sides of the mesocrystals.

We think that the observations of the present, comparably
simple system can be generalized and explain a vast variety
of unusual observations described in the crystallization liter-
ature. Asymmetry of face and counterface is presumably an
inherent feature of most crystallization processes controlled
by charged additives, as long as the building blocks are on
the nanoscale, and the dipolar growth patterns found by
Kniep etal.,F”* or the piezoelectricity of bone®™ made
from otherwise nondipolar, mirror-symmetric hydroxy/fluo-
roapatite can—alternatively to the current explanation—
also be promoted by the formation of dipolar poled meso-
crystal aggregates at the beginning of structure formation.
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Similar effects are found in the polymer-controlled crystalli-
zation of CaCO;) or BaCO, and other heavy-metal carbo-
nates.[®

The attraction/repulsion of the two opposite faces through
the crystal in addition explains the existence of the univer-
sally observed characteristic length of the order of some
tens of nanometers in additive-controlled nanocrystal
growth, as for instance the constant thickness of nanofib-
ers!®®! or nanoplates.® A certain thickness of 10-100 nm is
indeed needed, depending on the crystal/additive pair, until
the two opposite sides can be indeed equal with respect to
their surface charge, also allowing additive adsorption on
both sides. Below this thickness, the electrostatic forces
within the growing crystal restrict addition of materials up
to a critical crystal thickness.

Conclusion

The slow crystallization of calcite by the gas diffusion tech-
nique results in the presence of the negatively charged, Ca-
binding PSS vyields, depending on the relative Ca** and
PSS™ concentration in a family of well-defined crystalline
mesostructures or mesocrystals, that is, regular scaffolds
composed of separated, but almost perfectly three-dimen-
sionally aligned calcite nanocrystals. Using HRSEM and fol-
lowing the development of the structures as a function of
the reactant concentrations, it was possible to reveal the
inner architecture principles of these mesocrystals. The ob-
served systematic behavior can only be explained by the
polymer interacting with the crystallization process in a vari-
ety of modes: First, it strongly binds free calcium ions and
shifts the mechanism from ionic growth in the default ex-
periment without additive to mesoscale assembly of pre-
formed nanoblocks in presence of the polymer.

In addition, the polymer acts as a nucleation agent, as re-
vealed by polymer concentration variation. Over wide re-
gions of the morphology map, increase of polymer concen-
tration and increase of Ca®* supersaturation seem to have a
similar influence, indicating that the nanoparticles nucleate
from a carbonized PSS—-Ca complex. The primary building
units of the mesocrystals are amorphous nanoparticles,
which crystallize to calcite as revealed by WAXS and DLS.
In addition, PSS seems to bind quite selectively to the other-
wise nonexposed (001) face of calcite, favoring mesostruc-
tures composed of truncated triangular units instead of
rhombohedra.

For high supersaturations and correspondingly small pri-
mary particles, a new effect appears as the system obviously
changes and looses long-range translational symmetry in
favor of a dipolar arrangement of primary nanoparticles. It
was reasoned that spontaneous asymmetry might be charac-
teristic for very small particles stabilized by charged poly-
mers, as inner-field effects within the crystal cannot be ne-
glected on smaller scales. This model also explains the spon-
taneous occurrence of dipole effects in materials with nondi-
polar unit cells, such as dumbbell-like growth patterns of
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crystals or piezoelectricity in the growth direction. Obvious-
ly, such mesocrystals grown from polymer-protected nano-
crystals can exhibit dipolarity based on the asymmetry of
splitting planes with opposite surface charge, whereas single
crystals of the same material cannot. Future work will ad-
dress the importance of electric fields on structure formation
by performing similar processes in external electric fields
and in the presence of salts. In addition, other mechanisms
to control crystal self-assembly will also be investigated to
fully reveal the design principles of these fascinating crystal-
line superstructures.
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