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Shaping calcite crystals by customized
self-assembling pseudopeptide foldamers†

Claudia Tomasini,* Nicola Castellucci, Valentina C. Caputo, Lorenzo Milli,
Giulia Battistelli, Simona Fermani and Giuseppe Falini*

Two pseudopeptide foldamers with similar backbones, one containing a D-4-carboxy-5-methyl-

oxazolidin-2-one moiety (1) and the other a D-proline moiety (2), self-assembled in a 9 : 1 water–ethanol

mixture. Molecule 1 formed fibres that generated a highly viscous sol or a gel by increasing its concentration;

molecule 2 assembled in nanoparticles that aggregated in bigger particles by increasing its concentration.

This behaviour was conserved in the presence of 10 mM CaCl2. Both foldamers, which exposed carbox-

ylate groups, were able to modify the shape of single crystals of calcite. The presence of molecule 1

favoured the formation of rhombohedral calcite showing additional crystalline faces, while molecule 2

induced the formation of cavities and curvatures. Thus, pseudopeptide foldamers diversely act as crystal

growth modifiers according to minor structural changes that mutate their self-assembly. This result is of

general interest for the design of new molecules affecting the crystallization process and has implications

in understanding how biological molecules control the growth of mineral phases.
Introduction

The synthesis of complex materials with excellent properties
for modern technologies requires innovative approaches.
Biomineralization takes advantage of elaborate biological
processes, which produce biominerals with complex and
fascinating morphologies as well as superior mechanical
properties.1,2 The customized production of inorganic mate-
rials of specific morphology and size is a key goal in the fields
of advanced materials, electronics, medicine, catalysis,
ceramics, cosmetics and pigments.3 Calcium carbonate parti-
cles are an important class of materials because their unique
structural, optical and surface properties can lead to a wide
range of application.4 During the past decades numerous
organic templates or modifiers with complex functional pat-
terns to control the nucleation, growth, and alignment of
inorganic crystals have been widely used for the biologically
inspired synthesis of inorganic materials with complex form.5

This includes folded peptides,6 biopolymers,7 self-assembled
monolayers,8 other supramolecular assemblies,9 and small
molecules.10
Since many macromolecules involved in biomineralization
are rich in aspartic and glutamic residues, a common strategy
in the synthesis of crystal morphology modifiers involves the
design of molecules with ordered sequences of negatively
charged functional groups (e.g. carboxylates and phosphates).11

Pseudopeptide foldamers are synthetic molecules that can
organize into well-defined secondary structures (i.e. helices,
turns and sheets). Despite their small size, they closely mimic
biomacromolecules.12 Their repetitive secondary structure is
imparted by conformational restrictions of the monomeric
unit.13 Foldamers designed to expose charged functional
groups in specific stable folding can interact with ordered
array of ions of crystalline planes and act as effective crystal
growth modifiers.14

Peptide-based polyisocyanides were used as organic
templates for the crystallization of calcium carbonate. These
molecules adopted a helical conformation due to restricted
rotation of the polymer backbone and H bonding interac-
tions between dipeptide side chains.15 The polydispersity and
the molecular weight of the peptides were shown to have no
effect on the stabilization of {hk.0} faces of calcite that was
nucleated on the (01.1) plane. Ueyama et al. showed that in
the presence of aromatic polyamide foldamers with ordered
sequences of carboxylate groups, the growth of the {10.4}
faces in calcite was drastically reduced. Moreover, the
aromatic polyamide molecules entrapped in the calcite crys-
tals were detected by a NMR technique.16 A synthetic tricar-
boxylic acid foldamer derivative projecting carboxylates in an
oyal Society of Chemistry 2015
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ordered fashion was used to influence the growth of calcium
carbonate. A specific interaction between the growing calcite
crystals and this foldamer resulted in the formation of new
{10.l} faces and a unique morphology.17

In the past few years we have extensively studied the con-
formational behaviour of foldamers containing the 4-carboxy-
5-methyl-oxazolidin-2-one (Oxd) moiety.18 Acylation of the
Oxd units yields imides that behave like rigid spacers, and
the relative conformation of the two carbonyls generates a
trans conformation with respect to the adjacent peptide
bond.19 We have also demonstrated that the protected
pseudopeptide foldamer Boc-L-Phe-D-Oxd-OBn forms a fiber-
like material by self-organization as it spontaneously forms
infinite linear chains where the parallel dipeptide units are
connected only by single hydrogen bonds.20

To understand the importance of the L-Phe-D-Oxd scaffold
to build new architectures, we have decided to explore how it
behaves when it is included in more complex structures,
which can specifically modify the growth of calcite crystals
according to their capability of self-assembly.

We selected CH2ĲC3H6CO-L-Phe-D-Oxd-OH)2 1 that we have
recently prepared. It is an efficient and biocompatible low
molecular weight gelator (LMWG) that has been used as a
“Trojan horse” for drug delivery.21 It is known that three
factors can favour the formation of a gel: (i) the presence of
hydrogen bonding and π–π stacking interactions, which are
the principle interactions involved in gel aggregation; (ii) the
tendency of the molecule head to organize into a network
that influences the probability of gel formation; and (iii) the
presence of a medium-sized aliphatic chain (4–8 methylene
units) connected with a polar head.22

Simultaneously we have prepared CH2ĲC3H6CO-L-Phe-D-
Pro-OH)2 2 that has the same structure, but the D-Oxd moiety
has been replaced with a D-Pro (D-Pro = D-proline) moiety to
check if the presence of the Oxd moiety is essential for the
existence of the properties of the supramolecular material
(Fig. 1).

Results and discussion
Synthesis of 1 and 2 molecules and their supramolecular
assembly

Molecules 1 and 2 are long-chain derivatives and belong to
the family of bolaamphiphiles.23 Synthetic bolaamphiphiles
try to reproduce the unusual architecture of monolayered
membranes found in archaebacteria but commonly do not
This journal is © The Royal Society of Chemistry 2015

Fig. 1 Chemical structures of molecules 1 and 2.
use the same building blocks, which are difficult to syn-
thesize. The synthesis of these molecules has been previ-
ously described and may be easily obtained on a multigram
scale.24

The study on the self-assembly capability of molecules 1
and 2 showed that while molecule 2 does not form a gel at
any concentration, molecule 1 forms a gel at 10 mM concen-
tration and a highly viscous sol at 5 mM concentration
(Fig. 2A, B). A detailed study on the morphology of pure
hydrogel 1 has been previously reported.25

The assembly of molecule 2 was investigated by dynamic
light scattering. This molecule assembled in structures with
a diameter ranging around 100 nm in a 1 mM solution
(Fig. 2C). By increasing the molecule 2 concentration, the
solutions became opalescent. Upon 0.45 μm filtration, clear
solutions were obtained and only particles with a size around
100 nm were observed in the 1 mM and the 5 mM solutions
(Fig. S1†), while in the 10 mM solution, mainly small parti-
cles of about 1 nm were observed. This information suggests
that at a concentration of 10 mM, the 100 nm particles
mainly aggregate to form bigger structures that are removed
by 0.45 μm filtration, thus leaving in solution almost only
single molecules with a size of about 1 nm. Besides the char-
acterization on molecule 2 aggregation as a function of its
concentration, molecule 2 solutions were used for the CaCO3

precipitation experiments without applying any filtration
procedure.
CaCO3 precipitation experiments

Assay description. The precipitation experiments of CaCO3

were performed by using the vapour diffusion method. In
this method, vapours of CO2Ĳg) and NH3Ĳg) from ĲNH4)2CO3Ĳs)

diffuse into a CaCl2 solution, optionally containing additives.
The CO2Ĳg) in water generates H2CO3Ĳaq) while the NH3Ĳg)

makes the environment alkaline, shifting the speciation of
inorganic carbon in favour of CO3

2−. When the concentration
of CO3

2− in the CaCl2 solution reaches a supersaturation
value with respect to CaCO3 mineral phases, the crystal
nuclei form and grow. This method offers the advantage of
generating an increasing gradient of supersaturation when
compared to the direct mixing of Ca2+ and CO3

2− solutions.
Moreover, the growth process occurs under low supersaturation
conditions that favours the precipitation of crystals of high
structural, compositional and morphological quality. This
method also allows clear assessment of the effect of additives
CrystEngComm, 2015, 17, 116–123 | 117
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Fig. 2 (A) Photograph of hydrogel obtained from a 10 mM solution of molecule 1 in a 10 mM CaCl2 solution in a 9 : 1 Ĳv/v) H2O–EtOH mixture.
(B) Scanning electron microscopy picture of the corresponding xerogel. (C) Size distribution by intensity (by number in the inset) of the particles
from a 1 mM solution of molecule 2 in a 10 mM CaCl2 solution in a 9 : 1 Ĳv/v) H2O–EtOH mixture.

Fig. 3 Optical and scanning electron microscopy pictures of calcite
crystals precipitated from the 9/1 Ĳv/v) H2O–EtOH mixture from a
10 mM (A, B) or 100 mM (C, D) CaCl2 solution. These pictures are
representative of the entire population of crystals.
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on the crystal growth, especially when the additives interact
specifically and/or strongly with crystal faces, with the growth
process being slow.26 It is also important to report that
the vapour diffusion method was successfully used for the
controlled precipitation of calcium phosphate salts in the
presence of biomolecules.27

Precipitation of CaCO3 in the foldamer solvent. A first set
of crystallization experiments was carried out by precipitating
CaCO3 in a 9/1 Ĳv/v) H2O–EtOH mixture, an optimal solvent
for molecules 1 and 2 that also efficiently dissolves CaCl2
with a final concentration of 10 or 100 mM.

The presence of EtOH causes a reduction in the solubility
of CaCO3. This implies that nucleation and growth processes
occur at lower values of supersaturation than in pure water.
The presence of EtOH also causes a reduction in the hydra-
tion sphere of the ions. In this process, the solvation
enthalpy does not change significantly, while it is signifi-
cantly reduced in the perturbation of the ion in the structure
of the solvent. Thus, the reduction in the hydration sphere in
the presence of EtOH is mainly due to an entropic factor.
This facilitates the crystal nucleation and growth process as
the ion incorporation into the crystalline structure requires
de-solvation.28

In agreement with the above considerations, from both
10 mM CaCl2 and 100 mM CaCl2 in a 9/1 Ĳv/v) H2O–EtOH
mixture, the precipitation of calcite, the most stable CaCO3

polymorph, was exclusively observed (Fig. S2†). The induced
nucleation of CaCO3 causes a decrease in the average size of
the crystals and an increase in density of precipitation
because the crystal nuclei number increased. The Ca2+ mass
balance determined the stop of the growth and the average
size of the crystals.

Calcite precipitated forming perfect rhombohedra that
showed only {10.4} faces, and the size of the crystals was
from 10 to 100 μm and from 5 to 50 μm of the 10 mM CaCl2
(low supersaturation) and the 100 mM CaCl2 (high supersatu-
ration) solutions, respectively (Fig. 3).

Precipitation of CaCO3 in the presence of molecules 1 and 2.
The effect of molecules 1 and 2 on the CaCO3 precipitation
was studied under several conditions, all with a 10 mM CaCl2
in a 9 : 1 H2O–EtOH mixture. Several concentrations of both
molecules have been analyzed: 1 mM, 5 mM or 10 mM. For
118 | CrystEngComm, 2015, 17, 116–123
molecule 2, the study was also carried out in a 100 mM CaCl2
solution, as molecule 1 is not soluble in the 100 mM CaCl2
solution. The X-ray diffraction analysis of all the samples
showed diffraction patterns in which only peaks associable to
calcite were observed (Fig. S3 and S4†).

Precipitation in the presence of molecule 1. Molecule 1, as
described above, has the aptitude for forming fibrous
structures that can generate hydrogels. At a concentration
of 1 mM, the molecule does not make gels. Under these
conditions, with a Ca2+/molecule 1 molar ratio of 10, the
effect on the nucleation and growth of CaCO3 must be
attributed to the molecule in its non-supramolecular assem-
blies. The optical microscope images (Fig. 4A) of the precipi-
tated particles show that they are single crystals with an
average size of about 40 μm similar to the crystals precipi-
tated in the absence of molecule 1. In these images, the
co-presence of an amorphous precipitate, probably due to
the partial precipitation of molecule 1, is also observed.
The amorphous state was deduced from the observation that
the material does not present any crystalline morphology,
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Optical (A, D) and scanning electron microscopy (B, C, E, F) pictures of calcite crystals precipitated from the 9/1 Ĳv/v) H2O–EtOH mixture in
the presence of 1 mM molecule 1 (A–C) or molecule 2 (D–F). These pictures are representative of the entire population of crystals.
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that under a crossed polarized optical microscope it does not
show any birefringence effect and that in the X-ray powder
diffraction patterns only peaks due to calcite were detected.
However, from the above observations the presence of
non-birefringent nanocrystals cannot be excluded. The SEM
images (Fig. 4B, C) provide more details on the shape and
morphology of the crystals. Almost perfect rhombohedral
crystals were observed. However, the crystals in addition to
the {10.4} faces showed the minimum areas of interaction
that suggest a partial adsorption of molecule 1 on the crystal.

Molecule 1 forms a highly viscous sol at 5 mM with a
Ca2+/molecule 1 molar ratio of 2. Here, the molecule 1 effect
This journal is © The Royal Society of Chemistry 2015

Fig. 5 Optical (A, D) and scanning electron microscopy (B, C, E, F) pictures
the presence of 5 mM molecule 1 (A–C) or molecule 2 (D–F). These pictures
on the nucleation and growth of CaCO3 is driven by the pres-
ence of supramolecular assemblies in solution. Optical
microscopy images (Fig. 5A) of the precipitated particles
under these conditions show that they are single crystals with
an average size of about 30 μm, which is smaller with respect
to the crystals precipitated in the absence of molecule 1. This
effect may be due to an inhibition of the growth process,
which involves the adsorption of the assembled molecule 1
on the crystals. The crystals show a non-homogeneous diffu-
sion of visible light, with dark areas in the central region of
the faces, where the adsorption is supposed to occur. The
SEM image in Fig. 5B shows an aggregate of molecule 1
CrystEngComm, 2015, 17, 116–123 | 119

of calcite crystals precipitated from the 9/1 Ĳv/v) H2O–EtOH mixture in
are representative of the entire population of crystals.
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forming needle-like units located on the CaCO3 crystal face.
In the SEM image in Fig. 5C, an aggregate of molecule 1 is
partially entrapped in the CaCO3 crystal. These aggregates
can act as a site for the heterogeneous nucleation of crystals
of CaCO3 and becomes completely entrapped in the crystals
(dark areas on the crystals in the optical microscope images).
It is also noted that the rhombohedral morphology of the
crystals is altered. In the crystals {18.0} faces were shown in
addition to the {10.4} faces. The {18.0} faces should appear
upon interaction of molecule 1 with these crystalline planes.

At a concentration of 10 mM, molecule 1 forms gels.
Under these conditions, with a Ca2+/molecule 1 molar ratio
of 1, the effect on the nucleation and growth of CaCO3 is due
to the presence of fibrous structures from molecule 1
(Fig. 2B). Here, the crystal growth occurs in the confined
space generated by the three-dimensional fibrous network
making the gel. In this medium, the ion diffusion is slower
than that in solution and convection is absent. This deter-
mines a slower process of crystal growth. The optical micro-
scope images (Fig. 6A) of the precipitated particles show that
they are single crystals with an average size of about 50 μm,
which is bigger with respect to the crystals precipitated in the
absence of molecule 1. This effect may be due to an inhibi-
tion of the nucleation process. The crystals do not scatter
light, suggesting that the gel fibres are entrapped in the
crystalline structure. A similar observation has been reported
for the growth of calcite in agarose gel.29 The SEM image
(Fig. 6B) shows the co-precipitation of CaCO3 crystals of vary-
ing shapes. These are probably due to structural reorganiza-
tion of the gel regions that occurred during the process of
crystallization. The SEM image at higher magnification
(Fig. 6C) illustrates how the CaCO3 crystals have almost
completely lost the rhombohedral morphology. In the crys-
tals, the {10.4} faces are little exposed and the {kh.0} faces
120 | CrystEngComm, 2015, 17, 116–123

Fig. 6 Optical (A, D) and scanning electron microscopy (B, C, E, F) pictures
the presence of 10 mM molecule 1 (A–C) or molecule 2 (D–F). These picture
appear more extended, indicating an interaction of molecule
1 with these families of crystallographic planes. The FTIR
spectra (Fig. S5†) are in agreement with the above observa-
tions; in fact absorption bands due to molecule 1 and calcite
were observed. The relative intensity of the absorption bands
due to molecule 1 increases with its concentration in solu-
tion. Unfortunately, the co-presence of calcite crystals and of
an additional phase containing molecules 1 does not allow
quantification of molecule 1 entrapped in the crystals.

Precipitation in the presence of molecule 2. Molecule 2,
as described above, does not form a gel but generates
supramolecular assemblies (≈100 nm) that aggregate in
bigger particles.

Fig. 4D–E illustrate the optical and electron microscope
images of the precipitate obtained in the presence of 1 mM
molecule 2 (Ca2+/molecule 2 molar ratio = 10). The optical
microscope images (Fig. 4E) of the precipitated particles
show that they are single crystals (Fig. S5†) with an average
size of about 40 μm, which are similar to the crystals precipi-
tated in the absence of molecule 2. The SEM images
(Fig. 4E, F) show that the rhombohedral crystal morphology
was not significantly altered. However, the crystals showed
on the {10.4} faces some zones of interaction with the mole-
cule characterized by considerable roughness. This interac-
tion appears as a surface phenomenon on the {10.4} faces
suggesting that molecule 2 affected the crystal growth pro-
cess without specifically interacting with some crystalline
planes. This nonspecific interaction generated in some crys-
tals the appearance of {kh.0} faces together with the rhombo-
hedral {10.4} faces.

Fig. 5D–E show the optical and electron microscope
images of the precipitate obtained in the presence of 5 mM
molecule 2 (Ca2+/molecule 2 molar ratio = 2). The optical
microscope images (Fig. 5D) show single-crystal particles that
This journal is © The Royal Society of Chemistry 2015

of calcite crystals precipitated from the 9/1 Ĳv/v) H2O–EtOH mixture in
s are representative of the entire population of crystals.
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are not aggregated and with an average size of about 40 μm,
the same as those precipitated in the absence of molecule 2.
SEM images (Fig. 5D, E) showed that in the rhombohedral
crystals, zones characterized by considerable roughness were
observed on the {10.4} faces. Moreover, in some crystals,
cavities with sub-micrometer dimensions (Fig. 5E) were
also observed on the same faces. These cavities appeared as
dark regions under the optical microscope. This crystalliza-
tion condition also caused the formation of shapeless
aggregates (Fig. 5E) probably due to the precipitation of
molecule 2.

The optical and electron microscope images of the precipi-
tate obtained in the presence of 10 mM molecule 2
(Ca2+/molecule 2 molar ratio = 1) are illustrated in Fig. 6D–E.
The optical microscopy image (Fig. 6D) shows that crystals
are aggregated and each crystal has an average size of about
20 μm. SEM images (Fig. 6E, F) show that on the {10.4} faces,
cavities along the direction parallel to the rhombohedral
axis were present. These cavities had a spherical shape.
This observation, coupled to the DLS results listed above,
suggested that under these conditions, molecule 2 form
aggregates of 100 nm supramolecular assemblies that act as
a template for the crystal nucleation and growth. This out-
come has been reported for liposomes and other spherical
particles that efficiently sculpture calcite crystals.30 The above
observations are in agreement with the FTIR spectra of
the samples (Fig. S6†). The intensity of the absorption bands
due to molecule 2 increases with its concentration in solu-
tion with respect to those due to CaCO3. Unfortunately, as
observed for molecule 1, the co-presence of calcite crystals
and of an additional molecule 2 phase does not allow quan-
tification of molecule 2 entrapped in the crystals.

The influence of molecule 2 on the precipitation of CaCO3

was also studied using a 100 mM CaCl2 solution. The increase
in Ca2+ concentration caused a higher starting CaCO3 super-
saturation and a decrease in the Ca2+/molecule 2 molar ratio.
Fig. S7† shows SEM images of the crystals obtained in the
presence of different concentrations of molecule 2. At a con-
centration of 1 mM (Fig. S7A–C†), rhombohedral crystals
formed, which sometimes aggregated (Fig. S4C†). Under these
conditions, it seems that molecule 2 does not interact with
This journal is © The Royal Society of Chemistry 2015

Table 1 Summary of the assembly state of molecule 1 and 2 in the 10 mM C
modifiers

Conc
(mM)

Molecule 1

CaCO3 precipitation

Ca2+/mol.
molar ratio Physical state

Polymorph/
size (μm)

Shape/
morphology

0 — — Calcite/40 Rhomb./{10.4}
1 10 Solution Calcite/40 Rhomb./{10.4}
5 2 Highly viscous sol Calcite/30 Rhomb./{10.4}–

{hk.0}
10 1 Gel Calcite/50 Rhomb./{10.4}–

{hk.0}
crystals (Ca2+/molecule 2molar ratio = 100). With the increase
of the concentration of molecule 2 (10 mM, Ca2+/molecule 2
molar ratio = 10), calcite crystals showed {hk.0} faces together
with the rhombohedral {10.4} faces. This observation
suggested that the capability of molecule 2 to act as a crystal
growth modifier is also affected by the starting conditions of
supersaturation.

A clear view on the effect of the foldamers, molecule 1
and molecule 2, on the precipitation of CaCO3 is shown in
Table 1. These molecules have similar structures and the
same ionizable carboxylic groups; their assembly changes as
a function of the chemistry of functional groups proximal to
the carboxylic ones. In the case of molecule 1, the assembly
state is a function of the concentration. Molecules 1 and 2
should interact with the crystallizing calcite in their assem-
bled form since their assembly was studied with the Ca2+

concentration and pH used for CaCO3 precipitation. Thus, it
is their physical state that governs the interactions. The
diverse physical states should bring a different space distri-
bution of the interacting ionizable carboxylic groups. As a
consequence, a diverse interaction with CaCO3 is expected.31

This concept was deeply investigated for example by using
self-assembled monolayers32 and liposomes33 as foldamer
counterparts.15–17 The reported observations also agree with
the behaviour of some biomineralization proteins that are
assumed to adopt an ordered conformation and the geometry
of ionizable functional groups to interact with biominerals.34,35
Experimental

The synthesis of molecules 1 and 2 was carried out according
to the literature reported in ref. 24. Shortly, they have been
prepared from Boc-L-Phe-D-Oxd-OBn and Boc-L-Phe-D-Pro-
OBn, respectively, that were deprotected with trifluoroacetic
acid in dichloromethane to obtain in quantitative yield the
corresponding trifluoroacetate salt, that in turn was coupled
with azelaic acid using HBTU ĲO-benzotriazole-N,N,N′,N′-
tetramethyl-uronium-hexafluoro-phosphate) and Et3N
(triethylamine) as coupling agents. After purification by flash
chromatography, both have been obtained in high yield. The
CrystEngComm, 2015, 17, 116–123 | 121

aCl2 solution and their capability to act as calcite shape and morphology

Molecule 2

CaCO3 precipitation

Ca2+/mol.
molar ratio Physical state

Polymorph/
size (μm)

Shape/
morphology

— — Calcite/40 Rhomb./{10.4}
10 Supram. aggregates Calcite/40 Rhomb./{10.4}
2 Supram. aggregates Calcite/40 Rhomb./{10.4}/

cavities
1.0 Supram. aggregates Calcite/20 Rhomb./{10.4}–

{hk.0}/cavities

http://dx.doi.org/10.1039/c4ce01569j
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benzyl esters have been transformed into the corresponding
acids by hydrogenolysis, both in quantitative yield.

The propensity of molecules 1 and 2 to form hydrogels
was checked. The general method adopted to form gels
was to place one compound in a small test tube (8 mm in
diameter) and dissolve it in a pure solvent or in a solvent
mixture. As ultrasounds influence the aggregation properties
of the molecules in the solvents,36 the tube was sonicated for
20 minutes at room temperature, and then it was left to
stand one night before checking the gel formation. As both
molecules are not soluble in water, a 9 : 1 Ĳv/v) water–ethanol
mixture was used.

Dynamic light scattering was used for determination of
the self-assembled molecule 2 size distributions employing a
Malvern Nano ZS instrument with a 633 nm laser diode.
Experiments were carried at 25 °C in a quartz cuvette with
1 cm optical path length.

A 30 cm × 30 cm × 50 cm crystallization chamber was used
for the crystallization experiments of calcium carbonate. Two
25 mL beakers each containing about 20 g of ĲNH4)2CO3Ĳs)

(Carlo Erba), the source of NH3Ĳg) and CO2Ĳg) vapours, and
two Petri dishes (d = 8 cm), each containing about 10 g of
anhydrous CaCl2Ĳs) (Fluka), a hygroscopic agent that controls
humidity, were placed inside the chamber. Microplates
for cellular culture (Microplate 24 well with Lid, IWAKI)
containing a round glass cover slip in each well were used.
Into each well, 750 μL of a 10 mM (or 100) CaCl2 solution in
a 9/1 Ĳv/v) H2O–EtOH mixture were poured. The additive,
molecule 1 or molecule 2, was dissolved in the CaCl2 solution
to obtain a final concentration equal to 1 mM, 5 mM or
10 mM. The microplate was covered with aluminum foil and
a hole was made over every well. After 4 days, the obtained
crystals were washed three times with the 9/1 Ĳv/v) H2O–EtOH
mixture, three times with milli-Q water (with a resistivity of
18.2 MΩ cm at 25 °C, filtered through a 0.22 μm membrane)
and one time with ethanol; then they were air-dried and
analysed. All of the experiments were conducted at room
temperature. Each crystallization trial was replicated at least
three times.

A Leica transmission optical microscope was used
to obtain images of CaCO3 crystals. A microscope slide
containing the sample was placed beneath a standard glass
cover slip and observed under bright-field conditions with
crossed polarizers. Images were captured with a CCD digital
camera and recorded using the software (LAS EZ) supplied by
Leica Microsystems. Image analysis was conducted on the
crossed polarized optical micrographs to obtain info on crys-
tallite birefringence. The dried glass cover slips covered with
crystals were glued to the SEM aluminum stubs. Some sam-
ples were inspected with a Phenom™ scanning electron
microscope. In addition, scanning electron micrographs of
gold-sputtered samples were also recorded using a Hitachi
6400 field emission gun scanning electron microscope. The
X-ray powder diffraction patterns were obtained using a
Philips X'PertPro diffractometer. The diffraction patterns
were collected using a voltage of 40 kV and a current of
122 | CrystEngComm, 2015, 17, 116–123
40 mA. A diffraction region between 20° and 60° of 2θ was
scanned. The measurements were carried out directly on the
microscope slide on which particles were deposited. Infrared
spectra were collected by using a Thermo Nicolet Avatar
370 FTIR spectrometer with KBr pellets, working in the range
of 4000–400 cm−1, at a spectral resolution of 4 cm−1 and 64
scans for each acquisition.

Conclusions

This research adds new knowledge in the use of pseudo-
peptide foldamers to act as effective crystal growth modifiers.
It shows that their self-assembly can be tuned by applying
minor structural changes on the molecular backbone and
that, as consequence of this, their capability to work as
crystal growth modifiers changes. These observations are of
general interest for the design of new molecules affecting
the crystallization process and have implications in under-
standing how biological molecules control the growth of
mineral phases.
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