


Table 1 Anisotropy of the lattice mismatch between the SAM and the nucleated crystal plane

Nucleating plane (012) (012) (015) (104) (001) (001)
SAM cof/Au(1ll)  COf/Aglll)  COF/Au(l11y OH/Au(111)  SOf/Au(i1l)  SOL/Ag(111)
alA 4.97 4.77 4.97 4.97 4.97 4.77 4.97
bIA 4.97 4.77 4.97 4.97 4.97 4.77 4.97
a9A 4.991 4.991 4.99 4.99 4.99 4.99 4.99
pIA 4.991 4.049 421 3.82 4.99 4.99 4.05
ol 60 60 60 60 60 60 60
BI° 51.95 51.95 60 5195 60 60 90
o 0 0 0 0 0 0 0
0af° 8.05 8.05 0 8.05 0 0 230
Eur (%) 212,75 9.09 0.42 12.85 0.42 4.63 47.04
Eor (%) 225.92 22281 21525  230.10 0.37 4.01 5.93
0 0 0 0 0 0 0 50.95
o 30 30 0 30 0 0 69.05
ExnibyT 0.57 0.46 0.56 276 113 115

Unit cell construction
(calcium ions are
shown in blue; SAM
headgroups in red)

“SAM is abbreviated as “functional group” / “metal substrate”. * Calcium ions that are 1.339 A above and below the (015) plane are taken
into account in the construction of the calcium ion array in the (015) plane to maintain equilibrium of charge (see text for details). As a result
the calcium ion array on the reconstructed (015) plane forms two different alternating parallelograms (left and right column), both contributing

to the final strain.

proportional to the specific surface free energy. This means
that the surface area of a crystal face decreases in general with
increasing surface free energy, or that a crystal grows faster
perpendicular to a surface with a high surface energy. Later
Born in 1923 in his lattice theory demonstrated that the surface
free energy can be replaced by the surface energy (R oc v).
Hartman and Perdok® in 1955 introduced the attachment
energy (Eu)*® and demonstrated that for low supersaturations
the relative growth rate of a face in an unstrained case (index 0)
is proportional to E* Ry o€ Eaiiery-

In the case of the strain, the change in the growth rate from
the unstrained case AR Will be proportional to the strain
energy perpendicular to the (hkl) plane,E, | gy This is
based on a small modification of the Wulff-Born construction
(Rankry € Yty 2 Eer 1 ghicry)-

Ede 6hk1b2
Eo 1 shir— m (7

where E is the Young’s modulus, d the layer thickness, ¢ the
strain and v is the Poisson ratio. The ratio between the growth
rates perpendicular to two crystallographic planes will be:

‘ 2
ARspem1 (bmhkm )
ARG

®)

& 1 8hkipb2

In order to visualize the strain effect on the shape of the
crystals according to our model, we used the SHAPE 6.0°
program (http://www.shapesoftware.com/). This program has

the ability to change the rate of growth of different faces.
By giving a relative growth rate to each of the six equivalent
cleavage (104) faces of calcite we could reconstruct the
expected anisotropy (or reduction in symmetry) of the shapes
of the differently oriented calcite crystals. Fig. 3 presents the
results. For a better visualization of the effect, we show
the shape of the undistorted crystal (left, blue), the shape of the
reconstructed crystal that is affected by the mismatch strains
and grows anisotropically according to our model (middle,
red), and the scanning electron micrograph of the correspond-
ing experimental system (right). It is obvious that the shape of
the crystals is strongly affected by a rather slight anisotropy in
growth rate. The calculations correspond well with the experi-
mental data. The crystals appear elongated in the direction of
the lattice match.

For the case of the (001)-oriented calcite on Ag and Au, we
observe a very interesting phenomenon. Though the shape
does not change a great deal due to the mismatch effect, one
observes a very pronounced difference in the contact area of
the calcite nucleating face and the SAM substrate (Fig. 4). One
should keep in mind that for both cases (SAMs on Au and
on Ag) the functional end group is the same. The difference
between these two cases is the magnitude of the lattice
mismatch along the a and b axes. In the case of the SAMs
on Ag the misfits are much higher than for those on Au
(see Table 1). This means that the higher the misfit in the
nucleating plane the higher is the energy required for growing
this plane, or in other words, the strain energy contributes to a

This journal is © The Royal Society of Chemistry 2007
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Fig. 3 Comparison of the shapes of calcite crystals grown in different
orientations with and without strain. Left column: theoretical isotropic
shapes reconstructed using the SHAPE program (blue). The crystal
lengths A4 (red) and B (green) that were used for determining the extent
of shape anisotropy are shown. Center: calculated anisotropic shapes
that develop as a result of mismatch strains at the interface and that
are reconstructed using the SHAPE program (red). Right column:
scanning electron micrographs (SEM) of calcite crystals—experimental
results. (a) Calcite nucleated from the (012) plane grown on
HS(CH,),5CO,H/Ag(111). (b) Calcite nucleated from the (012) plane
grown on HS(CH,);iCO,H/Ag(111). (c) Calcite nucleated from the
(015) plane grown on HS(CH,);5CO,H/Au(111). (d) Calcite nucleated
from the (104) plane grown on HS(CH,),;OH/Au(111).

higher value of the surface energy. As a result the crystal
will prefer to minimize the surface of the energetically higher
interface by a smaller calcite/monolayer contact area.
Explaining these results by the Wulff theory is also easy: The
higher the surface energy of the nucleating plane the faster the
crystal will grow perpendicularly, and as a consequence
the surface area is minimized. This is exactly what is observed
in our experiments. In order to have an intermediate case we
grew calcite crystals on the same SAMs as to maintain the

Fig. 4 SEM images of (001)-oriented calcite crystals grown on
different SAM-substrate combinations: (a) HS(CH,),;SOs;H/Au(111).
(b) HS(CH,),;SOsH/Ag(111). (c) HS(CH,);;SO;H/AgAu(111).

same orientation, however on an alloy of silver enriched with
several percent of gold (silver and gold form a solid solution*’).
This case shows very clearly that when the lattice mismatch is
intermediate between the cases of SAMs on pure gold or silver
the contact surface is also intermediate (Fig. 4c). This change
of shape can also be modeled by giving two different growth
rates perpendicular to the substrate (Fig. 5a and 5b). The
difference in the contact area with the surface is different for
these two cases, very similar to the experimental results in
Fig. 4a and 4b.

It is important to discuss here that in some cases Table 1
presents very large values for the lattice mismatch. We would
like to point out that in previous investigations of oriented
growth of inorganic crystals on other inorganic crystals it has
been shown that surprisingly very large mismatches of up to
50% still induced epitaxial oriented growth.*® It is clear,
however, that bulk crystals cannot withstand such large lattice
misfits in the form of strains. One should keep in mind that
calcite is a stiff ceramic material with a Young’s modulus of
78 GPa.*” Nevertheless, the first monolayer of calcite can be
significantly different from its bulk structure and withstand
very high misfits. After a critical thickness the resulting
distortion would attenuate completely.

Obviously, the monolayer is significantly softer than the
calcite crystal, and therefore a large part of the misfit should be
expected to be retained in the self-assembled organic mono-
layer in the form of lattice distortions (note that this latter
concept has never been shown experimentally). There are
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phenomenon, morphological symmetry reduction, induced by
biological molecules, was found in biogenic calcite crystals.®

Recently Li and Estroff®’ have shown that when calcite
crystals grow on SAMs in a hydrogel, the anisotropy in the
crystal shape (for the (012)-orientation case) weakens, and has
some correlation with the hydrogel concentration. The authors
suggested that this effect is due to incorporation of the
agarose-gel fibers into the calcite crystals. Our model provides
a different explanation for this effect: when the calcite crystals
grow within the gel they have to overcome an increasing
hydrostatic pressure caused by the hydrogel. This pressure
increases with the volume of the crystal, hinders the
anisotropic effect caused by the substrate/crystal lattice misfit
and leads to lower anisotropy in the shape.

We believe that template assisted control of crystal shape
induced by the anisotropy of the interfacial strains could be yet
another mechanism utilized by organisms to control the shapes
of the inorganic crystals in the course of biomineralization. We
can speculate that one feasible example might be presented by
the basic building blocks of bone—the plate-shaped crystallites
of hydroxyapatite. These platelets grow within a collagenous
framework and are only a few hundreds of angstroms long and
wide and about 20-30 A thick.>*>* Our model of controlling
crystal shape by the anisotropy of the substrate/crystal misfit
strains could provide the explanation for the reduction of
apatite crystallite symmetry and their preferential growth in
the form of platelets. It is also conceivable that the anisotropic
lattice strains found in biogenic aragonite™*® and calcite®” are
the result of the anisotropic strain buildup at the organic/
inorganic interface. These anisotropic lattice strains, in turn,
may also have an influence on the crystal shapes, so that the
crystal growth is retarded in the direction of the strain.

3. Conclusions

We have shown that SAMs, as templates for calcite nucleation,
induce two effects: they control the crystal orientation and
modulate the crystal shape. We provide a hypothesis that the
change in the crystal shape from its rhombohedral symmetry
occurs due to the anisotropy of the lattice mismatch strains
between the SAM and the nucleated crystal plane. The calcula-
tions of the mismatch strains and the reconstruction of the
crystal shape based on the strain-induced differences in the
growth rates supported the hypothesis. The simulated crystal
shapes are impressively similar to the experimentally grown
calcite crystals. Our study provides a new, interesting
concept—the influence of the mismatch strains at the
organic/inorganic interfaces on the shape of the templated
crystals. We believe that this mechanism might be utilized
by organisms in the biomineralization process and that it can
be further employed by man to finely tune the shapes of
templated crystals by the mismatch engineering at the organic/
inorganic interface.
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