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CaCOs; is one of the most abundant biogenic minerals.
Biological organisms utilize mainly the thermodynamically
most stable crystal polymorphs of CaCO;, that is, calcite or
aragonite, for the construction of protective shells and
casings.'! Among the many intricate shapes and architectures
of naturally occurring biominerals, the structure and proper-
ties of nacre (“mother-of-pearl”), the iridescent inner layer of
mollusc shells, has had a special attraction for scientists. Nacre
consists of stacked layers of tabular aragonite crystals that are
interspersed with a thin organic matrix. Investigations on the
ultrastructure of nacre suggest that mineral bridges exist
between adjacent layers of aragonite crystals and, therefore,
the highly uniform coorientation of the crystals is maintained
over long distances.” The unique crystal texture of nacre
gives rise to unusual material properties such as toughness,
corrosion resistance, and its characteristic luster.”! Notewor-
thy, this laminated crystal texture sometimes is found in
(fossil) brachiopods, which, however, are made up of thin
layers of calcite instead of aragonite crystals.[*?!

Many investigations have focussed on the biosynthesis of
nacre to elucidate the mechanisms by which the mollusc gains
control over the selection of the CaCOj; polymorph, the shape
and the size of individual crystals, and their integration into a
brickwork-like pattern. It has been proposed that the organic
matrix acts as a template for the nucleation of a first layer of
aragonite crystals.[”! Reconstitution experiments” employing
macromolecules extracted from different sites of de-mineral-
ized mollusc shells indicate that the selection of CaCO;
polymorph might be triggered by specific soluble peptides
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that have an unusually high content of acidic amino acid side
chains.®l Moreover, model systems employing self-assembled
monolayers (SAMs) of carboxy-terminated alkylthiols bound
to Au or Ag surfaces have impressively demonstrated that the
growth orientation of calcite crystals might be well controlled
by virtue of a geometrical or stereochemical match between
the carboxylate moieties of the immobilized SAM and the
juxtaposed calcite crystal face.”’ However, this approach as
yet has not proven to be applicable for the construction of
nacre-type materials, in which both the laminated structure
can be achieved, as well as control over crystal orientation
and phase. Complementary investigations by our group,"”
among others,"! in which non-immobilized monolayers of
amphiphilic macrocycles were employed, on the other hand
have shown that the average charge distribution at the
template surface is the predominant factor that governs the
selection of crystal polymorphs and the orientation of crystals.

We present here an alternative process for synthesizing a
highly organized nacre-type material (Figure 1). This novel
morphosynthetic approach!? rests on the deposition of a
polycrystalline calcite thin film starting from a metastable
amorphous precursor phase. The polycrystalline thin film, in
turn, serves as a template upon which highly oriented layers of
calcite crystals are deposited under nonequilibrium condi-
tions.
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Figure 1. Scheme of a three-step procedure for the morphosynthesis of
nacre-type laminated CaCOj; coatings. In the first step an amorphous
highly hydrated CaCO; thin film is deposited on a glass substrate.
Upon heating this precursor film is transformed into a polycrystalline
thin film consisting of a mosaic of flat single-crystalline calcite
domains. In the last step highly oriented single and multiple layers of
calcite crystals are grown epitaxially on the underlying polycrystalline
thin film.



In a typical experiment, a supersaturated solution of
CaCO; continuously flows through a perfusion cell mounted
on a microscope stage. A constant supersaturation level is
maintained by feeding a 10 mwm solution of CaCl, and Na,CO;
into a mixing chamber that is connected to the inlet port of a
perfusion cell. (A complete description of the experimental
set-up is given in the Supporting Information). In the first step
an amorphous CaCO; precursor film is deposited on the
surface of the glass slides that are at the top and the base of
the perfusion cell. An anionic polymer is added to the Na,CO;
solution that serves as a process-directing agent which induces
liquid-liquid phase separation and ultimately deposition of an
amorphous precursor film."’! Preliminary investigations on
the influence of the polyelectrolytes’s molecular weight, its
concentration, and its chemical nature showed us that low-
molecular-weight atactic poly(acrylic acid) (PAA, av M, =
2100 gmol~'; 8.0 x 107> wt %) is most suitable for stabilizing
amorphous CaCOj; precursor films on glass substrates. The
amorphous thin film displays characteristic alterations of its
optical density (“meander texture”, Figure2a). Scanning
electron micrographs (Figure 2b—d) taken from different film
regions indicate that the meander texture is due to an
irregular distribution of granular matter, which is presumably
caused by a turbulent flow of solution in the perfusion cell. At
higher magnifications it is clearly seen that the amorphous
thin film consists of aggregated colloid particles with a narrow
size dispersion between 20-30 nm. The IR spectrum of the
amorphous thin film shows a broad split peak at 1479 and
1419 cm™ and a weak band appearing at around 675 cm ™,
which demonstrates that the colloid particles mainly consist of
amorphous CaCO;.["!

If the mother liquor is removed and the coated substrate is
subjected to drying at room temperature for several days, the
amorphous CaCOs; thin film partially transforms into the
crystalline state. However, a complete transition is readily
achieved if the amorphous precursor thin film is heated at
400°C for about 2 h. This yields an optically birefringent thin
film of constant thickness (typically 500-700 nm), the polar-
ization optical micrograph of which reveals a characteristic
mosaic structure (Figure 3a). Domains appearing homoge-
neous in the polarization optical micrograph are separated by
cracks that develop during the drying/heating procedure.
Scanning electron micrographs (Figure 3b,c) reveal that the
amorphous CaCO; colloid particles have coalesced to form an
almost homogeneous crystalline thin film. These results are
complemented by atomic force microscopy (AFM) surface
topography images (see Supporting Information), which
demonstrate that the film surface is not atomically flat, but
retains a rough surface (rms surface roughness R,=
16.90 nm™') that is commensurate to the size of the CaCO,
colloid particles found in the precursor film.

The mineral phase was characterized by IR spectroscopy
and X-ray diffraction. The three bands observed in the IR
spectrum at 7= 1415, 875, and 711 cm ™' are characteristic of
crystalline calcite.'¥! X-ray diffraction yields sharp peaks that
can be assigned to the XRD pattern of calcite (see Supporting
Information).” There is no indication of other CaCOj
polymorphs (aragonite, vaterite) being formed upon heating
the sample. The relative intensities of the observed XRD
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Figure 2. a) Optical texture of an amorphous CaCOj; precursor thin
film grown after 45 min on a glass cover slide under constant perfu-
sion (0.75 mLmin~") of a supersaturated solution of CaCO, (10 mm
CaCl,, 10 mm Na,CO;, 8.0x107° wt% PAA (M,,=2100 gmol ",
T=295 K). (Bright field optical micrograph, digital contrast enhance-
ment). b—d) Scanning electron micrographs of the film at different
magpnifications showing a meander texture of aggregated amorphous
CaCO; colloid particles. (White arrows point to the approximate image
area shown at the next higher magnification level).

peaks, however, differ only slightly from those of a calcite
powder reference sample, the most notable deviation being
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Figure 3. a) Polarization optical micrograph of a polycrystalline CaCO,
thin film obtained from an amorphous precursor film after heating at
400°C for 2 h. The observed mosaic structure of the thin film is due to
the presence of discrete domains each consisting of a flat calcite
single crystal. The typical domain sizes range from 50-200 um in
diameter. b,c) Scanning electron micrographs of a polycrystalline
CaCO; thin film obtained from an amorphous precursor film after
heating at 400°C for 2 h. The film thickness was measured at the edge
of films where pieces occasionally lifted off the substrate surface. The
average film thickness is 600 nm (4100 nm).

the slightly weakened intensity of the calcite (10.4) peak.
However, the XRD pattern of the polycrystalline calcite thin
film does not show any exceptional preference in favor of a
single crystal orientation.

Digital image analysis of the polarization optical micro-
graphs taken from a polycrystalline calcite thin film mounted
between crossed polarizers shows that for each individual

domain an almost constant gray level can be assigned. This
behavior can be easily understood if we assume that each
domain constitutes a calcite single crystal that arises from a
singular nucleation event occurring within the amorphous
precursor film, the orientation of which differs from that of its
neighbor(s). To demonstrate the single-crystalline nature of
the domains, CaCO; overgrowth experiments were per-
formed, by using the polycrystalline thin film as an isoepitax-
ial substrate.® Thus, a glass slide carrying the polycrystalline
thin film was subjected once again to a continuous flow of
supersaturated CaCOj solution, which at this time was lacking
the PAA inhibitor. To our delight, single and multiple layers
of highly oriented calcite crystals grew on top of the
polycrystalline thin film, thus leading to a notable iridescence.
Marked areas of the polycrystalline thin films were examined
by polarization optical microscopy as well as by scanning
electron microscopy before and after calcite overgrowth had
taken place (Figure 4). The micrographs clearly show that the
underlying flat calcite domains direct the orientation of the
overgrowing polycrystalline calcite layer. The crystal texture
changes abruptly at the borderline between different domains
but stays constant within each individual domain area. Within
many domains calcite crystals are grown together forming
stacks of perfectly co-aligned platelets. Determining the
crystal growth orientation in different domains is straightfor-
ward since the rhombohedral calcite morphology is preserved
in all cases.!"” Figure 4c,d shows the representative details of
oriented calcite layers thus obtained. When the growth of the
calcite layer onto the polycrystalline film is interrupted after
45 min, the crystals have a narrow thickness distribution
typically ranging from 700 to 1200 nm. (The maximum film
thickness thus achievable is about 4.5-5.8 um after 12 h.). We
currently anticipate that the combination of mesoscopic size
and parallel periodic arrangement of the crystals leads to the
glistening appearance of the samples.

To gain deeper insights into the structure-directing role of
the polycrystalline CaCO; thin film obtained from the
amorphous precursor film, we employed a novel optical
birefringence imaging system (LC-PolScope).'¥ This system
provides a means to visualize and measure retardance
magnitude and slow-axis orientation at every pixel of a
charge-coupled device (CCD) image within seconds. Since
calcite is a uniaxial birefringent material, a thin calcite
platelet will lead to an optical retardance value that depends
on the sample thickness and the orientation of the crystallo-
graphic ¢ axis (= optical axis) with respect to the direction of
the polarized light beam propagating through the sample. The
retardance 0 (in nm) of a uniformly thin calcite platelet is
given by Equation (1)), where ¢ is the angle between the

0 = p(n.—n,)sin’*0 (1)

optical axis and the propagation direction of the beam, p (in
nm) is the thickness of the crystal sheet and (n.—n,) the
birefringence of calcite (ca. —0.174 at 1 =546.5 nm).”* Thus,
measuring the optical retardance of many different calcite
domains simultaneously yields information about the fre-
quency by which different crystal orientations occur in the
polycrystalline thin film obtained from the amorphous



Figure 4. Highly oriented laminated calcite layers grown on a flat cal-
cite thin film. Optical micrographs of a polycrystalline calcite thin film
mounted between crossed polarizers before (a) and after calcite over-
growth (b). Scanning electron micrographs showing details of the crys-
tal texture (c, d). d) Detail of a calcite layer showing abrupt changes of
crystal orientations at the domain boundaries. Growth directions were
tentatively assigned by measuring the projected interfacial angles of
the calcite rhombohedra in the micrograph and comparing these to
calculated values. (Left: <00.1>, middle: <01.8>, right <11.0>)

precursor. Unfortunately, for materials possessing uniaxial
birefringence, the ¢ value cannot be assigned to a unique

crystallographic direction. However, it is possible to calculate
retardance values for characteristic calcite crystal orientations
that are frequently observed in calcite overgrowth experi-
ments. Figure 5a shows an LC-PolScope pseudo-color repre-

Figure 5. a) LC-PolScope image of a polycrystalline calcite thin film
(retardance given as pseudo-color). b) Retardance grayscale image
overlaid by short lines indicating the orientations of the slow
birefringence axis measured in each location. (Slow axis orientations
are typically shown for every 15 pixel in the horizontal and vertical
direction of the original video frame).

sentation of optical retardance values 0 of a polycrystalline
thin film measured for each point of the image. Note that
experimental ¢ values differ from domain to domain, but stay
nearly constant within each individual domain. (Some calcite
domains show a biaxial birefringence pattern that might be
stress-induced, presumably caused by the shrinkage occurring
during the drying process which is necessary to transform the
highly hydrated amorphous precursor into an anhydrous
polycrystalline thin film.) The most frequent retardance
values cluster around 80(+5), 49(+4), 20(£3), 15(£2), and
0(£2) nm. The best matching calculated retardance values
are 82.1 {01.2}, 50.9 {01.4}, 20.2 {10.10}, 13.6 {01.8}, and 0 nm
{00.1} for a sample thickness of 600 nm, (the crystal face which
is parallel to the glass substrate, or perpendicular to the light
direction, respectively, is given in braces).”!! Figure Sb
displays the same film area with the direction of the slow
birefringence axis indicated as small vectors at different
points. Note that most domains within the mosaic thin film are



uniformly oriented.

LC-PolScope imaging of polycrystalline calcite thin films
yields two important features: First, there is strong evidence
that the polycrystalline calcite thin films in fact consist of flat
single crystals. The crystal orientation switches at the domain
boundaries, but there is no preference for a particular
orientation, which is in agreement with the results of XRD
measurements. Second, experimental retardance values are
fully consistent with theoretical ones, based on crystal
orientations that we have observed in crystal overgrowth
experiments (Figure 4d). These findings lead us to conclude
that calcite overgrowth most likely occurs by isoepitaxy,
which is, however, somewhat unexpected, considering the
mesoscopic surface roughness of the underlying polycrystal-
line thin film (Figure 3c).

The preparation of biologically inspired laminates mim-
icking the architectural concept of nacre, albeit at a somewhat
smaller length scale, has been described previously.”?! Amor-
phous CaCOj; thin films have been grown underneath
Langmuir monolayers in the presence of PAA,?! and their
formation has been monitored in situ by synchrotron reflec-
tivity studies.”® The effects of functional groups of insoluble
biopolymers on CaCO; thin film formation have been
investigated,” and the formation of aragonite thin films on
chitosan matrices in the presence of Mg?* ions and poly-Asp
(Asp = aspartic acid) has been demonstrated.™ However, as
yet none of these approaches has led to highly oriented
laminated crystal architectures similar to those reported here.
Our investigations show that nacre-type CaCO; thin films and
coatings can be obtained by a morphosynthetic approach®
that requires no structurally preorganized organic matrix. The
key steps involve the transformation of an amorphous CaCOj;
precursor thin film into a polycrystalline calcite thin film,
which, in turn, serves as a template for epitaxial overgrowth of
highly oriented layers of uniform calcite platelets. This
strategy leads to a general, technically feasible approach
towards highly ordered materials consisting of microcrystals
with typical sizes ranging from a few tens to a few hundreds of
nm, which could be technologically interesting for photonic
applications, for example for diffraction gratings,*”! photonic
band gap materials® and coatings based on structural
colours instead of pigments.?’]

In terms of rationalizing the formation of highly organized
crystal textures in biological organisms, our investigations
might provide an alternative concept as opposed to the
commonly believed structure-directing role of organic tem-
plates in biomineralization. It is thus imaginable that highly
organized crystal architectures such as nacre or the foliated
and prismatic layers, may grow spontaneously and continu-
ously once a first crystal layer has been deposited, requiring
no further elaborate control mechanisms.”” However, the
transition of an amorphous precursor into crystalline poly-
morphs is a key step involved in many biomineralization
processes, and the mechanism(s) by which organisms trigger
this particular transformation are largely unknown.""

The availability of a nondestructive, real-time retardance
imaging system such as the LC-PolScope used here represents
a significant addition to analytical tools available for charac-
terizing the amorphous-solid state transition of (inorganic)

materials in situ. Investigations are underway to find the
appropriate experimental conditions under which regular
biomimetic CaCO; architectures constructed from aragonite
instead of calcite can be produced.
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