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Abstract A novel double-hydrophilic block copolymer
(DHBC) poly(vinyl pyrrolidone)-block—poly(methacrylic
acid) (PVP-b-PMAA) was synthesized via reversible
addition—fragmentation chain transfer polymerization. The
structure of the resulting copolymer was characterized by
"H nuclear magnetic resonance, and the molecular weight
of the block copolymer was determined by gel permeation
chromatography. The study of morphological control of
calcium carbonate (CaCO;) has been performed in the
presence of the PVP-b-PMAA block copolymer. Various
morphologies of CaCO; particles such as rhombohedral,
multilayered, and aggregated with cavities can be produced
by varying the copolymer concentrations. The all-obtained
CaCO; particles were calcite, which was confirmed by
either X-ray diffraction or Fourier transform infrared
spectra. Such calcium carbonate/polymer hybrids with
complex morphologies may find valuable applications in
biomimic mineralization.

Keywords Reversible addition—fragmentation chain transfer
(RAFT) - Double-hydrophilic block copolymers -
Calcium carbonate - Morphogenesis

Introduction

The synthesis of inorganic materials with specific size,
morphology, and superstructure has attracted considerable
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attention due to the obvious importance of the shape and
texture of materials in determining their properties [1]. It is
well-known that biominerals exhibit highly optimized
materials properties, hierarchical structure, and complex
forms and are synthesized at ambient temperatures in an
aqueous environment [2]. Inspired by the biominerals, the
biomimetic synthesis of patterned inorganic materials is
attracting increasing interest. In particular, the morphosyn-
thesis of calcium carbonate in the presence of organic
templates/additives has been intensively investigated due to
the abundance in nature and also its important industrial
application in paints, plastics, rubber, and paper [3—4]. In
the recent years, polyelectrolytes [5], dendrimers [6], and
double-hydrophilic block copolymers (DHBCs) [7-9] have
been used for the morphology control of CaCOs.

DHBCs have attracted tremendous attention due to
their unique properties in aqueous solution such as
micelle formation and their interactions with specific
molecules [10]. DHBCs consist of one hydrophilic block
designed to interact strongly with the surfaces of inorganic
minerals and another hydrophilic block that does not
interact (or only weakly interacts) but mainly promotes
solubilization in water. Owing to the separation of the
binding and the solvating moieties, DHBCs are “improved
versions” of polyelectrolyte homopolymers and turn out to
be extraordinarily effective as crystal growth modifiers in
crystallization control for inorganic salts such as calcium
carbonate [11-15], calcium phosphate [16], barium sulfate
[17-19], zinc oxide [20, 21], and other metal carbonates
[22].

In the previous works, the most widely used DHBC for the
purpose of controlling inorganic crystal morphology is poly
(ethylene glycol)-block—poly(methacrylic acid) (PEG-b-
PMAA). There were some other double-hydrophilic copoly-
mers developed recently. For example, Basko and Kubisa
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Fig. 1 GPC trace of copolymer PVP-b-PMAA

described the synthesis of graft copolymers that consist of
the polyacetal backbone substituted with a carboxylic group
and a poly(oxyethylene) side chain, and the efficiencies of
the graft copolymers as modifiers for CaCO3; were studied
[23]. Colfen studied the influence of phosphonated or
phosphorylated DHBCs on mineral morphology control
[24-26]. Yu also reported PEG-b-hexacyclen [27] and
PEG-b-pGlu [28] as crystal growth modifiers.

The synthesis methods of DHBCs were comprehensively
introduced in the review of Colfen, including living anionic
polymerization, living cationic polymerization, and living/
controlled radical polymerization [10]. In the past decade,
living/controlled radical polymerization has rapidly been
developing as a powerful macromolecular engineering tool
[29]. Reversible addition—fragmentation chain transfer
(RAFT) polymerization is probably the most versatile tool
of the prominent living/controlled free radical polymeriza-
tion techniques to synthesize polymers with complex
architecture ranging from block to star, as it is tolerant of
a wide range of functionality in the monomer and solvent
[30].

In numerous cases, PEG is used as the solvating block of
a DHBC. In this study, considering that poly(vinyl
pyrrolidone) is a hydrophilic polymer with its molecular
weight, structure, property, and biocompability similar to

Fig. 2 "H NMR spectra of PVP
(a), and PVP-b-PMAA (b) in
DO

protein [31], poly(vinyl pyrrolidone) (PVP)-b-PMAA as a
novel DHBC was synthesized via RAFT polymerization,
with PVP as the solvating block and PMAA as the
functional block, respectively. The use of the PVP-b-
PMAA copolymer as a modifier for the crystallization of
CaCO; was also studied.

Experimental
Materials

N-Vinyl-pyrrolidone (NVP; Aldrich) and methacrylic acid
(MAA; Kermel chemical agents, Tianjin) was vacuum
distilled prior to use. 1-Phenylethyl dithiobenzoate (chain
transfer agent, CTA) was synthesized according to the
literature [32]. 2, 2'-Azbisisobutyronitrile (AIBN; Chemical
agents, Shanghai) was recrystallized from methanol. CaCl,,
Na,COj3, and ethanol (Chemical agents) were used as
received. The water used was deionized.

Synthesis of PVP

AIBN (0.3mmol) was added to a mixture of NVP (10ml),
ethanol (20ml), and CTA (0.7mmol). The polymerization
was carried out under a nitrogen atmosphere at 65 °C. After
4-5h, the reaction was terminated by dropping into acetone,
and the resultant polymer was separated by filtration and
dried in a vacuum oven.

Synthesis of PVP-b-PMAA

MAA (0.2mol) was first prepared to sodium salt and then
mixed with deionized water (15ml). PVP (0.3mmol) and
ethanol (15ml) were then added to the solution. The reactor
was deoxygenated by purging with nitrogen, while the
temperature of the oil bath remained constant at 85 °C.
Then, a small amount of initiator AIBN dissolved in
ethanol was added and heated at 85 °C for 10h, after which
they were quenched and cooled to room temperature. The
polymer was precipitated into acetone for the removal of
the residual monomer.
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Table 1 Characterization of the polymer PVP-b-PMAA

Polymer M, (x10%* M /M, Mn (x10%)
PVP 1.36 1.26 3.47°
PVP-b-PMAA 2.88 1.42 3.84°

4 Determined by GPC

® Determined by 'H NMR spectroscopy: Mpyp+Mpyan <244

¢ Calculated by monometer conversion: Wyjaa/npyp*Conv.+Mpyp
monomer conversion 43.3%

Crystallization of CaCOs

The precipitation of CaCO3 was carried out in glass vessels
at room temperature. Aqueous solutions of Na,CO5 (0.2M)
and CaCl, (0.2M) were first prepared as stock solutions. In
a typical procedure, a solution of Na,COj5 (0.2M, 1ml) was
injected into an aqueous solution of PVP-6-PMAA (20ml),
and the pH of the solution was adjusted to 10 by using
NaOH. Then, a solution of CaCl, (0.2M, 1ml) was injected
quickly into the pH-adjusted mixture under vigorous
stirring by using a magnetic stirrer; this gave a final CaCO;
concentration of 10mM. After Imin of stirring, the solution
was covered and allowed to stand for 24h and then was
centrifuged (4,000rpm, 10min) and washed with distilled
water repeatedly and allowed to dry at room temperature. In
the experiments, the concentrations of PVP-b-PMAA were
varied from 0.05 to 1.0g I"".

Fig. 3 SEM images of CaCO;
particles obtained in the
presence of no polymer (a), PVP
(b), and PVP-5-PMAA (c, d),
d is the high-magnifying image
of the aggregated crystal of the
¢. [Polymer]=0.5 g 1",
[CaCO3]=10 mM, pH=10

Characterization

The 'H nuclear magnetic resonance (NMR) spectra of the
polymers were collected by using an AVANCE400M
spectrometer (Bruker, Germany). The solution was pre-
pared in D,O and tetramethylsilane was used as the
internal standard. The Fourier transform infrared spectra
were recorded at room temperature on AVATAR360
(Nicolet, America) using KBr tablets. Gel permeation
chromatography analyses (GPC) were performed on a
Waters 515 HPLC pump equipped with an ultraviolet
detector. The column was SHIMpack-800. NaNO; of
0.2M was used as an eluent at a flow rate of 0.5ml
min~'. Scanning electron microscopy (SEM) studies were
conducted on a JSM5600LV (JEOL, Japan) microscope.
Thermogravimetric analyses (TGA) were carried out on a
TGA/SDTA 851e (Mettler, Switzerland) thermal analyst
instrument with the nitrogen atmosphere at a heating rate
of 10 °C min". Powder X-ray diffraction (XRD) patterns
were recorded on an X Pert Pro diffractometer (Philips,
Holland).

Results and discussion

Polymer synthesis

RAFT is a well-known method for the controlled radical
polymerization of water-soluble monomers. Therefore,
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Fig. 4 A schematic representation of a crystal model exposing the F,
S, and K planes

copolymers of NVP and MAA were synthesized via RAFT.
Figure 1 shows the GPC trace of copolymer PVP-b-PMAA,
which is a single peak without shoulders. The molecular
weight of the copolymer was 28,800g mol ', and the
molecular weight distribution index was as low as 1.42.
These results indicated that the resulting product is the
block copolymer of NVP and MAA rather than a simple
mixture of the two blocks.

However, the analysis of the molecular weights of such
DHBCs by GPC is hardly accurate because of the
interactions between the functional groups and the column
material [33]. The interactions often lead to a retardation of
the polymer in the GPC column with respect to its
corresponding hydrodynamic volume, resulting in a lower
apparent molecular weight from GPC analysis. Thus, we
used end-group analysis in '"H NMR spectroscopy to

Fig. 5 CaCOs particles
observed in the presence of
PVP-b-PMAA. [Polymer]=0.05
(@), 0.5 (b), and 1.0 g I'! (c).
[CaCO5]=10 mM, pH=10

@ Springer

determine the molecular weight of the PVP-b-PMAA
copolymer and calibrate with GPC results. The '"H NMR
spectra are shown in Fig. 2. In the spectrum of PVP
(Fig. 2a), peak a (3.18ppm) and peak b (3.70ppm) were
assigned to the backbone protons (-CH,— and —-N-CH-,
respectively), while peak ¢ (2.36ppm), d (1.69ppm), and e
(1.99ppm) were assigned to the three methylene groups on
the pyrrolidone ring. After copolymerization, the —CH; of
PMAA block appears at 1.71ppm, which was shown in
Fig. 2b. Peak a and peak g were used for the end-group
analysis, and the chain length ratio was 1/2. The results of
both GPC and '"H NMR analyses are listed in Table 1. As
expected, the molecular weight given by GPC is much
lower than the value evaluated by 'H NMR, which is close
to the result calculated by monomer conversion. These
results showed that the "H NMR analyses could be used to
determine the molecular weight of copolymers containing
the functional group, as previously reported [34].

CaCOgj crystallization

Figure 3 presents the typical SEM images of CaCO;
particles obtained in the absence and presence of PVP or
PVP-b-PMAA (both at 0.5g 1"") under the same experi-
mental conditions (CaCO3; = 10mM; pH = 10). As
expected, well-defined rhombohedral crystals were pro-
duced in the absence of polymeric additives (Fig. 3a), while
multilayered crystals were obtained in the presence of PVP
(Fig. 3b). When DHBC PVP-h-PMAA was used as an
additive, the precipitate was found to consist of big
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Fig. 6 TGA curves of CaCO; crystals formed in PVP-b-PMAA

solutions. [Polymer]=0.1, 0.2, 0.4, 0.6, 1.0, and 2.0 g I'". [CaCOs]=
10 mM, pH=10

aggregates and some rhombohedral crystals (Fig. 3c). The
high magnifying SEM image of the aggregated crystals is
shown in Fig. 3d.

A simple crystal model that is called the periodic bond
chain is introduced to explain the changes of crystal
morphologies (Fig. 4). In this crystal model, the planes of
the crystals are classified into three groups, F (flat), S
(stepped), and K (kinked) planes, as described by Hartman
and Perdok [35]. The K and S planes can be considered as
full of kinks and steps, respectively. It is obvious that the
highest growth rate will be achieved at the K plane, then the
S plane, and finally the F plane [36]. In the crystallization
of CaCOs, the polymer density on the newly developed K
and S planes was higher than that on the original F planes
of the crystals. As a high polymer density gives a lower
growth rate, the relative growth rate on the F plane can be
higher than those on the K and S planes [37]. As a
consequence of inhibition by polymers, new crystal planes
would be developed at the corners and edges of rhombohe-
dral crystals, eventually creating morphology changes.

It is noteworthy that the multilayered structure was the
only morphology in the presence of the PVP homopolymer,

Fig. 7 SEM images of the
forming process of the cavity in
an aggregated crystal in the
presence of PVP-b-PMAA.
[Polymer]=0.5 (a) and 1 g 1"
(b). [CaCO3]=10 mM, pH=10

even at the higher PVP concentration (1.0g 1""). This result
supports that the presence of pure PVP has a poor effect on
the crystallization of CaCOj3 and is not sufficient to modify
the structure of CaCOj particles. However, the crystals’
morphologies changed when the copolymers were used;
different morphologies could be found depending on the
copolymer concentration, which was varied from 0.05 to
1.0g I"". At the lower concentration of 0.05g 1!, thombo-
hedra and multilayered crystals were both obtained
(Fig. 5a). This indicates that at concentrations as low as
0.05g L', the copolymer loses its ability to control the
CaCO;3 morphology and modification. This may be
ascribed to the lower polymer content incorporated in the
product at the lower polymer concentration. A new type of
morphology was produced due to the aggregated of
multilayered crystals when the copolymer concentration
was increased to 0.5g 17! (Fig. 5b). At the highest
copolymer concentration of 1.0g 1!, the multilayered
crystals totally disappeared, and only aggregated particles
were left (Fig. 5c¢), suggesting a complete transformation
from a multilayered structure to an aggregated structure.
To better illustrate the possible reason of the changes of
the crystals morphologies from a lower concentration to a
higher concentration, the TGAs of the obtained CaCO; was
investigated and the results are shown in Fig. 6. All the
TGA measurements show two decomposing processes.
The first decomposing onset at 250 °C corresponds to the
carbonization of the copolymer molecules, and the second
one at 650 °C corresponds to the decomposition of CaCO;
crystals. The polymer weight losses were nearly unobvious
when the polymer concentration was 0.1 to 0.4g I"'; when
the concentration was increased to 0.6g 17", the weight loss
approximately was 3.5 wt%, and with a further increase in
the concentration to 1.0 and 2.0g 1!, the polymer weight
losses were 7.8% and 12.1%, respectively. These results
indicate that the polymer content that participated in
modifying the crystals’ growth enhanced with the increas-
ing copolymer concentration. At lower concentrations, the
small amount of the copolymer preferentially adsorbed on
the K and S planes, resulting in a multilayered morphology.
With the increasing of the copolymer concentration, these
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Fig. 8 XRD patterns (left) and {104}
infrared spectra (right) of i
CaCOs; crystals obtained in the i
presence of PVP (a) and PVP-b-
PMAA (b). [Polymer]=1 g 17!,

[CaCO;3]=10 mM, pH=10 i
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planes could not bear the increased amount of the
copolymer, which accumulated at the interspace of several
CaCOgs crystals; then, aggregated crystals were formed. It is
noteworthy that at the highest copolymer concentration,
some cavities were observed in the aggregated crystals
(Fig. 5c and Fig. 7b). This could be explained that during
the aggregation of the multilayered structure, the PMAA
block adsorbed on the surface of the crystal and extended to
the exterior area because of the electrostatic repulsion of the
—COOH, resulting in the radiated distribution of multi-
layered crystals along the center of the aggregated crystal
(Fig. 7a). While, the growth rate of the inner aggregated
crystals depressed because the polymer chain wrapped and
finally grew into cavities (Fig. 7b).

Figure 8 shows the XRD results of the CaCO; crystals
obtained in the presence of pure PVP and the copolymer
PVP-b-PMAA. In both cases, the XRD pattern shows a
sharp diffraction of {104} faces, which indicate that the
crystal structure is composed of well-crystallized calcite
crystals. The corresponding infrared spectrum (Fig. 7, right)
exhibits sharp bands at 875 and 712cm ™', characteristic of
calcite [38], and this provides further evidence for the pure
calcite composition of the products.

Conclusions

A novel DHBC PVP-H-PMAA with narrow molecular weight
distribution was synthesized via RAFT living radical
polymerization. While the GPC analysis of this DHBC was
inaccurate to characterize the molecular weight of the
copolymer, the "H NMR analyses could be used to determine
the molecular weight of the copolymers containing the
functional group. Owing to the double-hydrophilic character,
the copolymer was applied as an effective crystal growth
modifier of CaCOj; particles. Various morphologies of
CaCO; particles were produced by varying the polymer
concentrations. The produced calcium carbonate particles
with well-defined morphologies and sizes could have some
interesting applications, e.g., as site-specific absorbers and
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chromatographic materials. It may be expected that the
synthesized block copolymer could be applied to the
crystallization control of many other inorganic salt systems.
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