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Abstract: The lateral alignment of {012} habit-modified calcite crystals with respect to a carboxylic acid
terminated self-assembled monolayer (SAM) of thiols has been determined. The crystals were grown from
a Kitano solution (pH 5.6-6.0), and the samples were investigated with scanning electron microscopy,
X-ray diffraction, and polarization microscopy. For the first time, a lattice match in one direction, which is
the nearest neighbor direction of the SAM and the calcite 〈100〉 direction, has been experimentally shown.
The experimental results are in good agreement with the theoretical models proposed in previous work,
and it is expected that this method can be applied to similar systems where inorganic crystals nucleate
with a preferred orientation to a SAM.

Introduction

One of the most striking features of crystalline materials
formed in organisms is that they generally do not resemble their
synthetic counterparts in morphology and physical properties.1

Although these materials have the same basic structure, they
can have a different shape and strength because the bioorganism
controls their crystal morphology and the number of defects in
a single crystal. This control is usually exerted by means of a
matrix of bioorganic compounds which influence the nucleation
and growth direction of the inorganic crystals.1,2 Calcium
carbonate, and in particular calcite, is an important mineral in
organisms because it is widely used by nature to give strength
and shape to organisms.3

Previous work has shown that Langmuir monolayers4,5 and
self-assembled monolayers (SAMs)6-10 can act as templates for
the nucleation of calcite. Depending on the structure of the
monolayer and the type of endgroup functionality, different
calcite faces are nucleated.6 Most of these templates are very
selective in nucleating a particular crystal face, but only in a
few cases has a lateral alignment between the monolayer and
the crystals been observed.11-13 Such an alignment can occur

only if the structure of the monolayer is homogeneous all over
the substrate and if a unique interaction exists between the
monolayer and the calcite face that is nucleated. In a previous
paper, we have described a method to laterally align calcite
crystals using a SAM of carboxylic acid functionalized thiols
as a template.13 However, the number of crystals that could be
grown with this method was too small to measure this lateral
orientation by X-ray diffraction, and therefore the precise lateral
orientation of the nucleated crystal face with respect to the SAM
remains as yet uncertain. Here, we present a new procedure to
grow a sufficient amount of calcite crystals on a SAM of
functionalized thiols on Au(111), and this enabled us for the
first time to determine the exact orientation between the
Au(111) lattice and the nucleated calcite crystals. The fact that
the calcite crystals were aligned with respect to the Au(111)
lattice implies that the thiol monolayer is well defined and
behaves like a 2D crystal and that the interaction between the
carboxylic acid groups of the thiols and the calcite crystals is
unique. So far, it has been impossible, however, to determine
the exact geometry of the molecules and ions at the thiol-calcite
interface, because only indirect information is available about
the precise orientation of the carboxylic acid groups of the thiols.
Although the models that are presented in this paper have some
uncertainties, our data allow us to present a more precise model
for the interaction between carboxylic acid functional groups
and calcite crystals than was possible until now.

Results and Discussion

The SAMs were constructed by placing gold films, which
were evaporated on a freshly cleaved mica substrate, into a 0.1
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mmol solution of 16-mercaptohexadecanoic acid (MHA) in
ethanol for 1 h at 55°C. The samples were subsequently rinsed
with ethanol to remove the unbound thiols and with Nanopure
water to remove the ethanol. A droplet of a Kitano solution14

was deposited onto the samples. The latter solution is based on
the equilibrium:

The supersaturation of this solution depends on the degassing
velocity of CO2, which causes the calcite growth to take place
mainly at the air/water interface because at that point the CO2

concentration is minimal and, therefore, the supersaturation is
maximal. Previously, the sample was placed upside down in a
vessel filled with this solution,13 but the number of nucleation
events at the SAM was rather low. To increase the CO2

degassing speed, and thus the supersaturation at the SAM, the
sample was placed with the SAM facing upward, and when
only a droplet of the Kitano solution was placed on the sample
the distance between the SAM and the air/water interface was
kept minimal (Figure 1a). The crystallization was followed in
situ with a polarization microscope (Figure 1b). From Figure
1c and 1d, it can be seen that the number of nucleated crystals
is very high. The total time needed for the crystals to nucleate
and grow was approximately 1 h, which is relatively short, as
compared to the time of 24 h needed for our previously reported
method.13

The samples obtained were also studied with scanning
electron microscopy (SEM) and X-ray diffraction. The SEM
images (Figure 1c and 1d) revealed that the majority of the
calcite crystals had a size ranging from 1 to 5µm and that they
were nucleated with the{012} face parallel to the SAM. The
observation that many of the crystals in Figure 1d have the same

orientation already suggests the existence of a lateral alignment
between the crystals. The Miller indices of the nucleated faces
can be determined by measuring the angles between three
adjacent{104} faces in a SEM image which has to be recorded
in a direction perpendicular to the Au(111) film,6,15,16 and by
measuring aθ/2θ X-ray diffraction pattern in which the peak
positions and heights of the calcite crystals are compared to
those of an ideal calcite powder (Figure 2).6,17During thisθ/2θ
scan, the sample was rotated to average the intensity of the
diffraction signal, so that the height of the peaks does not depend
on the in-plane direction of the sample.

In the X-ray diffraction pattern that was recorded of the calcite
crystals on the SAM, only peaks corresponding to the{012}
and{104} faces were present. When the relative intensities of
the {012} and {104} peaks are compared to those in the
spectrum of an ideal calcite powder, it can be concluded that
>95% of the crystals are oriented with their{012} face parallel
to the SAM. The pole plots in Figure 2c and 2d show that the
interaction between the SAM and the calcite{012} plane is
unique because the width and shape of the Au(111) peak is the
same as the width and shape of the calcite{012} peak. The
results are in agreement with the results obtained with SEM.
The small{104} peak in the diffraction pattern might originate
from a few crystals that dropped from the solution onto the
SAM. In some cases, these{104} oriented crystals were also
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Figure 1. (a) Calcite growth from a droplet of a Kitano solution. (b) Polarization micrograph of growing calcite crystals (1000×). (c) Scanning electron
micrograph of calcite grown on a self-assembled monolayer of MHA (1000×). (d) Scanning electron micrograph zoomed in on laterally aligned calcite
crystals (3000×).
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observed with SEM and polarization microscopy (data not
shown).

Previous experiments had demonstrated that the nucleated
calcite face was the{012} face (a model is shown in Figure
3a) and that the crystals are laterally oriented with respect to
each other as well as to the SAM.13 This implies that there exists
a unique interaction between the carboxylic acid groups of the
SAM and the nucleated calcite crystals. The geometry of this
interaction can be determined with X-rays when the in-plane
orientation of the SAM and the calcite crystals is measured
simultaneously.18 We have chosen to measure the in-plane
orientation of the Au(111) lattice with respect to the in-plane
orientation of the calcite{012} crystals and relate the structure
and orientation of the SAM to the orientation of the Au(111)
lattice. In principle, this can be easily done by measuring a pole
figure of the sample. The in-plane orientations from Au(111)
and calcite{012} would follow directly from such a measure-
ment. There are, however, some practical problems when this
technique is applied without any further considerations. The
number of calcite crystals is rather small, and for each
orientation only one-sixth of the signal generated from the calcite
crystals will be measured, if we assume that each orientation is
equally present in our sample. The fact that the{012} planes
of the calcite crystals are parallel to the Au(111) film can be

used to select only one calcite plane and one gold plane which
will provide the in-plane orientations. In this way, the time
needed to obtain the results is drastically reduced, but still a
measurement time of 20 h was needed to obtain a sufficient
signal-to-noise ratio. One of the reasons why the measurement
time is so long is that, due to the sample geometry and the
diffractometer setup, it was very difficult to align the azimuthal
axis (æ) with the Au[111] direction. Therefore, it was necessary
to measure the spectra for different incident angles around a
theoretical value to obtain the positions of all of the calcite and
gold peaks.

The sample, mounted on a goniometer (setup in Figure 3b),
was rotated about the azimuthal axis with the beam and detector
put in the diffraction setup for calcite{122} and Au{113}
planes, respectively. This ensures that, upon rotation of the
sample, distinct peaks will appear if the crystals are laterally
oriented and a uniform signal will appear if they are not oriented.
Because the Au{113} planes have a six-fold symmetry around
the Au[111] axis, six peaks can be expected for the gold film.
The azimuthal angle corresponding to a peak indicates directly
the nearest neighbor (NN) direction of the Au(111) film. The
calcite {122} planes, however, have besides the six different
orientations of the crystals an extra symmetry element, the
mirror plane of the{012} face indicated by the yellow line in
Figure 3a. Each orientation of a calcite crystal will therefore
give rise to two azimuthal angles for which diffraction will

(18) This, however, would require measurements at a synchrotron facility because
the diffracted signal from the SAM is very weak.

Figure 2. (a) X-ray diffraction patterns of mica+ Au(111) + oriented calcite (the samples were rotated around the surface normal axis during the
measurements). The indices in the spectrum represent the calcite crystal planes that are parallel to the SAM. (b) X-ray diffraction patterns of mica and calcite
powder. The red lines represent the peak heights and positions of an ideal calcite powder (diffraction indices for calcite are given in the spectrum),and the
peaks belonging to the mica were obtained by measuring a blanco mica sample. (c) Polar plot of the calcite{012} peak. (d) Polar plot of the Au(111) peak.
The shape of both peaks in Figure 2c and 2d is a little bit distorted due to a misalignment of the azimuthal axis and the Au[111] and calcite〈012〉 directions.
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occur. These azimuthal angles are deviated+38° and-38° from
the mirror plane, and the theoretical spectrum for diffraction
on the calcite{122} planes is drawn as an inset in Figure 4a.

The calcite{122} and Au{113} planes were selected by two
criteria: the relative intensities of the peaks, obtained from the
powder diffraction data, should be maximal, and the diffraction
angle should fit in the geometry of our diffraction setup (ω )
(θ - R) > 0 and thusθ > R, whereR is the angle between the
Au(111) plane and the selected calcite and gold planes).

The measured spectrum of the calcite crystals is shown in
Figure 4a, and the spectrum for the gold surface is shown in
Figure 4b. From the theoretical spectra, 12 peaks are expected
for calcite (peak positions indicated by black dots in Figure 4a)
and 6 peaks for gold. However, from Figure 4b it is clear that
12 gold peaks are measured (white spots in Figure 4b). Six peaks
have a high intensity and six peaks have a lower intensity and
are shifted by 30°. A possible explanation for this might be
that the Au(111) islands follow the symmetry of the underlying
mica but that in some parts of the sample the orientation of the
islands is rotated 30° due to a mismatch between the Au(111)
and the mica lattice.

From Figure 4a and 4b, it can be concluded that the azimuthal
axis is not aligned parallel to the Au[111] axis, which causes a
precession of the Au[111] axis around the rotation axis, and
this in turn causes a sine-shaped distribution of the peak
positions around an equilibrium value ofω.

From the data in Figure 4, the orientation of the calcite
crystals with respect to the Au(111) film can be directly derived.
The azimuthal widths of the peaks in the spectra for Au and
calcite are the same, and this indicates that the in-plane
orientation of the calcite crystals is uniquely defined by the in-

plane orientation of the Au(111) film. With these data, and the
known parameters for the orientation of the molecules in the
SAM with respect to an Au(111) film,19 a model can be
constructed in which only the positions of the different ions
and molecules are taken into account (Figure 5). It is well known
that thiol monolayers form a highly organized, densely packed
monolayer on Au(111) substrates. For these monolayers, two
structures have been proposed in the literature, one in which
the thiols are arranged in a R30°(x3 × x3) and one in which
they are arranged in a C2× 4 lattice on the Au(111) plane.19

Although the models differ in the orientation of the alkane
backbones (vide infra), the positions of the carboxylic acid
endgroups are the same in both cases. For reasons that will be
discussed below, only the carbonate ions of the calcite{012}
face are shown. It can be easily seen that a lattice match exists
between the SAM and the calcite{012} face in thea-direction
(calcite〈100〉), but not in theb-direction (calcite〈12-1〉). Such
an orientation has already been tentatively proposed by Aizen-
berg et al.6 Theb-direction corresponds to the section between

(19) Schreiber, F.Prog. Surf. Sci.2000, 65, 151.

Figure 3. (a) Model of a{012} oriented calcite crystal. The yellow line,
which represents the mirror plane, which is the{-210} calcite plane and
is perpendicular to the{012} face and parallel to the [001] axis, determines
the lateral orientation of the crystal. The green lines represent the lateral
orientations of the{122} planes. (b) Schematic model of the diffraction
setup. The angle between the incident beam and the detector (2θ) is such
that only diffraction from the calcite{122} planes will be detected. When
the sample is rotated aboutæ, diffraction will occur every time the calcite
{122} plane is correctly aligned with respect to the incoming beam and the
detector. The incident angle (ω ) θ - R) is varied around the equilibrium
value to correct for the misalignment between the Au[111] axis andæ,
whereR is the angle between the Au(111) plane and the calcite{122} plane.

Figure 4. (a) X-ray diffraction pattern of the calcite{122} planes. The
black spots indicate the peak positions; the yellow lines correspond to the
section between the{012} face and the{-210} mirror plane, and they
represent the lateral orientations of the calcite crystals; and the green lines
represent the calculated positions of the calcite{122} peaks. (b) X-ray
diffraction pattern of the Au{113} planes. The peak positions (white spots)
directly indicate the nearest neighbor direction. The yellow lines represent
the orientation of the calcite crystals.
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the {012} face and the{-210} mirror plane, and its direction
is represented by the yellow lines in Figure 4. This direction is
parallel to the NN direction of the Au(111) plane.

The lattice match in one direction might explain the fact that
the calcite crystals have a unique orientation with respect to
the SAM; however, it does not explain why the{012} face is
selectively nucleated. Intuitively, one would expect nucleation
of the calcite{001} face because the Ca2+ ions in this plane
have a hexagonal lattice that perfectly matches the hexagonal
lattice of the SAM. Another question is whether at the interface
the calcite crystal is Ca2+ or carbonate terminated. Because it
can be expected that the MHA monolayer is completely
protonated at the starting pH20 of the Kitano solution (pH)
5.5-6.0), which is lower than the reported pKa value of 6.5 of
a SAM of MHA on Au(111) films,21 there will be no strong
electrostatic preference for one of these ions. Although the{012}
face does not have a perfect lattice match with the SAM, the
interaction between the SAM and the calcite crystals must have
a preferred direction, because the orientation of the crystals is
highly defined. It is therefore proposed that the carbonate ions
are nucleated first and that the directionality and the selectivity
for the{012} face is caused by the orientation of the carboxylic
acid endgroups and by the presence of hydrogen bridges between
the carboxylic acid endgroups and the carbonate ions. Aizenberg
et al. have claimed that the Ca2+ ions are deposited first,6 but
their results have been obtained from a crystallization solution
with a starting pH20 of 7.0-7.5 which is well above the reported
pKa value of a SAM of MHA. Therefore, the SAM they used
was negatively charged, which causes a strong electrostatic
attraction with the Ca2+ ions.

To get a better idea about the precise interactions between
the carboxylic acid endgroups of the SAM and the calcite
crystal, 3D models were constructed which take into account
all known parameters of a SAM of thiols on Au(111).19

Although the information available about the orientation of the
carboxylic acid groups of the thiols is only limited, it is still of
general interest to create such a model because it illustrates the
complexity of the problem of nucleation behavior of calcite on
organic substrates. For the construction of the 3D models (Figure
7), which were generated using the Cerius2 software package,22

the two models have been used which have been mentioned
before for the structure of the SAM of alkanethiols on Au(111)
surfaces.19 In both models, the alkane backbones and the
carboxylic acid endgroups have the same positions, but in the
model with the C2× 4 lattice the orthogonal orientation and
the pairing of the sulfur atoms break the hexagonal symmetry
of the monolayer and give rise to the orthorhombic unit cell.
The sulfur atoms of the chains with a different twist angle are
paired, and as a result gauche defects are present in the alkane
chains.23 This sulfur pairing causes a height modulation of the
carboxylic acid endgroups, and, due to the fact that the alkane
chains are orthogonal with respect to each other, these end-
groups adopt different orientations. The other parameters, such
as the tilt angleR, and the twist angle of the alkane chainsâ,
and the tilt directionδ, are well established for alkanethiols19

(see Figure 6).
However, most structural data for thiol monolayers have been

obtained for methyl terminated thiols, and only a few studies
have been carried out on carboxylic acid terminated thiols.24-26

Some of those studies have shown that the thiols are ordered in
a hexagonal R30°(x3 × x3) lattice, but with a smaller
coherence length than in the case of methyl terminated thiols,
although the presence of a solution containing Ca2+ or Mg2+

ions was found to improve the ordering.25 Recent scanning

(20) The starting pH of a crystallization solution is defined as the pH of the
solution at the moment the samples are placed in the solution. The pH at
which the crystallization starts is as yet unknown, but we assume that it
depends on the pH value of the starting solution. Experiments regarding
this issue are currently in progress and will be reported elsewhere.
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Figure 5. Schematic drawing of the lattices of the Au(111) plane, the
carboxylic acid endgroups of the SAM, and the carbonate ions of the calcite
lattice. The lattice match in thea-direction is almost perfect, but there is a
large mismatch in theb-direction. All three lattices can be translated in
any direction; therefore, their precise positions remain unclear.

Figure 6. 16-Mercaptohexadecanoic acid (MHA) and its degrees of
freedom. In our models, the tilt angleR is 32° and the tilt directionδ is
22.7°. The twist angle for the R30°(x3 × x3) model isâ ) 55° and for
the C2× 4 model isâ ) + 35° and-55°. The carboxylic acid endgroup
is free to rotate aroundγ.
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tunneling microscopy studies have revealed that carboxylic acid
terminated thiol monolayers, when prepared at elevated tem-
peratures, form larger domains with a hexagonal R30°(x3 ×
x3) lattice than when prepared at room temperature.26 Because
our experiments have demonstrated that the calcite crystals are
oriented over very large distances, we propose that the SAM
of MHA has a similar structure as a SAM of methyl terminated
thiols, whether that would be the R30°(x3 × x3) structure or
the C2× 4 structure, but in both structures the carboxylic acid
groups are free to rotate around the angleγ and this results in
a disordered structure of the endgroups.19,24

In our models (Figure 7), we have optimized the angleγ in
such a way that there is a hydrogen-bonding interaction be-
tween the carboxylic acid endgroups and the carbonate ions and,
in addition, that the endgroups and the carbonate ions are
oriented in the most parallel geometry. It is obvious that the
model in which the thiols are arranged with the R30°(x3 ×
x3) applies the best to these two criteria, although as yet we
have no conclusive experimental evidence for one of the two
models.

Conclusion

In this paper, we have presented a new method to grow a
high density of calcite crystals with a preferred{012} nucleation
face on a SAM of carboxylic acid terminated thiols. This high
density of crystals allowed us to identify the precise orientation
of the calcite crystals with respect to the Au(111) lattice with
X-ray diffraction techniques. The measurements showed that
the crystals have six different in-plane orientations corresponding
to the six-fold symmetry of the Au(111) surface which is
translated by the SAM. These results show that there exists a
unique interaction between the organic molecules of the SAM
and the calcite crystals. By using the known parameters of a
SAM on a Au(111) lattice, we found that there exists a lattice
match between the NN direction of the SAM and the calcite
〈100〉 direction in the calcite{012} plane. Such a lattice match
in one direction has also been suggested by Aizenberg et al. in
their model for calcite{015} oriented nucleation. The difference
in orientation of the calcite crystals with the results of Aizenberg
et al. might be explained by the fact that they used a different

Figure 7. 3D models of calcite crystals nucleated with their{012} faces on a SAM of MHA on Au(111). (a) R30°(x3 × x3) structure viewed in the
a-direction of Figure 5. Note the directional match between the carboxylic acid endgroups and the carbonate ions. (b) R30°(x3 × x3) structure viewed in
theb-direction of Figure 5. In this direction, a lattice match exists between the SAM and the carbonate ions. (c) C2× 4 structure viewed in thea-direction
of Figure 5. Note the directional match between one-half of the carboxylic acid endgroups and the carbonate ions. (d) C2× 4 structure viewed in the
b-direction of Figure 5. In this direction, a lattice match exists between the SAM and the carbonate ions, although it is obvious that in this model the
interaction is less directional.
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crystallization solution with a different starting pH, which is
above the pKa value of a SAM of MHA, while the starting pH
of the crystallization method applied in this work is below this
value.

We have shown that by using this new method a verification
of a general model for biomineralization is possible. The method
also allows the study of other, related systems, where thiols
with different functional groups, different chain lengths, and
crystallization conditions with a different starting pH will be
used. These investigations might lead to more detailed insight

into the physical and chemical nature of the interactions between
the SAM and the calcite crystals.
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