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The development of chemical routes leading to controlled
crystallization is an important requirement in the synthesis of
crystalline materials for various applications. New synthetic ap-
proaches are often inspired by biology, which shows countless
examples of biogenic crystals with finely tuned sizes, shapes,
crystallographic orientation, polymorphs, etc.1 In particular, the
importance of calcium carbonates in nature has led to extensive
studies of CaCO3 crystallization using two main bioinspired
methods: (i) templating by structured organic surfaces,2-4 such as
self-assembled monolayers (SAMs), Langmuir monolayers, bio-
macromolecules, and functionalized polymers; and (ii) solution
precipitation with growth modifiers,5-8 such as ions, proteins, and
synthetic polymers. Mg2+, especially, has been studied extensively
as an additive,5-7 because Mg2+ ions are found in biological
environments in high concentrations and are believed to play a
critical role in the CaCO3 formation. Although these methods
independently offered a certain level of control over crystal
orientation, or polymorph and morphology, fine-tuning of the
combination of these properties in one experiment has not been
reported, and the crystals grown were often diverse in sizes and
shapes within a single sample. Here we show that the combination
of the above methods, templating and solution additives, provides
control over multiple parameters of crystal nucleation and growth.
Calcite crystals with uniform nucleating plane, shape, morphology,
and size were synthesized for the first time, using carboxylic acid
functionalized SAMs as templates and Mg2+ ions in solution as
growth modifiers.

The template preparation for calcium carbonate deposition was
performed as reported previously.2 Briefly, a 15 nm-thick film of
Ag (111) was evaporated on a Si (100) wafer primed with Ti as an
adhesion promoter and exposed to a 5 mM solution of 11-
mercaptoundecanoic acid in ethanol for at least 2 h. The resulting
carboxylate-terminated SAM with an even number of methylene
groups in the chain (MUA-SAM) was assayed for its ability to
nucleate calcite for the first time. The templates were immersed in
a 25 mM calcium chloride solution in a 6× 4 well-plate (well
diameter) 1.5 cm), with the functionalized surface facing down
to avoid collecting any solution-borne crystals. The crystallization
was performed in a desiccator containing ammonium carbonate as
the source of CO2 at room temperature for 2 h.2,5

Scanning electron microscopy (SEM) of the precipitates on
MUA-SAMs showed densely nucleated arrays of calcite crystals
of various sizes (Figure 1a). As deduced from the X-ray diffraction
data morphological analysis9 and computer simulations, calcite
crystals were all normal{104} cleavage rhombohedra, nucleated
homogeneously from the (012) crystallographic plane. The growth
of calcite crystals on unfunctionalized silver or on methyl-terminated
SAMs showed only randomly oriented calcite crystals with low
nucleation density. The remarkable orientational specificity induced
by MUA-SAM (∼97-99% oriented crystals) can be attributed to
the effect of aligned carboxylates on the surface of the SAM. The

reported structural characteristics of SAMs on Ag10 suggest that
the CO2

- groups in the MUA-SAM are parallel to the CO3
2- ions

in the (012) plane of calcite (Figure 1a, inset). The carboxylates
could, therefore, act as surrogate oxyanions for a nascent calcite
nucleus, thus promoting the selective nucleation of calcite from
the (012) plane.11

Figure 1. SEMs of calcite crystals grown on MUA-SAMs. (a)m ) 0; (b)
m ) 0.5, (c)m ) 1.5, (d)m ) 2.0. Scale bars) 50 µm. The insets present
computer simulations of the morphologies of corresponding calcite crystals
nucleated from the (012) plane (crystallographic axes are indicated). Also
shown are the relative orientations of the MUA-SAM and calcite crystal it
nucleates (in (a)), and zoomed SEM views (in (b-d)). Scale bars in insets
) 10 µm.
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To study the effect of additives on the templated calcite
crystallization, magnesium nitrate was added to the calcium chloride
solution in various concentrationsm (m ) mol Mg2+/mol Ca2+).
Examination of calcite crystals grown with Mg in the growth
solution showed that Mg ions did not influence the selective
nucleation of calcite from the (012) planes on MUA-SAMs, but
did have a pronounced effect on crystal growth (Figure 1b-d). For
m ) 0-0.5, Mg induced a noticeable effect on the crystal size and
shape distribution, which changed from largely random (Figure 1a)
to more uniform{104} rhombohedra nucleated from the (012) plane
(Figure 1b). A further increase in Mg concentration (m > 0.5)
resulted in highly controlled morphological modifications of calcite
crystals. In addition to the normal{104} cleavage planes of calcite,
these crystals exhibited striated faces with rough texture, slightly
oblique to thec-axis (Figure 1c). Morphological analyses and
computer simulations showed that these new faces formed an angle
of 5-14° with thec-axis, which roughly corresponds to the{0k1}
family, wherek ) 1-3. The experiments withm > 1.5 yielded
needle (seed)-shaped crystals with uniform size, faceted only by
the{0k1} surfaces (Figure 1d). The crystals were elongated in the
c-direction and formed an angle of 26° with the surface. The same
seedlike calcite crystals were observed whenm was increased up
to 4, a ratio known to promote the formation of aragonite.6

Statistical analyses of calcite crystals9 showed that the increase
in the concentration of Mg2+ ions in the growth solutions consider-
ably narrows the crystal size distribution (Figure 2). We observed
a significant reduction in the crystal dimensions in thea,b-plane,
with ra’s of 18.2( 3.7, 12.6( 1.9, 8.3( 0.9, 4.9( 0.3, and 3.2
( 0.4 µm for m ) 0, 0.5, 1.0, 1.5, and 2, respectively, while the
crystal sizes in thec-direction remained nearly constant (rc ≈ 8-9
µm). The relative sizes of the{0k1} and {104} faces grew
systematically withm. The EDX analysis also showed a gradual
increase of Mg2+ concentration within calcite (up to 40 mol % Mg2+

for m) 4). The mechanism of this high-level incorporation of Mg2+

within the synthetic magnesium-calcite crystals is currently being
studied in detail.

Our results show that the formation of the new faces and the
narrowing of the crystals size distribution can be attributed to the
inhibition effect of the Mg2+ ions on the growth of calcite. Selective
binding as partially hydrated Mg2+ ions6 to the{0k1} surfaces of
calcite, which are nearly parallel to thec-axis, would systematically
alter the crystal morphology and limit the crystal growth in the
a,b-plane, thus promoting an asymmetric growth in thec-direction
and ultimately yielding the uniform needle-shaped crystals (Figure
1d). Although analogous morphological changes in calcite crystals
induced by Mg ions have been reported earlier,5,6 no oriented
nucleation has been observed, and the uniformity in the crystal sizes
and shapes has generally not been high. We believe that the

remarkable homogeneity achieved in the current study results from
the oriented nucleation. In the absence of the preferential orientation,
the variation in diffusion of Mg (or other) ions to the same
crystallographic planes of growing crystals, which are differently
oriented on the substrate, would cause the uncontrolled asymmetry
in the modified crystals. For crystallographically oriented nuclei,
on the other hand, the ion diffusion and the ensuing crystal growth
would be identical for all growing crystals, resulting in uniform,
characteristic changes in crystal sizes and shapes, depending on
the additive concentration.

We also noticed that calcite crystals appear to have preferential
lateral alignment with each other and the substrate. Angles of 0°,
60°, 90°, and 120° between crystals were predominant. Among
them, 0° and 90° were observed more frequently. It is conceivable
that the frequency of 90° may be due to the substrate effect of Si
(100), while the 60° and 120° may be due to the six-fold symmetry
of Ag (111) used in our multilevel (Si-Ti-Ag-SAM-crystal) system.
These preferential angles, inherently present in the substrate, might
have translated into the crystals grown on the surface. The ways in
which chemical and structural information is stored and translated
through multilevel templates require further investigation.3

In summary, we have demonstrated the highly controlled
synthesis of calcite with uniform nucleating plane, size, and
morphology, by combining the MUA-SAM-induced oriented
nucleation with the addition of Mg2+ ions to the growth solution.
The ability to form a statistically significant number of homoge-
neous crystals makes this approach suitable for detailed studies of
the mechanisms of the oriented nucleation and of the incorporation
of the impurities into the crystals. We suggest, therefore, that the
use of the templating by chemically modified surfaces together with
specialized growth modifiers in the crystallizing solution is a
promising chemical route to yield high-level control of multiple
parameters of crystallization in one experiment, including crystal
orientation, size, shape, polymorph, and stability.
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Figure 2. Size distribution of calcite crystals grown on MUA-SAM with
(a) m ) 0, (b) m ) 0.5, (c)m ) 1.0, (d)m ) 1.5, and (e)m ) 2.0.
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