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ABSTRACT: In this work, uniform calcium carbonate (CaCO,) and
barium carbonate (BaCO;) crystals were synthesized under the
control of poly(2-methacryloyloxyethylphosphorylcholine) (PMPC)
via a simple gas—liquid diffusion reaction. Spherical CaCO; particles
with six smooth facets symmetrically distributed on the surface were
prepared and systemically characterized by means of TEM, SEM,
XRD, Raman, TGA, and FTIR. Time-resolved experiments showed

@ Caor Ba* &F caco, subunits
 Amorphous particles @i BaCO, subunits

the spherical calcite crystals were transformed from amorphous

calcium carbonate (ACC) in the early stage and underwent a dissolution—recrystallization process in the later stage. For BaCOs,
dumbbell-shaped crystals that were formed by the dendritic aggregation of rod-like subunits with six sides were generated. Both
the morphologies of CaCO; and BaCOj crystals could be effectively tuned by changing the crystallization time and concentration
of PMPC. Finally, a possible crystallization mechanism for the formation of CaCO; and BaCOj particles under the control of

PMPC was proposed based on the experiments.

KEYWORDS: Zwitterionic, Poly(2-methacryloyloxyethylphosphorylcholine), Time-resolved experiments,
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B INTRODUCTION

In nature, biominerals are biogenic materials made by the
orderly stacking of inorganics. The size, shape, and crystallo-
graphic orientation of biominerals can be accurately regulated
by polysaccharides or proteins in living organisms.' * Among
these biominerals, CaCOj is most researched by scientists due
to it being the basis and crucial constituent for nacre, which is
one of the most impressive materials formed in the natural
environment with a highly regular brick-and-mortar arrange-
ment structure and excellent mechanical properties.”> More-
over, CaCOj; has already been widely used in many industrial
areas for hundreds of years, like papermaking, plastics, paints,
cosmetics, rubber industry, etc.; hence, how to control the size,
morphology, and mechanical properties of CaCOj particles has
drawn great attention.*®’

To investigate the mineralization mechanism and artificially
synthesize CaCO; with regular structure and excellent
mechanical property, plenty of biomimetic strategies have
been employed. The most crucial factor for these strategies is
the use of water-soluble modifiers; a significant amount of work
has demonstrated that water-soluble modifiers can stabilize the
amorphous calcium carbonate (ACC), accelerate the growth,
and regulate the morphology and polymorphs of CaCOj;
crystals.” ™" Up to now, water-soluble modifiers provided one
of the most versatile methods for controlling the crystallization
process of CaCOj crystals and other minerals.”**~"7 Protein is
regarded as the most suitable modifier to regulate the
morphology, polymorphs, and texture of CaCO; crystals
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because the specific function of the biominerals are always
formed under the control of protein in organisms; however, the
limitation of water-soluble protein in nature hinders the
widespread use of it."*">° To overcome this problem, much
attention has been paid on artificially synthesizing water-soluble
proteins or polypeptides to replace the role of natural protein.
But the high cost, harsh reaction conditions, and low
conversion yield of condensation polymerization of amino
acids hamper the wide use of these methods.> ™ To date, the
most utilized modifiers are polyelectrolytes, which are
generated by additional polymerization and contain positive
or negative charges on each side chain, such as poly(acrylic
acid) (PAA), poly(sodium 4-styrenesulfonate) (PSS), poly-
(allylamine hydrochloride) (PAH), sodium salts of carbox-
ymethyl cellulose (NaCMC), etc.''*'”***% Various morphol-
ogies of CaCOj can be generated under the control of these
polyelectrolytes. However, as far as we know, most of these
polyelectrolytes have only one kind of charge; compared to
protein, they are not very suitable to use to investigate the
mineralization mechanism under the control of protein in
organisms and biomimetically synthesize biominerals.
Phosphorylcholine is a crucial component of phospholipids
that act as a key role in cell membranes.”**” 2-Methacryloylox-
yethylphosphorylcholine (MPC) is the most researched
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phosphorylcholine during the past few decades. It is an
excellent monomer from the viewpoint of polymerization
ability, and the polymers of it are regarded as one of the most
suitable phospholipids moieties for the study of the stabilization
of phospholipid assemblies.”*** As previous works reported,
poly(2-methacryloyloxyethylphosphorylcholine) (PMPC)
shows extremely high biocompatibility and antithrombogenic-
ity, which has already been aplplied for implantable medical
devices and drugs delivery.”” " Importantly, MPC has both
positive and negative charges, which is similar to amino acids,
thereby, to some extent, the property of zwitterionic PMPC is
close to proteins or polypeptides. Moreover, the excellent water
solubility and dispersibility, strong intermolecular association
through electrostatic interaction, and high affinity for metal
salts determine that PMPC can be an ideal and promising
substitute for proteins or polypeptides to biomimetically
synthesize CaCOj; crystals and investigate the mineralization
mechanism of CaCO, in organisms.>>”*>%?

Herein, we proposed a biomimetic synthetic method to
fabricate CaCOj; and BaCOj crystals with delicate morphology
through a simple gas—liquid diffusion reaction of carbon
dioxide (CO,) in the presence of a zwitterionic polymer,
PMPC, as the nucleation and growth modifier. Uniform
spherical CaCOj crystals with six smooth facets symmetrically
distributed on surface and dumbbell-shaped BaCOj; crystals
that were formed by the dendritic aggregation of rod-like
subunits with six sides were generated under the control of
PMPC. Besides, the morphology of CaCO; and BaCOj crystals
could be efficiently tuned by the mineralization time and the
concentration of PMPC. Because PMPC both contains positive
and negative charges, which is similar to protein, our work
might provide a new view to the investigation of the
mechanism of biomimetic mineralization under the control of
protein.

B EXPERIMENTAL SECTION

Materials. Calcium chloride (CaCl,), barium chloride (BaCl,),
ammonium carbonate ((NH,),CO;), and potassium peroxydisulfate
(KPS) were purchased from Sinopharm Chemical Reagent Co., Ltd. 2-
Methacryloyloxyethyl phosphorylcholine (MPC) was purchased from
Joy-Nature Technology Institute. All reagents were of analytical grade
and used without further purification.

Synthesis of PMPC. PMPC was synthesized by typical radical
polymerization. Briefly, 0.5905 g of MPC was dissolved in 20 mL of
deionized water, followed by adding 0.0027 g of KPS, and then the
mixture was kept at 60 °C in N, atmosphere for 4 h in oil—water bath.
Afterward, the mixture was dialyzed in deionized water by using a
Slide-a-Lyzer dialysis cassette (molecular weight cutoff MWCO,
14000) for at least 7 days to remove residual MPC. Finally, the
product was freeze-dried for characterization.

Preparation of CaCO; and BaCOj; Crystals under the Control
of PMPC. All glassware (small pieces of glass slides and glass bottles)
were subjected to ethanol and sonicated for 15 min, rinsed with
deionized water, followed by soaking in HNO;—H,0,—H,0 (1:1:1)
solution for 24 h, further cleaned with deionized water and acetone,
and finally dried in oven at 60 °C.

The mineralization process was carried out with a gas-diffusion
method, which had been reported in our previous work.”* Typically,
10 mL of 0.01 M CaCl, (or BaCl,) solution was added into a 10 mL
beaker, followed by 0.05 g of PMPC. Two pieces of clean glass slides
were carefully put at the bottom of the beaker. Then, the beaker was
covered with parafilm, which was pierced with three needle holes;
afterward, the beaker was placed into a closed desiccator with a bottle
of (NH,),CO; powder at the bottom. After different mineralization
times, the beaker was taken out of desiccator, the glass slides were
carefully taken out, and the product was rinsed with ethanol or
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deionized water and dried at ambient conditions for further
characterization.

Characterization. The scanning electron microscope (SEM)
images were taken with Zeiss Ultra S5 microscope and Hitachi-S-
4800 FE-SEM with gold coating. Transmission electron microscope
(TEM) observations were carried out on a JEOL JEM2011 at 200 kV
equipped with selective area electron diffraction (SAED). Raman
spectra were recorded on a Renishaw inVia Reflex Raman
spectrometer equipped with 632.8 nm helium/neon laser and CCD
detector. Thermogravimetric analysis (TGA) was performed at a
heating rate of 20 K/min on PerkinElmer Pyris-1 TGA in a nitrogen
atmosphere at a flow rate of 40 cm?®/min. Fourier transform infrared
(FTIR) spectra were taken with a Nicolet Nexus 470 spectrometer. 'H
nuclear magnetic resonance ("H NMR) spectra were recorded on a
Bruker AVANCE 400-MHz instrument by using D,O as solvent and
TMS as an internal standard.

B RESULTS AND DISCUSSION

Synthesis and Characterizations of PMPC. PMPC was
synthesized by a simple radical polymerization employing KPS
as initiator.”” Figure 1 shows the 'H NMR spectra of MPC
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Figure 1. "H NMR spectra of MPC (I) and PMPC (II).

monomer (I) and as-prepared PMPC (II) with the relevant
signals labeled. The resonance peaks at 3.5, 3.9, 4.1, and 4.2
ppm are assigned to phosphorylcholine moieties, and the peaks
at 5.6 and 6.0 ppm are attributed to unsaturated double bond
moieties of MPC units. After polymerization, these peaks
disappear, and instead, a broad band is observed at 1.8 ppm,
which is assigned to the methylene groups on the main chain,
as well as the characteristic peak of the methyl groups shift from
1.7 to 1.0 ppm.**" FTIR spectra were also utilized to
characterize the structure of MPC and PMPC. As shown in
Figure 2, the peak at 1721 cm™" refers to C=0 groups, 1242
and 1088 cm™' are attributed to —POCH, groups, and 966
cm™' is associated with —N*(CH;); groups. Moreover, the
peaks at 1633 and 1303 cm™, which are assigned to v(C=C)
and v(=C-H) of MPC, disappear after polymerization,
indicating PMPC is successfully synthesized.”***° The
improvement of pyrolysis temperature after polymerization
also reveals that MPC is polymerized to PMPC (Figure S1,
Supporting Information).

Effect of PMPC Concentration on Morphology of
CaCO; Crystals. To investigate the effect of PMPC
concentration on the morphology of CaCO; crystals, a series
of PMPC aqueous solutions from 0.1 to 15 g/L were used. The
SEM images of these crystals are shown in Figure 3. Typical
rhombohedron particles with a size of 35 um are generated
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Figure 2. FTIR spectra of MPC (I) and PMPC (II).

Figure 3. SEM images of CaCO; particles generated in different
PMPC solution at 25 °C: (a) 0.1, (b) 1, (c) 3, (d) S, (e) 10, and (f) 15
g/L.

when the concentration of PMPC is very low (0.1 g/L), which
is very similar to the samples prepared without any modifier.*
When the concentration is 1 g/L, most of crystals are still
rthombohedron. However, some of them begin to evolve
complex morphologies with terraced structures on the surface,
and the edges and corners become fuzzy. With increasing
PMPC concentration to 3 and 5 g/L, the edges and corners of
particles become more fuzzy and their surfaces become
smoother, together with the particles tending to form spheres.
Moreover, their sizes decreases to 10 ym, revealing that PMPC
begins to regulate the nucleation and growth of CaCOj crystals.
When the concentration of PMPC is increased to 10 g/L, the
particles form spheres with six smooth facets symmetrically

distributed on their surfaces, which is close to the morphology
of CaCOj prepared in the presence of poly(4-styrenesulfonate-
co-maleic acid) (PSS-co-MA) by Colfen et al.” Noticeably, the
six-sided structure is similar to calcite’s equilibrium shape,
which is rhombohedron in some ways. The particles that are
generated with 15 g/L PMPC hardly change compared with
particles fabricated in 10 g/L PMPC solution, in spite of the
proportion of the spheres improving. These results indicate that
PMPC can effectively regulate CaCO; particles to spheres with
six smooth facets symmetrically distributed on the surface, and
the critical concentration of PMPC for this morphology is
about 10 g/L. To confirm our speculation, we also prepared
CaCO; crystals in two different PMPC solutions whose
concentrations were close to 10 g/L (7.5 and 12.5 g/L)
(Figure S2, Supporting Information). The results show that the
CaCO; particles prepared in 7.5 g/L PMPC solution are still
irregular, and uniform spherical CaCO; can be prepared in 12.5
g/L PMPC solution. This means that spherical CaCOj particles
with six smooth facets symmetrically distributed on the surface
can only be prepared when the concentration of PMPC is
higher than 10 g/L.

X-ray powder diffraction (XRD) and Raman spectrometer
were employed to systematically investigate the polymorphs of
CaCOj crystals generated in different PMPC solutions. The
XRD patterns show that all of the particles prepared with
PMPC are calcite, and the main peak at 29.2° (d-spacing = 3.02
A) is assigned to the (104) face of calcite (Figure 4a).*” In the
Raman spectra, the peaks at 1085 and 711 cm™" are assigned to
symmetric stretching (v;) and in-plane bending (v,) of calcite,
and the two peaks located at 281 and 155 cm™ are attributed
to the lattice vibration of calcite, also indicating that all of the
CaCO; crystals regulated by PMPC are calcite (Figure 4b).*®
As we know, the usual morphology of calcite is rhombohedron,
due to the unit cell of calcite belong to the trigonal phase.'” In
the present work, the spherical calcite particles are probably
formed by the orderly stack of rhombohedral subunits under
the control of PMPC chains. The six-sided structure of these
spheres is similar to a rhombohedron in some ways, partly
confirming this speculation (Figure 3e). In order to
demonstrate the regulatory effect of PMPC, the content of
PMPC in the products were measured by TGA analyses
(Figure 4c and Table S1, Supporting Information). In Figure
4¢, two weight loss sections can be observed, the maximum
weight one occurs from 600 to 800 °C, assigned to the thermal
decomposition of CaCOj; crystals.**** The other one, which
takes place from 280 to 500 °C, should be ascribed to the
thermal pyrolysis of the PMPC skeleton (Figure S1, Supporting
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Figure 4. (a) XRD patterns, (b) Raman spectra, and (c) TGA curves of CaCOj particles generated in different PMPC solutions at 25 °C: (I) 0.1,

(I) 1, (II) 3, (Iv) S, (V) 10, and (VI) 15 g/L.
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Information).*' Interestingly, the specific content of PMPC in
CaCO; and BaCOj crystals is enhanced with an increase in
initially adding PMPC and a much higher initial concentration.
This distinctly reveals that PMPC chains take part in and
regulate the nucleation and growth of CaCOj; particles during
the crystallization process. This result is further confirmed by
FTIR spectra. The peaks at 1721 and 1088 cm™, which are
attributed to C=0 groups and —POCH, groups of PMPC, can
be observed in the FTIR spectrum of the as-prepared CaCO,
particles, indicating that PMPC chains are still embedded in the
CaCO; particles after crystallization (Figure S3, Supporting
Information).>>3%%3

Time-Resolved Experiments of CaCO; Crystallization
Process. Time-resolved experiments were performed in a 15
g/L PMPC solution to investigate the crystallization process of
CaCOj; under the control of PMPC. Figure S shows the TEM

Figure 5. TEM images of CaCOj particles generated in 15 g/L PMPC
solution after different mineralization times at 25 °C: (a, b, ¢) 0.5 h, (d,
e) 1.5 h, and (f, g) 2 h. Panels (b) and (c) are the HRTEM images of
the marked area of (a) with red color and white color, respectively.
Panels (e) and (g) are the HRTEM images of the marked area of (d)
and (f). The insets show the SAED patterns of each sample.

images of CaCOj particles generated after different mineraliza-
tion times. Noticeably, two kinds of particles are observed in
the initial stage (0.5 h) (Figure Sa). For the low contrast
particle, no crystal lattice can be found in the high resolution
TEM (HRTEM) image, indicating the particle is amorphous
calcium carbonate (ACC), which is certified by the dispersion
ring on the SAED pattern (Figure 5b).***> While for the other
particle in Figure Sa, the clear and order lattice fringes in
HRTEM reveal that the particle is well crystallized, and the d-
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spacing is 3.02 A, corresponding to the (104) faces of calcite
(Figure 5¢).*” The single-crystalline SAED pattern with sharp
faculae also reveals that the crystal has high crystallographic
orientation. The faculae are assigned to (104), (102), and
(006) faces of calcite, suggesting ACC transforms to calcite
gradually during the mineralization process.'”**** When the
reaction time is increased to 1.5 h, the particles become bigger,
although the morphology is still irregular and blurry; the order
lattice fringes and single-crystalline SAED pattern with sharp
and bright faculae indicate almost all the particles are well
crystallized (Figure Sd and e). With prolonging the
mineralization time to 2 h, the crystals form a sphere with a
rough texture (Figure Sf). Moreover, the HRTEM image and
SAED pattern also show that these particles are calcite with
high crystallographic orientation (Figure Sg). Remarkably, the
crystals are probably composed of many distinct nanocrystalline
domains because the orientation in Figure Sg is not the same;
however, the lattice fringes are still very defined and well
ordered, which are characteristic of a so-called “‘mesocrystal”,
that is, a mesocrystal is usually formed by the stacking of plenty
of single crystals and scatters like a single crystal whose subunits
are aligned crystallographically, which will easily turn into single
crystals through the fusion process.” ™~

Because the particles are completely turned into spheres and
the polymorphs of them are transformed to calcite after more
than 2 h mineralization, SEM is more suitable to investigate the
morphology and detailed surface structure of the crystals.
Besides, the SEM images of products prepared in the early stage
are also obtained to certify the results of TEM images (0.5, 1,
1.5, and 2 h), as shown in Figure 6a, b, ¢, and d. When the
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Figure 6. SEM images of CaCOj crystals prepared after different
mineralization time in 15 g/L PMPC solution at 25 °C: (a) 0.5, (b) 1,
() 15, (d) 2, (e) 3, () 45, (8) 6, (h) 9, (i) 12, (j) 18, and (k) 36 h.

reaction time is shorter than 2 h, the particles are irregular and
very small, which is well consistent with the results in the TEM
images. Spherical crystals with rough and complex texture on
the surface are first observed when the mineralization time is 2
h, and some initial facets are found on the particle surface
(Figure 6d). Importantly, the enlarged image shows these
spherical crystals are stacked by many subunits, which is in
accord with the result in Figure Sg, that is, the crystal is a
mesocrystal and formed by the stacking of single crystals
(Figure S4a, Supporting Information). Moreover, The EDS
pattern shows that these particles are composed of C, O, and
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Ca elements, confirming all of them are CaCOj; particles
(Figure SS, Supporting Information). When the reaction time is
increased to 3 h, uniform spheres with six smooth facets
symmetrically distributed on surface begin to appear, and the
sizes of them increase to 10 ym (Figure 6e and Figure S4b,
Supporting Information). As we know, the usual morphology of
calcite is rhombohedron, which also has six smooth facets.
Thereby, the six-faceted shape in the present work probably is
the intrinsic morphology of rhombohedron crystal, and these
facets should be the most favorite and low-energy crystal facet
of calcite. The integral spherical morphology of these particles
should result from control of the PMPC modifier; in other
words, PMPC chains take part in the growth of crystals and
regulate the ordered stacking of rhombohedron subunits to
form spheres. Besides, a sphere always is the most stable and
favorite morphology based on the lowest energy principle. For
the crystals prepared after 4.5 and 6 h reactions, the
morphologies are almost the same with the crystals obtained
after 3 h; however, the size slightly increases to 12 ym and the
surface becomes rougher (Figure 6f, g and Figure S4c, d,
Supporting Information). As the mineralization time is
increased to 9 h, the surface of the particles becomes rough,
as well as some defects appearing on the smooth facets (Figure
6h and Figure S4e, Supporting Information). These morpho-
logical changes might result from two factors. The first one is
that the modifying polymer becomes consumed and the
regulated effect is weakened over the reaction time course,
thereby a new mode of growth (crystal faceting) begins once
the concentration of polymer in the solution is dropped. Thus,
further morphological change might result from the crystal’s
spontaneous overgrowth from the nanocrystalline seeds present
at the mesocrystal surface. The second one is the dissolution of
some crystals whose crystal lattices are partly defected by
PMPC chains. This speculation is certified by the crystal
prepared after 12 h mineralization because as shown the surface
becomes more rugged and the area of facets on the surface are
sharply decreased (Figure 6i and Figure S4f, Supporting
Information), suggesting the fusion of defected crystals.
However, the crystals become more spherical, which indicates
the further growth of nanocrystals on the crystal surface. When
the reaction time is 18 h, the corrosion is continually enhanced
and the facets almost disappear. Noticeably, part of the crystals
are sharply etched (sunken area), but some of them are slightly
etched (embossment area) (Figure 6j and Figure S4g,
Supporting Information). This might also result from the
fusion of defected crystals that are intercalated with PMPC
chains and the growth of new crystals on part of the surface.
Generally, the crystals that have residual PMPC chains should
be fused easily because the crystal lattices are partly defected by
polymer chains. While for other crystals without PMPC chains,
the crystals are perfect. The solvent is not easy to permeate into
the crystals, so the fusion is not very evident. Moreover, the
crystals would like to continue to grow in these regions.
However, when the mineralization time is very long, the
dissolution of defected crystals becomes much stronger, and the
growth of new crystals is weakened because of a decrease in
Ca’ ions, which has already been demonstrated by previous
reports.”** Therefore, both defected and perfect crystals
would be sharply etched in the later stage, which can be
certified by the products generated after 36 h reaction (Figure
6k and Figure S4h, Supporting Information). The rugged
surface disappears, and instead, the sunken and relatively
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smooth surface with some textured structure is formed because
of the strong fusion for all parts of the crystal.

The Raman spectra of CaCOj crystals generated after 1.5 to
36 h are recorded (Figure S6, Supporting Information). The
results show all of the crystals prepared with 15 g/L PMPC
after different mineralization times are calcite, indicating that
the most favorite and stable polymorph of the CaCOj crystal
regulated by PMPC is calcite, and this polymorph is formed in
the early stage and is not changed during the growth process.
Moreover, the enhancement of characteristic peak intensity
with an increase in reaction time also suggests the crystallinity
of particles is increased during the growth process.

Regulatory Effect of PMPC on Morphology of BaCO,
Crystals. In order to investigate the regulatory effect of PMPC
on other metal carbonates, BaCO; crystals were selected as the
representative and fabricated in different PMPC solutions.
When PMPC concentration is very low (1 g/L), vimineous
branches are fabricated after 3 h, which is similar to the intrinsic
morphology of BaCOj crystals prepared in deionized water
directly (Figure S7a, Supporting Information). With an increase
in reaction time, their morphology does not change distinctly,
although some of them are aggregated, suggesting that the
concentrations of PMPC are not high enough to efliciently
control the morphology of BaCO; (Figure S7b and ¢,
Supporting Information). When the concentration of PMPC
is 5 g/L, spindle-shaped particles are prepared, although the
length of them is almost unchanged compared with the
products in 1g/L PMPC solution and the width of them
obviously increases (Figure S7d and e, Supporting Informa-
tion). When the reaction time is prolonged to 18 h, several
particles stack together to form dendritic structure (Figure S7f,
Supporting Information). These results reveal that PMPC
begins to influence and control the morphology of BaCOj;
particles at this concentration, which is well consistent with the
result in CaCOj system.

As the concentration of PMPC is 15 g/L, the morphology of
BaCO; crystals is very different, as shown in Figure 7. Uniform

Figure 7. SEM images of BaCO; crystals prepared after different
mineralization time in 15 g/L PMPC solution at 25 °C: (a, d) 3 h, (b,
e) 6 h,and (c, f) 18 h.

rods with six symmetric sides are obtained in the early stage of
mineralization. The enlarged image shows that the tips of them
are rugged and composed of plenty of subunits (Figure 7a, d).
As we know, BaCOj; belongs to orthorhombic phase. Previous
works have proved that the subunits of BaCO; crystals are
needle-like, thus the rod-like crystals in present work probably
are formed by the stacking of needle-like subunits under the
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control of PMPC.*>*** Interestingly, both CaCO; and BaCO,
crystals generated in 15 g/L PMPC solution have six sides or
facets on their surfaces, and it may have some connection to
and result from the strong regulation of PMPC during the
growth process. The TEM and HRTEM images of BaCO;
crystals are also obtained (Figure 8a, b), the clear and ordered

am gy

(002)

Figure 8. TEM images of BaCO; crystals prepared after 3 h
mineralization time in 1S g/L PMPC solution at 25 °C: (a)
undissolved BaCOj; crystal; (b) HRTEM image of the marked area
in (a), inset shows the SAED pattern; (c) partly dissolved BaCO,
crystal, inset shows the enlarged image of (c); (d) HRTEM image of
the marked area in (c), inset shows the SAED pattern.

lattice fringes indicate the particles are well crystallized, and the
d-spacings of lattice fringes are 3.21 A, corresponding to the
(002) faces of witherite. Moreover, the sharp, single-crystalline
SAED pattern with bright faculae also indicates that the crystals
have a high crystallographic orientation.® The XRD patterns
further confirm that the particles are well-crystallized witherite
with the main peak at 24 ° ((111) face) (Figure S8, Supporting
Information). When the mineralization time is increased to 6 h,
the rod crystals reduce sharply, and instead, many bigger
dumbbell-shaped crystals that are formed by the dendritic
stacking of many rod-like subunits are generated (Figure 7b).
Noticeably, these rod-like subunits also have six sides on the
surface, which is similar to the morphology of particles obtained
after 3 h reaction (Figure 7e). Moreover, the magnified SEM
image also shows that these rod-like subunits are formed by the
dense stacking of needle-like nanocrystals. Because of the
appearance of bigger and reduction of rod crystals, it is not
unreasonable that these dumbbell-shaped crystals are formed
by consuming rods in an Ostwald repining process.”’

Interestingly, we fortunately find that some rod crystals have
been partly dissolved after only 3 h mineralization (Figure 8c).
The magnified image shows the defect is very obvious and
severe, which forcefully confirms our speculation. This
destruction probably results from the fusion of regions whose
crystal lattices are destroyed by PMPC chains and the release of
PMPC chains. The TGA curves reveal that the concentration of
residual PMPC in BaCOj; is much more than that in initial
solution; thus, PMPC chains are easy to release when BaCOj,
crystals are destroyed (Figure S9 and Table S1, Supporting
Information). Although HRTEM image shows the lattice
fringes are still clear and ordered with a d-spacings of 3.21 A,
the faculae on the SAED patterns are pale and fuzzy, indicating
that the high crystallographic orientation is destroyed (Figure
8d). As the mineralization time is prolonged to 18 h, the
dumbbell-shaped crystals further grow to twined spheres, which
is similar to the results we have reported previously (Figure 7c,
£).°° Tt can be clearly found that these particles are also
formed by the dendritic stacking of rod-like subunits with six
symmetric sides on the surface. Expectedly, the rods crystals
that are observed after 3 h reaction almost disappear. To further
confirm our speculation, we also capture the structure of
residual rod crystals after 18 h mineralization by TEM image.
As shown in Figure S10 of the Supporting Information, the
crystal is severely dissolved and some regions are hollowed-out.
Besides, some needle-like subunits can be clearly observed in
dissolved area, confirming that these crystals are formed by the
aggregation of needle-like nanocrystals. This result further
demonstrates that the dendritic crystals are formed by the
consumption of rod crystals, which is in accord with Ostwald
ripening theory.

Mechanism for Crystallization of CaCO; and BaCO;
Crystals. A probable crystallization mechanism for the growth
of CaCO; and BaCO; crystals was proposed based on the
above results, as shown in Figure 9. Because the MPC
monomer contains both positive and negative charges, the
electrostatic interaction between different PMPC chains or
different units on one chain is very strong. Compared with
uncharged polymers that tend to become random coils in
aqueous solution, the conformation of zwitterionic PMPC
chains are partly restricted by charges that are located on side
chains. Undoubtedly, like other polyelectrolytes, the metal ions
(Ca’" and Ba®") are favorable to aggregate around the charged
regions by the strong cation-binding ability of the negative
charge. Because of the high concentration of metal ions in this
area, amorphous particles are first formed via the heteroge-

@ Ca’or Ba?* . CaCOj; subunits
© Amorphous particles g BaCOj; subunits

PMPC-Ca?* or Ba?* solution Amorphous particles

Figure 9.

1815

Schematic illustration of the CaCO; and BaCOj; crystals’ morphological evolution under the control of PMPC.
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neous nucleation.”>*> The high density of charges would

stabilize amorphous particles and prolong the lifetime of
them, which has already been demonstrated by previous
works.'****% Thus, we can capture the ACC in the early stage
of CaCOj crystallization. With an increase in reaction time, the
CO,*" in solution is evidently enhanced, resulting in more and
more metal carbonates being formed along with the amorphous
particles beginning to transform to the crystal phase.

At this moment, the interior unit-cell parameter of different
metal carbonates would determine the morphology of subunits
that would stack to form bigger crystals and further impact the
final morphology of the crystals. For CaCO;, the crystal cell
belongs to the trigonal system, and it is likely to form
rhombohedral subunits.'”” The final crystals should be
composed of these rhombohedral subunits, which have been
certified by the TEM and SEM images (Figure S and Figure S4,
Supporting Information). Previous works have reported that
CaCOj subunits tend to radially stack from the nucleation sites
to form spherical particles due to the ion gradient around
charged areas® In the present work, the rhombohedral
subunits would like to radially stack to form spheres under
the control of the functional groups on PMPC because of the
ion gradient around charged areas and the minimization of
surface energy principle (Figure 6d).” During the stacking
process, neighboring smaller subunits are partly fused and
recrystallized to form dense and larger crystals with the
intercalation of PMPC chains. With increasing mineralization
time, the particles become bigger with six smooth and
symmetrically distributed facets appearing. As we know, the
equilibrium shape of calcite is a rhombohedron that has a six-
sided structure. Thereby, the smooth facets are probably
derived from a new mode of growth (crystal faceting) as the
concentration of modifying PMPC in the solution is dropped.
Moreover, previous reports have demonstrated these smooth
facets are ascribed to the (104) faces of calcite, which is usually
observed in the presence of a polymer modifier.”** It is not
unreasonable that the charged groups on the side chains of
PMPC are the crucial factor for stabilizing spherical calcite with
a six-sided structure.

For BaCOj, the crystal cell belongs to the orthorhombic
phase, resulting in the subunits likely to be needle-like.'*>%
In the early stage, the needle-like subunits tend to stack in
parallel to form rod-like particles and part of PMPC chains,
which have already been incorporated into or absorbed onto
subunits that have been extruded. This is conforming to the
nonclassical crystallization process first proposed by Colfen and
Antonietti et al,'”*® that is, both the fusion of the crystalline
units and the extrusion of polymers from a§gregated crystals are
involved in the crystallization process.*”*" Interestingly, these
rod-like particles have six symmetric sides, probably resulting
from the stabilizing effect of PMPC on the facets of witherite.
Due to the extrusion of PMPC chains in the early stage, the
local PMPC concentration is higher around the tip of the rod-
like crystal, which has already been demonstrated in our
previous work by the simulation method.*” Thus, the Ba** ions
would like to aggregate on the tip of the rod-like crystal for the
strong electrostatic interaction; undoubtedly, the tips are prior
to growth compared with the middle part. Like other polymers
or proteins, the volume occupancy and electrostatic interaction
of these zwitterionic PMPC chains, which are intensified in the
tips of the rod-like BaCOj crystals, will prevent the needle-like
subunits from the further random and parallel stacking; instead,
this urges the subunits to stack with a small angle between each
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other.>** Following such a process, the dendritic BaCO,
particles are formed with an increase in particle size.

B CONCLUSION

In summary, uniform spherical CaCOj crystals and dumbbell-
shaped BaCOj; crystals were successfully prepared in the
presence of PMPC as growth modifier via a gas—liquid
diffusion reaction. The CaCOj particles had six smooth facets
symmetrically distributed on the surface, and BaCO; particles
were dendritically stacked by rod-like subunits that also had six
sides on the surface. The results demonstrated that both the
morphologies of CaCO; and BaCOj; crystals could be
effectively tuned by changing the crystallization time and the
concentration of PMPC. The morphological evolution of
CaCO; crystals under the control of PMPC was traced by time-
resolved experiments, and both the ACC intermediate and
dissolution—recrystallization processes of CaCOj particles were
observed during the crystallization process. Because PMPC
contains both positive and negative charges, which is similar to
protein, we thought our work might provide a new view to the
investigation of the mechanism of biomimetic mineralization
under the control of protein. Moreover, the excellent water
solubility, strong intermolecular association through charges,
and high affinity for metal salts determined that PMPC might
be a promising and versatile modifier for the morphology
regulation of metal carbonate crystals.
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