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The formation of biominerals is controlled by organic template
molecules resulting in materials with unique shapes and properties.| @ b 10
It is believed that the template molecules act as nucleators for the 0
inorganic material and that the surface chemistry of the template l;i ﬁ lil 0 D10
induces oriented nucleation of the complementary crystalféice. IC=N—C—C—N—C—C ) g
is easily understood that in such a mechanism the spatial distribution
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and nature of the charged groups on the template are of great ) ) © :E
importance. Moreover, the template must be shape-persistent unde 1=L,D o S e 2 50 55 550 6
crystal growth conditions to be invariant during the nucleation 2=L,L A/ nm
stage? Oriented nucleation in synthetic systems has been achieved
using monolayer3, micelles} vesicles; inverted micelle$, and Figure 1. (a) Chemical structures of polymetsand2. (b) CD spectra of

lyotropic liquid crystalline system&.For synthetic polymers, aqueous solutions df/Ca*, (black) and2/Ca* (gray); C&*/repeat unit
however, it has been difficult to achieve oriented nucleation and = 1:1, [polymer]= 1.3 mM (in repeat units).

to correlate their activity in crystallization assays to the polymer
structure since they mostly occur in random-coil conformations.

In a previous contribution we demonstrated that the helical
conformation of poly(isocyanides) in solution can be stabilized and
rigidified by the presence of secondary interactions, e.g., hydrogen
bonds, between the side chaia/e reported that for alanyl-alanine-
derived poly(isocyanide)s and2 (Figure 1a) the helical structure
persists even in agueous media. These rigid macromolecules posses
a regular distribution of carboxylic acid-terminated side chains
which allows the study of the templating processes involved in
calcium carbonate mineralization using a shape-persistent polymeric
template’

SAXS measurements revealed that in aqueous solution the
sodium salt of poly(-isocyanoalanyb-alanine)l is present as
single macromolecular rods with length€.00 A. In the presence
of calcium ions, an additional maximum is observed-at= 2.5
x 1072, indicating that under these conditions the polymer
molecules form aggregates with a cross-section of 40 A. Neverthe-
less, the addition of Ca up to a concentration of 10 mM had no
effect on the CD spectrum of the polymer (Figure 1b), indicating
the persistence of the rigid helical structure under the conditions
used for crystallization experiments (vide inftd).

Moreover, whereas in the absence ofCthe intensity of the ) ] ) )
Cotton band at 290 nm over a period of 24 h gradually decreased,!nformation) consisted of the calcite polymorph (Figure 2). A
indicating a slow unwinding of the helix, in the presence of the Nnucleation density of approximately 600 mfrwas determined,
calcium ions no such effect was observed. Thus, the presence of#hich is in the range normally observed for Langmuir monolayer
Ca* ions even stabilizes the polymer architecture, probably becausetémplate$t but significantly higher than nucleation densities found
complexed calcium ions screen the peptide bonds in the ponmerfor templates in bulk solutlgiﬁln addition, no rhombohedral calgte
side chains from water molecules, thereby prohibiting the slow, Crystals were observed (Figure 2b), demonstrating the effectiveness
but gradual disruption of the hydrogen bonds. of the poly(isocyanide) templates in affecting the form_atlon of

The introduction of polymerl into a crystallization solution ~ calcium carbonate. Notably, no effect of molecular weight and
(C&*t/repeat unit= 2000/1) resulted in the formation of crystals polydispersity of the template on the resulting crystals was obsewgd.
with apple core-type morphology [dimensions: 28%) um x 15 The formed crystals were elongated along the crystallographic

(+ 1) um] which according to FT-IR and PXRD (see Supporting ¢-axis with three{10.4 end faces expressed on each side of the
crystal (Figure 2c). The development ffik 0} growth faces in

*To whom correspondence should be addressed. E-mail: N.Sommerdijk@tue.nl. it ] i ifi i
t Eindhoven University of Technology. addition to the end faces is attributed to the nonspecific adsorption

#University of Nijmegen. of polymer molecules onto these faces, thereby effectively blocking
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Figure 2. Scanning electromicrographs of (a) calcite grown in the absence
of polymer, (b-c) calcite grown in the presence hfand (d) crystals grown
in the presence a2.
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carbonate ions in this crystal face and the spacings between the
carboxylate end groups of the polymer. However, models (Figure
3e) suggest that a match between the orientation of the carboxylate
groups and the carbonate ions in the (01.1) face is well pos<ible.
Attempts to isolate crystals from bulk solution containing nucleated
faces were yet unsuccessful.

The specificity of the interaction betwednand the growing
crystal was demonstrated by comparison of the above results with
those obtained with,L-isomer2. Polymer2 has a less well-defined
structure as evidenced by its CD spectrum which consists of the
superposition of a band at 290 nm and an additional band at 330
nm (Figure 1b). Indeed, crystals grown in the presenc® oafere
less well-defined, both in shape (Figure 2d) and in size [dimensions:

31 (& 4)um x 14 (+ 2) um]. The PXRD pattern of these crystals
contained four additional reflections compared to patterns obtained
from crystals grown in the presence bfwhich only exhibited a
{10.4 reflection (Figure 2d).

In summary the well-defined structure of palyi§ocyanoalanyl-
p-alanine)l has allowed for the first time the investigation of the
relation between the structure of a polymeric template and a
developing inorganic phase. In this case the formation of calcite is
controlled both by nucleation and adsorption processes. The small
disturbance of the secondary structure of the polymeric template
resulting from a change in the chirality of the polymer is directly
reflected in the degree of control over the crystallization process.
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Figure 3. (a—c) Scanning electron micrographs of crystals grownlon
physisorbed at a glass microscope cover slip. (a) Crystal isolated after 24
h; (b) crystal isolated after 96 h; (c) crystal with exposed nucleated face;
(d) indexing of the nucleated face; (e) modellaidsorbed to (01.1) calcite
showing the orientational match between the carboxylate groups of the
template and the carbonate ions in the nucleated crystal face.
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