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We report the preparation of a new monomethylitaconate grafted polymethylsiloxane
(CO2H-PMS) copolymer and its effect as template for crystal growth of CaCO3. The in vitro
crystallization of CaCO3 was carried out using the gas diffusion method at different pH values
at room temperature for 24 h. The CO2H-PMS was prepared using polydimethylsiloxane-co-
methylhydrogensiloxane (PDMS-co-PHMS), obtained through cationic ring opening
polymerization, from cyclic monomers and monomethyltaconate (MMI) via hydrosilylation
reactions with platinum complex as catalyst. FTIR results are in an agreement with the pro-
posed template structure and confirmed that the hydrosilylation was complete. Experimen-
tal results from pH values and SEM analysis showed that the carboxylate groups of CO2H-PMS
alter the nucleation, growth and morphology of CaCO3 crystals. SEM revealed single-trun-
cated (ca. 5 lm) modified at pH 7–9, aggregated-modified (ca. 20 lm) at pH 10–11, and
donut-shaped crystals at pH 12. These morphologies reflect the electrostatic interaction of
carboxylic moieties with Ca2+ modulated by CO2H-PMS adsorbed onto the CaCO3 particles.
EDS confirmed the presence of Si atoms on the crystals surface. XRD analysis showed the exis-
tence of only two polymorphs: calcite and vaterite revealing a selective control of CaCO3 poly-
morphisms. In summary, the use of grafted polymethylsiloxane template offer a good
alternative for polymer controlled crystallization and a convenient approach for understand-
ing the biomineralization process useful for the design of novel materials.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The biological crystallization (biomineralization) is the
process by which living organisms produce biological com-
posites (mollusk and egg shells, crustacean carapaces,
bones, teeth) and exert accurate control over the minerals
they deposit, creating materials with uniform particle size,
novel morphology, myriad shapes and sizes that are often
of high strength and remarkable properties [1,2]. Molecular
. All rights reserved.
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processes involved in biomineralization and materials that
control such crystal nucleation and growth are of great
interest to materials scientists who seek to manufacture
composite materials with analogous crystalline forms to
those produced by nature. Calcium carbonate (CaCO3) is
one of the most studied systems, which can facilitate the
understanding of biological control of biomineralization
[3,4]. CaCO3 crystals have three polymorphs: calcite (trigo-
nal), aragonite (orthorhombic), and vaterite (hexagonal).
CaCO3 biominerals usually consist of single-crystals inti-
mately associated with macromolecular organic matrices.
Calcite is one of the most common biomineral phase. For in-
stance, some calcite biominerals are produced as skeletal
elements that behave as single-crystals, such as sponge
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spicules [5,6] and sea urchins spicules [7]. Other biominerals
are partly composed of single-crystalline calcite subunits,
such as the prismatic layers of many mollusk shells [8]. Thus,
mollusk shells are mainly built of two polymorphs of CaCO3:
calcite and aragonite. Precipitation of such biominerals take
place in confined microenvironments under chemical con-
trol of the adjacent cells [9]. Therefore, there are several ap-
proaches for exploring the promoting effect of templates on
in vitro inorganic crystallization. In fact, many approaches
have been used to synthesize a specific form of CaCO3 by
using different materials as templates such as films, spheres,
sponge, ligand–receptor complexes, block copolymers, syn-
thetic polypeptides and grafted polymers, etc. The crystalli-
zation mechanism can be altered by specific interactions
with chemical moieties like: –CO2H, –PO3H, –SO3H [10–
14]. Water-soluble block copolymers with a polyelectrolyte
block turned out to be extraordinarily effective crystal
growth modifiers [15–17]. Different factors can affect the
crystal growth and the crystal morphology. These include
mineralization solution pH, temperature, saturation, crys-
tallization method, reactants concentration and additives,
e.g., polymers [18]. The resulting morphology of synthetic
crystals is an expression of different growth rates in the var-
ious crystallographic directions. From a thermodynamic
point of view, the obtained crystal morphology minimizes
the free enthalpy of the crystal which is the sum of the prod-
ucts of surface energy and area of all exposed faces (Wulff’s
rule) [19]. This has the consequence that low energy surfaces
become exposed and high energy surfaces vanish. Crystal
surface energies can be lowered by the adsorption of addi-
tives present in solution and the crystal morphology alters
correspondingly [20]. According to Wulff’s rule, planes on
which the additives are adsorbed become generally ex-
pressed as crystals faces [21]. The appropriate use of poly-
mers in the processing of inorganic substances can result
in new hybrid materials, with specific structure, advanced
properties and functions [22]. Abundant studies on CaCO3

crystallization addressing biological control over minerali-
zation have been done applying organic substrates as addi-
tives. Polyanionic macromolecules have been reported to
mediate mineralization by forming aggregates with mineral
ions [23]. Functionalized macromolecules are also involved
in the temporary stabilization of amorphous precursor
phases, which occur as a transient phase in formation of
sea urchin calcite skeletons [24]. Organic polyanions have
been found within the biominerals as intercrystalline matri-
ces [25–27], suggesting that precipitation mediating
molecules may partly become incorporated during crystalli-
zation. Few reports have appeared on controlling the CaCO3

nucleation and crystal growth, where biomineralization
is mediated by employing inorganic templates and
poly(organosiloxane)s [28]. Polysiloxanes (PMS) usually re-
ferred to as silicones, find numerous applications in different
fields of chemistry and engineering. PMS also represent the
most widely used silicon-containing polymeric systems in
different industrial and medical applications [29,30]. Poly-
dimethylsiloxane (PDMS) and polyhydrogenmethylsilox-
ane (PHMS) are well known for their versatile properties
such as flexibility, permeability to gases, low glass transition
temperature and low surface energy. They are physiologi-
cally inert, biocompatible and exhibit convenient cost-ben-
efit ratio. All these applications rely on the unique physical
and chemical properties of silicones in the bulk form and
at interfaces. Widely applied and recently explored hydrosi-
lylation reaction of polymers have attracted great interest
due to the practical outcome and recent development in sil-
icon-based organic polymers [31,32]. The main synthetic
route leading to the modification polysiloxanes is the hydro-
silylation reaction of unsaturated compounds such as allyl
derivatives with polysiloxanes containing Si–H labile group
by using platinum catalysts [33]. Speier’s catalyst is the most
commonly used catalyst for these reactions [34]. From the
above mentioned, the PMS polymers become very attractive
as new templates for in vitro crystallization assays [35,36].
Although abundant articles on the production of modified
PMS for both medical and non-medical applications have
appeared [37–41], the available information concerning
the effect of PMS on biomineralization of CaCO3 is scarce.
PMS can be chemically modified with different chemical
group’s counterparts as those existing on the surface of or-
ganic molecules, emulating the guide role of these during
the in vivo crystallization. Herein, we report the synthesis
of a new PMS grafted with monomethylitaconate produced
by hydrosilylation reaction through the dicyclopentadienyl
platinum II chloride (Cp2PtCl2) obtained from the Speier’s
catalyst and its effect as an inorganic–organic template on
crystal growth of CaCO3 in vitro using a gas diffusion method
[42]. The Cp2PtCl2 catalyst is not commercially available
[43]. In the present article we have demonstrated that the
spatial arrangement of carboxylic groups attached to PMS
(CO2H-PMS) can alter the nucleation and morphology of
CaCO3 and our results demonstrate that CO2H-PMS can
effectively stabilize the less thermodynamically stable poly-
morph, i.e., vaterite as a function of pH at room temperature.
Additionally, our report is motivated by the paucity pub-
lished works with PMS in biomimetic mineralization field.
With this in mind, carboxyl group of modified CO2H-PMS
was conjugated to primary amine group of chitosan (CHI)
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC). Thus, different CHIs grafted polysiloxanes (CO2H-
PMS-g-CHI) ratio were prepared and then coupled with gold
nanoparticles (AuNP�12 nm) and its influence on the CaCO3

crystallization evaluated.

2. Experimental

2.1. Materials

Calcium chloride, ethanol, sodium hydroxide (Analytical
grade) and tris(hydroxymethyl) aminomethane (TRIS),
petroleum benzene (Aldrich-98% boiling range 40–60 �C)
and toluene (99.9%) were obtained from Merck; ammonium
hydrogen carbonate (NH4HCO3) was from J.T. Baker and
methylene chloride (CH2Cl2 – P99.5%) from Sigma-Aldrich.
These reagents were of the highest available grade. The
distilled water was obtained from capsule filter 0.2 lm flow
(U.S. Filter). Toluene and methylene chloride were dried
and distilled under argon. Both were purified by refluxing
over lithium aluminum hydride (Aldrich-95% pellets particle
size 10 � 6 mm) for 72 h and Na, respectively. The



Fig. 1. Synthesis of CO2H-PMS.

Fig. 2. Experimental setup for the gas diffusion crystallization.
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dicyclopentadienyl platinum (II) chloride (Cp2PtCl2) catalyst
used for the hydrosilylation reaction was synthesized from
hydrated hexachloroplatinic acid (IV) and diclyclopentadi-
ene [43]. The monomethylitaconate (MMI) was synthesized
by direct esterification of itaconic acid (Aldrich) with
methanol and its purity was checked by 1H NMR spectros-
copy as described in a previous work [44]. The PDMS-co-
PHMS (MW of 16,349 g/mol and polydispersity of D = 2) was
synthesized through cationic ring opening polymerization
from octamethylcyclosiloxane (D4) and 1,3,5,7-tetrame-
thylcyclotetrasiloxane (DH

4 ). The PDMS-co-PHMS (v0
D4
¼ 0:5)

was used for hydrosilylation reaction with purified MMI
[43]. A purified CHI sample was used for the preparation of
chitosan grafted polysiloxanes ratio. The purification of com-
mercial CHI (Mw = 70 KDa, >75% deacetylation) obtained
from Fluka were done as previously reported [45]. The 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was
used as received from Sigma-Aldrich without purification.

2.2. Hydrosilylation reaction

The hydrosilylation reaction of PDMS-co-PHMS with
MMI as unsaturated compound was carried out using
Cp2PtCl2 as catalyst [46,47]. Briefly, MMI (20 mol.% excess
versus the Si–H of copolymer) was dissolved in 100 ml of
sodium-dried, freshly distilled toluene together with the
stoichiometric amount of PDMS-co-PHMS. The reaction
mixture was heated to 85 �C under argon and 100 ll of
Cp2PtCl2 as a solution in CH2Cl2 was then injected. The
mole ratio of Pt/SiH catalyst was 1.5 � 10�4. Then, the mix-
ture was refluxed under argon with agitation until the FTIR
showed that the hydrosilylation reaction was complete (ca.
24 h). After removing the excess of solvent and the unre-
acted materials with a Heidolph rotary evaporator (Laboro-
ta 4001 efficient-HB digital) at 90 rpm under vacuum at
70 �C for 1 h. The product was precipitated with petroleum
benzene. The supernatant was separated and the resultant
CO2H-PMS was dried at 90 rpm under vacuum at 50 �C for
2 h. The yield from the hydrosilylation was 95%. The syn-
thetic route for the preparation of CO2H-PMS after the
hydrosilylation reactions is shown in Fig. 1.

2.3. In vitro crystallization of calcium carbonate

Crystallization experiments were carried out in the pres-
ence of CO2H-PMS as additive and compared with PDMS-co-
PHMS as negative control using the gas diffusion method
(Fig. 2). The gas diffusion method was performed as we de-
scribed in previous works [47–52]. Briefly, a chamber con-
sisting of an 85-mm polystyrene Petri dish having a central



A. Neira-Carrillo et al. / European Polymer Journal 46 (2010) 1184–1193 1187

EC
H

N
O

LO
G

Y

hole in its bottom is glued to a cylindrical vessel. Inside the
chamber, polystyrene microbridges were filled with 35 ll
of 200 mM CaCl2 solution in 200 mM TRIS buffer. The cylin-
drical vessel contained 3 mL of 25 mM NH4HCO3 solution.
All experiments were carried out inside the Petri dish using
both polymer templates at 1.0 mg/mL concentration at 20 �C
for 24 h. A microbridge was filled with a 35 ll of CaCl2 solu-
tion without additive as control. For these experiments a
stock solution of 1.6 mg of CO2H-PMS in deionized water
at different pH (from 7 to 12) was prepared as mother solu-
tion in an Eppendorf tube. On the other hand, the same crys-
tallization procedure was used when CHI grafted
polysiloxanes (CO2H-PMS-g-CHI) and its coupled product
with AuNP were carried out. A set of experiments were done
using different pH, from 7 to 12, at 20 �C for 24 h. CaCO3 crys-
tals resulted from the diffusion of carbon dioxide (CO2) into
the buffered CaCl2 solution. The microbridges with the
CaCO3 crystals were carefully rinsed with deionized water
and dehydrated by using ethanol solution of growing con-
centrations (50%, 80%, 90% and 100%), dried at room temper-
ature and observed by SEM.

The crystal growth of CaCO3 can be simplified by the
following equations:

ðNH4ÞHCO3ðacÞ ¼ CO2ðgÞ þ 2NH3ðgÞ þH2OðacÞ ð1Þ

CO2ðgÞ þ CaCl2ðacÞ þ 2NH3ðgÞ þH2OðacÞ

¼ CaCO3ðsÞ þ 2NH4ClðgÞ ð2Þ
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2.4. Measurements

Fourier transform infrared spectroscopy (FTIR) of
PDMS-co-PHMS, CO2H-PMS and CO2H-PMS-g-CHI tem-
plates were obtained on a Bruker Vector 22 and Varian
1000 Acimitar Series instruments. The samples were pre-
pared as potassium bromide pellets. The molecular weight
(MW) determination of PDMS-co-PHMS copolymer was
carried out by using PSS-Win GPC-PSS Gel Permeation
Chromatography (GPC). The CaCO3 crystals formed after
in vitro crystallization were dried, fixed to a metal support
and then coated with gold using an automated sputter
coater (EMS-550). Crystals of CaCO3 formed in the pres-
ence of PDMS-co-PHMS as negative control and with
CO2H-PMS template were observed in a Tesla BS 343 A
microscope at 15 keV. SEM-EDS analyses of CaCO3 crystals
were performed in a SEM LEO 1420VP equipped with a dis-
positive for microanalysis of elements in surface and linear
profile. TEM images of CHI grafted PMS coupled with AuNP
were performed on an EM 912 O (Zeiss). XRD analyses of
the resultant crystals were made in Siemens D-5000X
X-ray diffractometer with CuKa radiation (graphite mono-
chromator) and an ENRAF Nonius FR 590 diffractometer.
The geometric scanning Bragg-Brentano (h–h) and the an-
gle range from 5� to 70� (2h) were performed. The Diffrac
Plus software was used as data control.
3. Results and discussions

The term hydrosilylation refers to an addition reaction of
Si–H bonds to double bonds such as C@C and represents one
of the most fundamental method for the laboratory and
industrial synthesis of organosilicon compounds and organ-
ic silyl derivatives [41]. The hydrosilylation reaction of the
starting PDMS-co-PHMS was monitored by FTIR technique
following the decrease of the Si–H bond. Fig. 3 represents
the FTIR spectra of PDMS-co-PHMS, MMI and CO2H-PMS.
Fig. 3A shows a classic FTIR spectrum of an organosilicon
in which the most typical absorption peaks are at 2967,
2160, 1260, 1105 and 801 cm�1 corresponding to C–H, Si–
H, Si–CH3 and Si–O–Si, respectively [53,54]. For the MMI
structure, the Fig. 3B showed the absorption bands due C–
H and C@O at 2958 and 1729 cm�1, respectively. In the
Fig. 3C, the absorption band of Si–H from the PDMS-co-
PHMS (Fig. 3A, arrow) disappeared completely demonstrat-
ing the effectiveness of the hydrosilylation reaction. The
absorption bands at 2961 cm�1 are assignable to the incor-
poration of carbon/hydrogen bonds on the main chain of
the CO2H-PMS template. The presence of the principal
groups such as carboxylic, carbonyl and silicon–oxygen es-
ter bonds of the grafted CO2H-PMS corresponding to the
bonds O–H, C@O and Si–O–Si can be recognized at 3502,
1741 and 1099 cm�1, respectively. The absorption band ob-
served at 1741 cm�1 (Fig. 3C, arrow) is due to the carboxyl
group of the ester linkage of MMI and confirms its incorpo-
ration in the new CO2H-PMS template. Similar position of
this absorption band of MMI has been observed with poly-
ethylene chains [55]. The absorption bands at 126 and
808 cm�1 confirm also the presence of Si–CH3 and Si–O–Si
bonds.

In order to evaluate the effect of carboxylate moieties of
CO2H-PMS as an inorganic additive on in vitro CaCO3 miner-
alization, a set of CaCO3 crystallization experiments was per-
formed and the morphology of the resultant CaCO3 crystals
were observed. The CaCO3 crystallization was carried out
with a gas diffusion method by varying the pH mineraliza-
tion solution at 20 �C for 24 h. Fig. 4A shows the morphology
of rhombohedral calcite crystals obtained without additive
as blank, and in the Fig. 4B calcite crystals with similar CaCO3

morphology obtained with PDMS-co-PMHS without carbox-
ylic groups as negative control. However, in the Fig. 4C–H are
shown different morphologies of CaCO3 crystals obtained in
the presence of CO2H-PMS as template. We observed that
aggregates of CaCO3 crystals lost their well developed edges
and show elongation on the atomic steps of the {104} face.
Similar morphology of calcite crystals with stairstep den-
dritic structures obtained by using synthetic peptides and a
synthetic organic polymer such as polyvinyl alcohol has been
reported [56,57]. It is known that polysiloxanes have a much
higher permeability to gases than other synthetic polymers
which can be useful in the gas diffusion method. This can
be explained by the torsion and bending flexibility of
CO2H-PMS as an organosiloxane compound, which elicits a
characteristic nucleation and growth of CaCO3 crystals. Sim-
ilar results has been reported with sulfonic acid-based
hydrogels in a polyacrylamide network [58] using double-
diffusion crystallization and with polycarboxylate polymers
as an additive [59,60]. Taking this into account we suspect
that the CO2H-PMS is adsorbed on the CaCO3 surface and
the presence of the carboxylate moieties bonded to the poly-
mer backbone produce a local Ca2+ ions accumulation, which
is more pronounced at higher pH. In fact, at pH 12 (Fig. 4H)
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Fig. 3. FTIR spectra of (A) PDMS-co-PHMS, (B) MMI and (C) CO2H-PMS.
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the less thermodynamic stable polymorph, vaterite (with
donut-like crystals) was obtained. The stereochemical inter-
action of this new template with the CaCO3 surface and sub-
sequent growth of crystals by blocking the {1 0 4} face can be
visualized in the model presented in Fig. 8. Although most
polyelectrolytes used to effectively control crystallization
of CaCO3 are block copolymers, recently, commercial ran-
dom sequences of styrenesulfonate and maleic acid mono-
mers (PSS-co-MA) have been reported by Cölfen et al. [61].
The PSS-co-MA showed effective influence on the nucleation,
growth, orientation and morphology of CaCO3. The influence
of the polymeric template on the nucleation of CaCO3 can be
explained by a nanoparticles-based crystallization pathway
resulting in truncated crystals.

Additionally, EDS analysis was carried out in order to
investigate the presence of Si atoms on the CaCO3 crystals.
EDS measurements of CaCO3 crystals obtained at different
pH values (Fig. 5A, for pH 9) and (Fig. 5B, for pH 12) de-
tected different amounts of Si adsorbed on the elongated
calcite crystals, which demonstrates the strong inhibitory
properties of CO2H-PMS. A small amount of Si from the
new template on the surface, in the range of 0.03 (at pH
9) and 0.07 (at pH 12) was enough to modify CaCO3 crys-
tals morphology. It is well known, since a long time [62],
that biomineralizations such as mollusk shells, crustacean
carapaces, eggshells, contain a small amount of organic
molecules (0.1–4 wt.%) responsible, notably, for the poly-
morph and the morphology of the biomineral considered.
Although, EDS is a surface technique, in the present paper
the EDS was used as qualitative but spatially resolved anal-
ysis to detect the adsorption sites of the CO2H-PMS. For
this reason, EDS measurements were carried out avoiding
the main error sources particularly the EDS signals from
the substrate components, carbon thin films were used to
protect the reference sample against environmental corro-
sion and to place the crystalline particles in inert ambient
air reducing the environmental oxidation of the thin film
surface. The contribution of these error sources decreases
as the film thickness of sample increases and it is strongly
dependent on the energy of the incident electron beam. A
detailed description for reducing the influence of error
sources, by using stoichiometric ratio of, e.g., FeS2 thin
films, reported by Ares et al. [63]. The elemental ratios of
crystal particles obtained with CO2H-PMS were deter-
mined by comparison with values obtained from pure
CaCO3 crystals of known chemical composition, which
served as a calibration set. The C, O, Ca and Au elements
were analyzed and the results were normalized by a



Fig. 4. SEM of CaCO3 crystals of control (A), with PDMS-co-PHMS (B) and with CO2H-PMS at different pH value from 7 to 12: pH 7 (C), pH 8 (D), pH 9 (E), pH
10 (F), pH 11 (G) and pH 12 (H) at 20 �C for 24 h.
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quantitative method (ZAF) with 2–3 iterations. Z-correc-
tion considers the average atomic number of the elements
forming the matrix material, A-correction takes into ac-
count the absorption by the matrix of the emitted X-rays,
and F-correction refers to the fluorescent emissions from
the matrix. The standards Quartz, Wollastonite, Calcium
carbonate and Gold were used. The amount of Si from
CO2H-PMS detected here is in agreement with its content
found in the organic matrix from bioceramic in nature,
which indicates that morphogenetic aspect of this inor-
ganic material can be well controlled by a very small
amount of CO2H-PMS [1,3,64–68]. Although it is difficult
to carry out quantitative determinations by EDS, which is
a surface technique, the screening of Si clearly shows no
homogeneous distribution as shown as red point at pH 9
and 11 (Fig. 5, insert). This observation provides the



Fig. 5. SEM-EDS of CaCO3 crystals obtained with CO2H-PMS at pH 9 (A) and pH 11 (B). Red points indicate the distribution of Si atoms onto the surface. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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evidence that the Ca2+ concentration on the CaCO3 surface
is regulated by selective distribution of Si from CO2H-PMS.
We suspect that the variation of the Ca2+ content could be
regulated by the adsorption of Si from this polymeric tem-
plate. At different pH, CO2H-PMS template can undergo
changes in carboxylate groups charge adopting different
orientations in solution and thereby elicit changes in
CaCO3 morphology. We surmise that the crystallization of
calcite, which is triggered by the carboxylate groups of
CO2H-PMS, results from a local accumulation of Ca2+ ions,
which correlates closely with the chemical nature of the
polymer and pH of the solution [42]. Finally, EDS revealed
the presence of Si from CO2H-PMS adsorbed onto the mod-
ified CaCO3 crystals obtained under all pH values and
where Si atoms outside crystals were not found (data not
shown) demonstrating the active modifying properties of
CO2H-PMS during the nucleation of CaCO3.

The FTIR spectra of powdered CaCO3 particles formed in
the presence of CO2H-PMS and PDMS-co-PHMS at different
pH values form pH 7 to 12 through gas diffusion method
showed absorptions at 1734 cm�1 and at 1022 cm�1 attrib-
uted to the C@O bond of the carbonyl groups of CaCO3
crystals and to the Si–O–Si indicating the incorporation
of this template in the crystal matrix (see Supplementary
data). Fig. 6 shows the XRD pattern of the CaCO3 crystals



Fig. 7. CaCO3 crystals elongation in the presence of different concentration of CO2H-PMS at pH 9. Simulation of CaCO3 crystals has been done using Software
JCrystal (2008). (A) Control of rhombohedra calcite crystals. (B) Initial modification and (C) fully modification.
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grown in the presence of CO2H-PMS at pH 12. XRD analysis
found that calcite and vaterite were the only two principal
polymorphs stabilized. It can be seen that the strongest dif-
fraction peak appears at 2h = 29.5� and is due to the 104
crystallographic face of calcite. However, all the rest of
crystalline peaks are ascribed to the diffraction of vaterite,
which represents the less thermodynamically stable poly-
morphs. This result shows the strong modifying capacity
of CO2H-PMS as template during the nucleation step.
XRD of CaCO3 grown in the presence of PDMS-co-PHMS
Fig. 8. SEM of CaCO3 with (A) CHI-g-CO2H-PMS and (B) TEM of AuNP coupled w
(A2) shows the simulation of the observed CaCO3 crystals by using Software JCr
shows only a crystalline diffraction peak at 2h = 29.6� con-
firming the presence of calcite crystals.

A cartoon representation for the elongation of CaCO3

crystals with CO2H-PMS and simulation of CaCO3 crystal
growth using Software JCrystal (2008) are presented in
Fig. 7.

The present data strongly suggest the ability of PMS
molecules to be used as template for the morphological
modification of CaCO3 crystals. This observation allows
the understanding of the ability of PMS for changing the
ith CHI-g-CO2H-PMS at different CHI-g-CO2H-PMS:AuNP ratios. Insert in
ystal (2008).
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energy landscape during the crystallization process and al-
lows catching a glimpse of interesting future applications
in materials. With this in mind the carboxylic groups of
CO2H-PMS was conjugated to primary amine groups of
CHI using 1-ethyl-3-(3-dimethylaminopropyl) carbodiim-
ide (EDC) as crosslinker. Thus, different CHIs grafted poly-
siloxanes (CO2H-PMS-g-CHI) were prepared and then
coupled with gold nanoparticles by crosslinking and cou-
pling reactions. These were prepared with different CHI-
g-CO2H-PMS:AuNP ratio and their influence on the CaCO3

crystallization was evaluated showing promising results.
SEM of CaCO3 obtained in the presence of CO2H-PMS-g-
CHI showed that this template is an efficient modulator
for stabilizing unstable CaCO3 polymorphs such as vaterite
(Fig. 8A1) or aragonite (Fig. 8A3) at different pH values. TEM
images of AuNP coupled to CO2H-PMS-g-CHI derivatives
are shown in Fig. 8B. The determination of AuNP concen-
trations in CHI-g-CO2H-PMS:AuNP and in the CHI in solu-
tion was of 6.26 and 3.77 lg, respectively, performed by
instrumental neutron activation analysis (INAA). HRTEM
analyses for visualizing the adsorbed AuNP on some spe-
cific crystal faces of CaCO3 are under progress.

4. Conclusions

The use of CO2H-PMS as template can effectively control
the morphogenesis and the crystallographic polymorphism
of CaCO3 crystals. The composition of the new template and
pH of the mineralization solution seem to be crucial during
CaCO3 nucleation and growth. Templates based on PMS offer
a wide range of possibility for polymer controlled crystalli-
zation applications. At different pH values, the carboxylate
groups of CO2H-PMS can undergo different degree of disso-
ciation. Therefore, the polymer adopt different conforma-
tion in solution and thereby elicit changes in CaCO3

morphology is obtained. The crystallization of calcite, which
is triggered by the carboxylate groups of CO2H-PMS results
from a local accumulation of Ca2+ ions, which correlates clo-
sely with the pH of the mineralization solution. FTIR analysis
is in good agreement with the proposed PMS structures and
the resulted CaCO3 particles. SEM analysis showed different
CaCO3 crystal morphologies as a function of pH from precur-
sors of CaCO3 nanoparticles to aggregated calcite crystals
occurring as short piles (5 lm) at pH 7–9, elongated single
crystals (20 lm) at pH 10–11 and donut-like vaterite at pH
12. EDS revealed the presence of Si atoms from CO2H-PMS
adsorbed onto the modified CaCO3 crystals. XRD demon-
strated two polymorphs: calcite and vaterite. Unstable
CaCO3 polymorphs, i.e., vaterite and aragonite can be stabi-
lized by using CHI-g-CO2H-PMS at different pH. In summary,
we demonstrated that the use of PMS and its derivative as
templates [58,67,68] provides a viable approach for study-
ing various aspects of biomineralization including produc-
tion of controlled polymorphs and defined morphologies.
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