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Abstract The objective of this work was to synthesize a
sulfonated polymethylsiloxane (S-PMS) by hydrosilylation
and sulfonation reactions and to investigate their effect on
the growth of CaCOj; crystals using a gas diffusion method
as a function of concentration, pH, and time. The result of
IR and NMR shows good agreement with all proposed
structures. Scanning electron microscopy images of CaCO3
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showed small well-defined calcite-forming short piles (ca
5 um) and elongated calcite (ca 20 pm) crystals. The
morphology of the resultant CaCO; crystals reflects the
electrostatic interaction of sulfonate moieties and Ca*"
modulated by S-PMS adsorbed onto the CaCO; surface. X-
ray diffraction confirmed the crystalline calcite polymorph.
Energy dispersive spectroscopy of CaCOj crystals deter-
mined the presence of Si atoms from S-PMS. The use of
PMS chemistry as an organic additive for the production of
CaCOs; particles is a viable approach for studying the
biomineralization and could be useful for the design of
novel materials with desirable shape and properties.
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Introduction

Polymethylsiloxanes (PMS) are silicone compounds that
have many interesting features and which represent the
most widely used silicon-based organic polymers in
different applications [1, 2]. PMS are known for their
useful properties such as flexibility, permeability to gases,
low glass transition temperature, and low surface energy.
The main synthetic route leading to functionalized PMS is
the hydrosilylation of unsaturated functional compounds
(allyl derivatives) with polysiloxanes containing Si-H active
groups [3, 4]. This synthetic route is associated with more
interesting and specific properties due to the regularly
arranged functional groups on the backbone chain. There
are many studies on the production of modified PMS, both
medical and nonmedical application [5-9].
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However, there are a few reports of the use of
polysiloxane chemistry in biomineralization and very little
investigation of the use of PMS for calcite nucleation
[10-12]. In this context, polysiloxane membranes have
demonstrated that inorganic materials might also be active
in controlling crystal nucleation and growth [10, 14]. For
instance, nucleation of calcite and of other calcium salts
such as calcium silicate and silanolate, has been achieved
in the presence of different catalysts with cross-linked
poly(dimethylsiloxane) mounted on glass slides.'’ Bio-
mineralization is a widespread phenomenon among living
systems (e.g., mollusk and egg shells, crustacean carapa-
ces, coral, bones, teeth, etc.) in which CaCO; is an
important inorganic mineral [13—14]. Biomineralization
has been extensively studied to investigate the control of
mineralization by biological molecules and how crystal
polymorph and structure can be controlled by organic
additives [12, 15]. In the fabrication of hybrid inorganic—
organic composites, a small amount of organic component
exerts substantial control on the mineralization process
[16—18]. Furthermore, the mineralization mechanism is
altered by different chemical groups (e.g., amine, sulfate,
and carboxylate) and functionalized networks [19-23].
Particular polyanionic sulfated macromolecules referred to
as proteoglycans have been described by our group to be
involved in the calcification of biominerals [24, 25].
Different approaches have been used to synthesize specific
polymorphs of CaCOj; in various forms such as films,
spheres, sponge-like structures, ligand-receptor complexes,
block copolymers and synthetic polypeptides [26-32].

Herein we report the effect of sulfonated polymethylsi-
loxane (S-PMS) produced by hydrosilylation and sulfona-
tion reactions as an organic additive on crystal growth of

Fig. 1 Synthesis of F-PMS and
S-PMS after the a hydrosilyla-
tion and b the sulfonation
reactions

Polymethylsiloxane
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CaCO; using a gas diffusion method [33]. We found that
the spatial arrangement of sulfonate groups on S-PMS can
alter CaCO; crystal nucleation, orientation, and morpholo-
gy at various concentrations of S-PMS and as a function
of pH and time [34]. Our work is motivated by the
paucity of reports on the effect of PMS in mineralization
experiments. Hence, we describe the synthesis and
characterization of S-PMS and our investigation of its
influence on in vitro CaCOj crystallization.

Experimental
Materials and measurements

Polymethylsiloxane, styrene, toluene, methylene chloride
(CH,Cl,), and all solvents were dried and distilled under
argon. CH,Cl, was purified by refluxing over lithium
aluminum hydride for 72 h. The 2-propanol and sulfuric
acid (95-97%) were used without further purification.
The dicyclopentadienyl platinum (II) chloride (Cp,PtCl,)
catalyst used for the hydrosilylation reaction was synthe-
sized from hydrated hexachloroplatinic acid (IV) and
diclyclopentadiene respectively [35].

IR spectra were obtained on Perkin Elmer Paragon 1000
and Bruker Vector 22 instruments. NMR ('H, '3C, 2°Si)
of the functionalized PMS (F-PMS) and sulfonated PMS
(S-PMS) were obtained with a Bruker 250 MHz and AMX
300 MHz (Fig. 1). The molecular weight (MW) determi-
nation was carried out by using PSS-Win GPC-PSS gel
permeation chromatography (GPC). The CaCOj crystals
formed after in vitro crystallization were collected and
then coated with gold on an automated sputter coater
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(EMS-550). For scanning electron microscopy (SEM)
and energy dispersive X-ray (EDS) analysis, the CaCO;
crystals were examined with a Tesla BS 343A and JEOL
JSM-5410 at 15 kV, respectively. The diffraction spectra
were taken from a powdered sample on a paper filter
supported on a metal base in a Siemens D-5000 X-ray
diffractometer with CuK,, radiation (graphite monochro-
mator). The geometric scanning Bragg—Brentano (6—6)
and the angle range from 5° to 70° (20) were performed.
The filter used as a support was a Gelman Sciences
Sepraphore III membrane [36]. The Diffrac Plus was used
as data control software.

Hydrosilylation and sulfonation reactions

The hydrosilylation reaction of PMS was done with styrene
as unsaturated compound and Cp,PtCl, as catalyst [36, 37].
Briefly, styrene (15 mol% excess versus the Si—H of PMS)
was dissolved in 100 ml of sodium-dried, freshly distilled
toluene together with the stoichiometric amount of PMS.
The reaction mixture was heated to 85 °C under argon, and
100 pl of Cp,PtCl, as a solution in CH,Cl, was then
injected. The mole ratio of Pt/SiH catalyst was 1.5x10".
The mixture was refluxed under argon with agitation until
both IR and '"H NMR showed that the hydrosilylation
reaction was complete. Then, the F-PMS was dried under
vacuum at 40°C for 72 h. The yield from the hydrosilylation
was 95%. The S-PMS was prepared by dissolving the F-
PMS in CH,Cl, with a stoichiometric amount of sulfuric
acid overnight at room temperature after which the reaction
temperature was increased to 80 °C, and the mixture was
incubated for 2 h. Then, the mixture was evaporated, and the
S-PMS was washed and dried under vacuum at 40 °C for
2 h. The yield from the sulfonation was 98%.

Crystallization method

Calcium chloride (CaCl,), ethanol, and tris(hydroxymethyl)
aminomethane (TRIS) were obtained from ACS-Merck,
and ammonium hydrogen carbonate (NH4HCO;) was from
J.T. Baker. All reagents were of the highest available
grades. Deionized water was obtained from capsule filter
0.2 um flow (U.S. Filter). The CaCOj crystallization was
based on the gas diffusion method (Fig. 2) and carried out
as described elsewhere [24, 38—40]. The gas diffusion
method was performed using a chamber consisting of a
85-mm plastic Petri dish having a central hole in its
bottom which is glued to a plastic cylindrical vessel.
Inside the chamber, polystyrene microbridges were filled
with 35 pl of 200 mM CaCl, solution in 200 mM TRIS
buffer. The cylindrical vessel contained 3 mL of 25 mM
NH4HCO; solution. All experiments were carried out

Fig. 2 Schematic representation of the experimental setup for the gas
diffusion method

inside the Petri dish using S-PMS polymer at different
concentrations (32, 64, and 1.6 mg/mL) at 20 °C for 24 h.
For these experiments, a stock solution of 1.6 mg of S-PMS
in deionized water at different pH (from 7 to 12) was
prepared as mother solution in an Eppendorf tube. All
experiments were carried out inside the Petri dish using
different pH, from 7 to 12, at 20 °C for 24 h. A microbridge
was filled with a 35-ul of CaCl, solution without additive
as blank control and one with PMS as a negative control.
All crystals of CaCOj5 result from the diffusion of carbon
dioxide (CO,) gas into the buffered CaCl, solution. The
crystallization occurs on the surface of the filter paper in
which the polymer was deposited first. The microbridges
with the CaCOj; crystals formed were carefully rinsed with
deionized water and dehydrated through solution of ethanol
in growing concentrations (50%, 80%, and 100%), dried at
room temperature, and observed the microstructure by
SEM. The pH is very important in the biomineralization
field. In gas diffusion method, the CaCOj crystallization is
performed at 24 h, and the effect of pH is eliminated by
fixing the pH using TRIS buffer.

Results and discussion

The term hydrosilylation describes an addition reaction in
which compounds with one or more Si—H bonds combine
with any reagent [4]. The hydrosilylation reaction of PMS
was monitored with IR and NMR techniques by the
decrease of the Si—H bond. Figure 3 represents the IR
spectra of PMS, F-PMS, and S-PMS polymers. Figure 3a
shows a classic organosilicon IR spectrum in which the
most typical absorption peaks are at 2,157 cm ' and around
1,222-966 cm ' due to Si-H and Si—O-Si bonds, respec-
tively [41, 42]. In Fig. 3b, the absorption peak of Si—H has
disappeared demonstrating that the hydrosilylation was
complete. The broad absorption bands at 3,000 cm ™' are
assignable to the incorporation of carbon/hydrogen bonds
on the main chain of F-PMS and S-PMS. The absorption
bands of Si—O-Si and Si—CHj3 were also found. Figure 3c
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Fig. 3 IR of a PMS, b F- PMS, and ¢ S-PMS

shows the C=C stretching absorptions of an aromatic
compound around 1,600 and/or 1,500 cm ' with four
absorption bands between 2,000 and 1,700 cmﬁl, which
indicates the mono substitution of an aromatic ring. The
S=O0 stretching absorption occurs at 1,215 and 1,010 cm ™.
All the absorption peaks obtained by IR are in good
agreement with the chemical structures of PMS, F-PMS,
and S-PMS [34].

Figure 4 shows the NMR spectra of F-PMS (Fig. 4a) and
S-PMS (Fig. 4b) obtained after hydrosilylation and sulfo-

nation reactions, respectively. In Fig. 4(a) the different
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Fig. 4 "H-NMR of a F-PMS and b S-PMS. The C,D,Cl, and CDCl,
were used as deuterated solvents

proton signals at 6~0.78 and §~2.3 ppm can be assigned to
—CH,, and the signals at §~1.27 and 6~2.05 ppm are due to
—CHj; and —CH, respectively. The aromatic protons from
styrene were determined as an intense singlet at 6~7.0 ppm
in both spectra. These broad but well resolved signals
presumably are due to the high of MW and polydispersity
(D) values of F-PMS despite the flexible polymer back-
bone. The MW of F-PMS was 1.5x10* (g/mol) and its
polydispersity (D=2.7) was determined by GPC. Neverthe-
less, the 'H-NMR of S-PMS (Fig. 4) showed an extra peak
at 8.5 ppm which is attributed to the sulfonate group
inserted on the aromatic ring of F-PMS.

In order to evaluate the effect of sulfonate moieties of the
S-PMS as an organic additive on in vitro CaCO3 mineral-
ization, a set of CaCO; crystallization experiments was
performed with S-PMS as a soluble additive and/or gel
substrate, and the morphology of the resultant CaCOj;
crystals was investigated. The in vitro CaCOj crystalliza-
tion was carried out with a gas diffusion method by varying
the concentration, pH, and time at 20 °C. Figure 5 shows
the SEM images of CaCOj crystals grown in the presence
of different S-PMS concentrations at 20 °C at pH 9 for
24 h. Figure 5a shows the typical morphology of
rhombohedral calcite crystals obtained without additive,
and in Fig. 5b, we observed similar rhombohedral mor-
phology in the presence of PMS without sulfonate moieties
as negative control. The CaCOj; obtained with different
concentrations of S-PMS resulted in modified calcite
crystals in the size range between 10 and 25 um. For
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Fig. 5 SEM of CaCOj; crystals
obtained in the presence of PMS
and S-PMS at 20 °C at pH 9 for
24 h: a control calcite, b calcite
obtained with PMS, ¢ 64 ug
(substrate) of S-PMS, d 32 pg/ml
of S-PMS, e 64 pg/ml of S-PMS,
and f 1.6 mg/ml of S-PMS

instance, Fig. 5c shows CaCO; crystals obtained with S-
PMS (64 pg) as a substrate, which revealed a highly
electrostatic interaction of sulfonate groups with Ca®" ion
inducing a selective deposition of CaCOj in a network
consisting of S-PMS chains bridged by Ca®". Crystalliza-
tion of inorganic materials on solid templates has attracted a
great deal of attention showing significant effects on the
control of CaCOj crystallization. It is known that PMS have
a much higher permeability to gases than other synthetic
polymers which can be useful in the gas diffusion method.
This phenomenon is due to the torsion and bending
flexibility of S-PMS, which elicits a characteristic nucleation
and growth of CaCO; crystals. Similar results have been
reported with sulfonic acid-based hydrogels in a poly-
acrylamide network [34] using double-diffusion crystalli-
zation and with polycarboxylate polymers as an additive
[43, 44]. Furthermore, Fig. 5d—f shows the CaCO; crystal
morphologies obtained with 32, 64 and 1.6 mg/ml of S-

PMS as additive during crystallization at pH 9. At a lower
concentration of S-PMS, 10 to 20 um size and modified
calcite crystals were obtained (Fig. 5d,e). However, when
the concentration of S-PMS is increased (Fig. 5f), no single
rhombohedral calcite crystals were found, and only aggre-
gated calcite crystals elongated along the crystallographic
c-axis direction were observed on the filter paper back-
ground. The white arrow shows the c-axis for the calcite
crystals. Closer examination of these elongated calcites
revealed that they have smooth surfaces and poorly defined
end faces, and all the single crystals lost their well-defined
rhombohedral shape (Fig. 5f, insert). The size of these
crystals was between 15 and 25 um. Clearly at a high
concentration (1.6 mg/ml), the S-PMS exerted a strong
inhibitory effect on growing rhombohedral calcite, and we
found very few single crystals, which demonstrate the
robust inhibitory nucleation properties of S-PMS during
CaCOj; crystallization. We believe that the aggregation
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process of the truncated calcite crystals occur due to
nonspecific adsorption of the charged sulfonate moieties
of S-PMS onto the crystal faces, which blocks specific
growth directions. Face selective nucleation of CaCO;
crystals has been clearly demonstrated with self-assembled
monolayers [45] and by varying the carboxylate content of
functionalized polymers [46, 47]. On the other hand, it has
been described that the presence of sulfate moieties of
sulfate glycoaminoglycans (GAGs) makes it possible to
control the nucleation and produce drastic modification of
CaCOj3; morphology [25, 34].

For evaluating the influence of the pH and time of
crystallization of the sulfonate groups of S-PMS, a set of
CaCO; crystallization experiments was carried out by
altering the pH (in the range of 7-12) and time (1, 6,
and 24 h) at a constant concentration of S-PMS at 20 °C.
Figure 6a—f shows the effect on CaCOj3 crystal morphology
obtained with S-PMS at 1.6 mg/ml for 1 h at pH in the
range of 7 to 12. Different morphologies of CaCOj; crystals
were only obtained for pH 8 to 12 (Fig. 6b—f), and no
crystals were observed at pH 7 (Fig. 6a). Figure 6b shows
precursor nanoparticles of CaCO;5 granules (ca 500 nm in
size) at pH 8. Figure 6¢c—f shows CaCOj; crystals obtained
at pH 9 to 12. These aggregated crystals lost their well-
developed edges and show elongation on the atomic steps
on the (104) face. Figure 6f shows a number of very small
aggregated rhombohedral calcite crystals forming short
piles (5 pm in size) obtained at pH 12. A similar calcite
crystal morphology with a stairstep dendritic structure has
been reported with synthetic peptides and synthetic organic
polymer like poly (vinyl alcohol) [48, 49].

Fig. 6 SEM of CaCO; crystals
obtained in the presence of S-
PMS at 20 °C for 1 h. a pH 7,
bpH 8, ¢pH 9, dpH 10, e
pH 11, and f pH 12

@ Springer

When the same set of CaCOj crystallization experiments
was carried out for 6 and 24 h, a similar tendency was
found; however, in this experiment, the nucleation of
precursor nanoparticles of CaCOz occurred at lower pH.
As shown in Fig. 7a, at pH 7, there are numerous precursor
nanoparticles of CaCO; granules on the filter surface.
Figure 7a—f shows the resultant CaCOj crystals obtained at
pH 7 to 12 for 24 h. Figure 7c—f shows aggregated crystals
obtained at pH 8 to 12. Figure 7¢ and f show elongated
CaCOs; crystals (Fig. 8) forming piles in the range of 10—
30 wm in size. We observed that the surface of the
background filter paper was smoother without any precur-
sor nanoparticles (Fig. 7d—f) indicating precursor particles
start to dissolve due to higher ionization degree of the
template. Under such condition, there is drastic increase
in the supersaturation level of Ca'® which exceeds the
solubility limit, and hence, compact piles of CaCOj; crystals
is nucleated from the solution. Here, we assume that the
accumulation of Ca”’ ions are better at pH 12 due to
ionization and of the expected spatial arrangement of
sulfonate groups of S-PMS, which facilitates interaction
between Ca”’ ions and sulfonate groups during CaCOs
crystallization. It is known that dissolution—crystallization
phenomenon is related to the critical polymer concentra-
tion needed for the stabilized nanoparticle precursor of
CaCOj; granules and with the concept that stereochemical
interactions of an organic acid and Ca®" provide the
morphogenetic and orientation control of CaCOj3 biogenic
crystals [34, 43, 45, 50, 51].

Taking this into account, we suspect that the S-PMS
polymer is adsorbed on the CaCO; surface, and the
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Fig. 7 SEM of CaCO; crystals
obtained in the presence of S-
PMS at 20 °C for 24 h. a pH 7,
bpH 8, ¢pH 9, dpH 10, e
pH 11, and f pH 12

presence of the sulfonate moieties bonded to the polymer
backbone produce a local Ca** ion accumulation, which is
more pronounced at higher pH. The stereochemical
interaction of the S-PMS with the CaCO; surface and
subsequently growth of crystals by blocking the facets can
be visualized in the follow scheme.

The effects of temperature and pressure on the nucleation
of CaCO; are most important parameters in order to obtain
less thermodynamic polymorphs. There are several reports
on the effects of lower temperature on the nucleation of
calcium carbonate. For example, the presence of additives
like aspartic acid immobilized polyacrylic acid (PA-Asp)
induced the nucleation of spherical vaterite polymorph at
4 °C. However, at room temperature, a thin film of calcite
was deposited. Moreover, stable amorphous CaCO; was
precipitated in the presence of Mg at low temperature.
Valiyaveettil et al. reported that at low temperature the
presence of additives influence the nucleation, polymorph
selectivity, and morphology of the precipitated CaCO;
particles [52]. Nevertheless, the scope of the current study
was to demonstrate the influence of S-PMS on the CaCOj3
crystallization behavior using gas diffusion method by
varying only two parameters, say polymer concentration
and pH. The temperature is crucial in order to study the
polymorphs of CaCO; [53], whereas we believe that the

Fig. 8 Representation of
CaCOj crystals elongation in the
presence of S-PMS

L

Calcite

mechanism and kinetics of crystallization are strongly
influenced by the solubility and charge density behavior
of polymer in aqueous solution.

EDS analysis was carried out in order to investigate the
presence of Si on the CaCO; crystals. EDS measurements
of CaCOj; crystals obtained at pH 9 for 24 h (Fig. 9a,b)
and pH 12 (data no shown) detected different elemental
compositions of Si adsorbed on the elongated calcite
crystals, which demonstrates the strong inhibitory properties
of S-PMS. A small amount of Si from S-PMS on the surface,
in the range of 0.94% (at pH 9) and of 1.61% (at pH 12) was
necessary to modified CaCOs crystals. The Si percentage
was higher in between the crystal surfaces than at the bottom
or lateral positions. It is important to mention that the amount
of Si from S-PMS detected here is in agreement with the
organic matrix content found in nature, which indicates that
morphogenetic aspect of this inorganic material can be well
controlled by a small amount of S-PMS as an additive [10,
12-14, 50]. Figure 9b shows the SEM image and the
screening of Si and Ca atoms over a short distance (about
20 um) at pH 9. Although the EDS technique is a surface
technique, and it is difficult to do quantitative determina-
tions, this screening showed no constant distribution of Ca
and Si elements. This observation provides evidence that the
Ca”" concentration on the CaCOj surface is regulated by the

C C C
9 )

N

Elongated calcite

S

Modified calcite
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Fig. 9 EDS and screening of Si a

and Ca atoms of CaCO;
3000

obtained in the presence of S- Ca
PMS for 24 h at 1.6 mg/ml. a
EDS at pH 9, b screening of Si Ca
(pink color) and Ca (blue color)
atoms C
o
u
n Au
t Al
s
si m Au
0 N
0.000 kel 11.865

distribution of Si from S-PMS. We suspect that the variation
of the Ca®" content could be regulated by the adsorption of
Si from S-PMS. On the other hand, we observed CaCO;
crystals grown in the bottom of the microbridges with similar
crystal morphology due to the diffusion of S-PMS molecules
from the filter into the solution with higher concentration of
Si (1.74%).

Figure 10 shows the XRD patterns of the CaCOj crystals
grown in the presence of S-PMS. It can be seen that the
strongest diffraction intensity are the peaks around 26=50.0°
and 20=43.0°, which are due to the metal base (copper) and
the peaks around 26=13-24° are ascribed to the diffraction
of the filter. This XRD patterns shows the crystalline peak
at 20=29.6° confirming the polymorphism of calcite.

Conclusions

The presence of S-PMS can effectively control the morpho-
genesis and the crystallographic polymorphism of CaCO;
crystals. Concentration of S-PMS, pH, and time were found
to be crucial during CaCOj; nucleation and growth. At
different pH, S-PMS can undergo changes in charge of the
sulfonate groups and adopt different orientations in solution
and thereby elicit changes in CaCO; morphology. We
surmise that the crystallization of calcite, which is triggered
by the sulfonate groups of S-PMS results from a local
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accumulation of Ca®" ions, which correlates closely with
the polymer’s nature, concentration, pH, and crystallization
time [33]. The similarity in CaCO; morphology observed
on the bottom of the microbridges is explained by diffusion
of S-PMS. IR and NMR analysis are in good agreement
with the proposed F-PMS and S-PMS structures. SEM
analysis showed different CaCO; crystal morphology as a
function of pH from precursors of CaCO; nanoparticles to
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Fig. 10 XRD patterns of CaCO; crystals grown in the presence of
S-PMS
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aggregated calcite crystals occurring as short piles (5 um)
and elongated calcite crystals (20 pm). EDS revealed the
presence of Si from S-PMS adsorbed onto the modified
CaCOs; crystals and XRD demonstrated calcite polymorph.
In summary, we demonstrated that the use of PMS
chemistry as an additive or substrate templates [34, 54,
55] provides a viable approach for studying various aspects
of biomineralization including production of controlled
particles, polymorphism, and defined morphologies.
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