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The precipitation of CaCO; in the absence or the presence of the G4.5 PAMAM dendrimer was carried out by a
“carbonate diffusion method”. Formation of crystalline CaCO; at different feed ratios of the G4.5 dendrimer to calcium
ions was studied with the concentration of calcium ions kept at 0.1 M. Although calcite was predominantly formed at the
concentration of the G4.5 PAMAM dendrimer corresponding to 2.65 mM of —COONa, the crystal phase of the obtained
CaCO; at the higher concentration of the G4.5 PAMAM dendrimer at 5.3 mM consisted entirely of vaterite. As the con-
centration of -COONa increased from 5.3 to 10.6 mM, the particle sizes of the spherical vaterites were reduced from 8.7
* 1.0t0 5.2 = 3.0 um determined by SEM observation. The crystal phase of the obtained CaCO; in the absence of any
additives was a mixture of calcite and vaterite. Although vaterite was predominantly formed by the G4.5 dendrimer, rel-
atively high amounts of calcite were observed in the case of the G3.5 and G1.5 dendrimers. These results suggest that
the G4.5 dendrimer more effectively induces vaterite formation compared with the earlier generation of the dendrimers.

The interest of many researchers lies in understanding how
organized inorganic materials with complex morphological
forms can be produced by biomineralization processes, and
how such complexity can be reproducibly synthesized in bio-
mimetic systems.? In these mineralized tissues, crystal mor-
phology and polymorph, size, and orientation are determined
by local conditions and, in particular, by the presence of “ma-
trix” proteins or other macromolecules. Morphological con-
trol can be accomplished by adsorption of the soluble additives
onto specific faces of growing crystals, altering the relative
growth rates of the different crystallographic faces and leading
to different crystal habits. These processes usually take place
at an organic-inorganic interface, the organic portion providing
the initial structural information for the inorganic part to nucle-
ate on and grow outwards in the desired manner. However,
there remain many unknowns as to how the matrix affects the
crystallization process. Due to the complexity of the natural
biomineralization systems, mineralization research has been
studied on model organic interfaces. Because the proteins as-
sociated with biominerals are usually highly acidic macromol-
ecules, simple polyelectrolytes, such as sodium salts of
poly(aspartic acid) and poly(glutamic acid), were examined for
the model of biomineralization.*> Studies of inorganic crys-
tallization in the presence of such soluble polymers, models of
biogenic proteins, have shown that selectivity for certain crys-
tal faces appears to be highly dependent on the secondary
structure of the macromolecules. A recent approach has em-
ployed synthetic supramolecular assemblies and structures to
offer semi-rigid templates for inorganic crystallization.5”

Calcium carbonate makes up an attractive model mineral for
studies in the laboratory, since its crystals are easily character-
ized and the morphology of CaCO; has been the subject to

control in biomineralization processes. The precipitation of
CaCOs; in aqueous solution is also of great interest for industri-
al and technological applications. The particular interest in
this system is due to the polymorphism of CaCQOj;, which has
three anhydrous crystalline forms, i.e., vaterite, aragonite, and
calcite in order of decreasing solubility and increasing stabili-
ty. The three polymorphs have markedly different physico-
chemical characteristics, and it is often found that less stable
forms are stabilized kinetically. Since vaterite transforms easi-
ly into thermodynamically most stable calcite via a solvent-
mediated process,‘0 vaterite is not as wide-spread in nature as
the other two polymorphs are. While there can be no doubt
that these crystal structures are determined by local conditions
in natural systems, the manner in which organisms control
polymorph formation and specific biological requirement of
the organisms to manipulate both the polymorph and the orien-
tation of the mineral are not well understood.
Poly(amidoamine) (PAMAM) dendrimers with carboxylate
groups at the external surface, termed half-generation or G =
n.5 dendrimers, have been proposed as mimics of anionic mi-
celles or proteins (Scheme 1)."""'> The starburst structures are
disk-like shapes in the early generations, whereas the surface
branch cell becomes substantially more rigid and the structures
are spheres in the later generations.'”> Due to unique and well-
defined secondary structures of the dendrimers, the anionic
dendrimers should be a good candidate for studying the miner-
alization processes. Recently, we studied the crystallization of
CaCOs; in the presence of the early generation of the anionic
PAMAM dendrimers and found that the anionic dendrimers
were habit modifiers and affect crystal morphology of inorgan-
ic crystallization.!>!* A crystallization of CaCOjs in the pres-
ence of the dendrimers resulted in the formation of spherical
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Scheme 1.

vaterite particles whereas rhombohedral calcite crystal was
formed without the additives. These preliminary experiments,
however, seem to be part of a complex overall story, since crys-
tallization of CaCO; depends on nucleation condition. Here,
we studied the effect of the G1.5, G3.5, and G4.5 PAMAM
dendrimers by a “carbonate diffusion method” and found that
the G4.5 PAMAM dendrimer effectively induced or stabilized
a meta-stable crystalline phase of CaCO; in aqueous solution
even in the presence of a large excess amount of calcium ions.

Experimental

Materials and Methods. Half-generation poly(amido-
amine) (G1.5, G3.5, and G4.5 PAMAM) dendrimers were ob-
tained from Aldrich as sodium salts in methanol. The G1.5, G3.5,
and G4.5 PAMAM dendrimers contain 16, 64, and 128 surface
carboxylate groups, respectively. Calcium chloride and ammoni-
um carbonate were purchased from WAKO Pure Chemical Indus-
tries, Ltd. Scanning electron microscopic (SEM) measurements
were carried out with a JEOL JSM-5310/LV at 15KV. The X-ray
diffraction and FT-IR were recorded on a Shimadzu XRD-6000
and a Perkin Elmer system 2000, respectively. Vaterite content of
CaCOj; was determined from the IR measurement on the basis of
the absorbances at 877 and 746 cm ™.

Crystallization of CaCQO;. A typical precipitation of CaCO;
in the presence of the PAMAM dendrimer was carried out as fol-
lows. A methanol solution of the G4.5 PAMAM dendrimer
(0.55 ml, 8.3 X 1072 mmol) in a 20 mL plastic cup was dried in
vacuum. Then the PAMAM dendrimer was dissolved in 10 mL of
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distilled water. Calcium chloride (0.11 g, 1.0 mmol) was added to
the aqueous solution of the PAMAM dendrimer. Then the aque-
ous solution was adjusted to pH 8.5 by aqueous ammonia and was
placed in a desiccator with some crushed (NH4),CO; as a carbon-
ate source. The desiccator was kept at 25 °C for 1 day. A white
crystalline product was obtained, collected by filtration, and
washed with water, and then dried in vacuum.

Potentiometric Titrations. Potentiometric titrations were
carried out at 25 °C, with a Horiba D-2 pH meter and a glass elec-
trode. The titrations were performed with 0.01 M HCl in 1.0 M
KCI with constant -COONa units of the dendrimers. Each metha-
nol solution of the G1.5 (1.9 X 107° mmol), G3.5 (4.7 X
10~* mmol), and G4.5 (2.3 X 10~* mmol) PAMAM dendrimer
corresponding to 3.0 X 1072 mmol of -COONa in a 50 mL vessel
was dried in vacuum. Then the PAMAM dendrimer was dissolved
in 30 ml of distilled water with KCI (0.22 g, 3.0 X 1072 mmol).
The titration of the dendrimers in the presence of calcium ions was
performed by addition of calcium chloride (3.3 mg, 3.0 X 1072
mmol).

Results and Discussion

The precipitation of CaCOs in the absence or the presence
of the G4.5 PAMAM dendrimer was carried out by a “carbon-
ate diffusion method” similar to the method described by
Addadi et al."” A solution of the dendrimer with calcium chlo-
ride in 200 ml of distilled water was adjusted to pH 8.5 with
aqueous NH;. Carbonate was introduced to the solution via
vapor diffusion. The critical point of the appearance in the tur-
bidity of the solution was observed at around 5 min. These so-
lutions were kept at 30 °C under N, for 1 day. The crystalline
CaCOj; was collected and washed with water several times to
remove contaminated dendrimers that were not involved in the
crystal. Formation of the crystalline CaCO; at different feed
ratios of the G4.5 PAMAM dendrimer to calcium ions was
studied with the concentration of calcium ions kept at 0.1 M.
The results are summarized in Table 1. The dendrimer con-
tents in the crystalline CaCO; of run 2, 3, and 4 determined by
elemental analysis were 1.27, 2.40, and 7.27 wt%, respective-
ly. The crystal phase of the obtained CaCOs was characterized
by FT-IR analysis.'® At the low concentration of the G4.5
PAMAM dendrimer (runs 2 and 3), two bands at 877 and 713
cm™! assigned to the v4 and v, absorption bands of CO;* in
calcite, respectively, were observed (Fig. 1b). This indicates
that calcite was predominantly formed. However, as the con-
centration of —COONa increased to 5.3 mM, a band at 746
cm™! that indicated vaterite formation strongly appeared (Fig.
1c). Further increase of the concentration of —COONa to 10.6
mM also formed vaterite. The vaterite content in each sample
was determined by IR analysis and value are also summarized
in Table 1. The crystal phase of the obtained CaCO; was fur-
ther confirmed by XRD (Fig. 2). The fraction of vaterite in
runs 2 and 4 was 17% and 93% determined by Rao’s equation,
respectively.!” These values were in good agreement with
those determined by IR. Although calcite was predominantly
formed at the concentration of the G4.5 PAMAM dendrimer
corresponding to 2.65 mM of —COONa (run 3), the crystal
phase of the obtained CaCOs at the higher concentration of the
G4.5 PAMAM dendrimer at 5.3 mM consisted entirely of va-
terite (98% by IR). These results indicate that the presence of
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Table 1. The Precipitation of CaCOjs in the Absence and the Presence of the G4.5 PAMAM Dendrimer

Run [FCOONa] /mM  [Ca’']/M [-<COONa] / [Ca*"]  Yield” /% polymorphs? Vaterite cont.” / %
1 0 0.1 0 84 Calcite + Vaterite 56
2 0.53 0.1 0.0053 85 Calcite >> Vaterite 15
3 2.65 0.1 0.027 68 Calcite 0
4 53 0.1 0.053 91 Vaterite >>> Calcite 98
5 10.6 0.1 0.11 88 Vaterite >>> Calcite 93
6 0 0.05 0 82 Calcite + Vaterite 70
7 0.53 0.05 0.011 75 Calcite 0
8 1.33 0.05 0.027 77 Calcite >>> Vaterite 13
9 2.65 0.05 0.053 82 Vaterite >>> Calcite 89

10 5.3 0.05 0.11 84 Vaterite >>> Calcite 93

a) Based on the total amount of Ca>*. b) Polymorphism and the fraction of vaterite were characterized by FTIR.

a
746
P 713
2
£ b
[= 746
@
c
g
= 713
877
[
746
877 , ‘ ‘ ,
900 800 700 600
Wavenumber / cm™
Fig. 1. FT-IR spectra of CaCOs; in the absence of the den-

drimer (a) and in the presence of (b) 2.65 mM and (c) 5.3
mM of —COONa unit of the G4.5 PAMAM dendrimer.
Calcium ions were constant at 0.1 M.

° @ : Calcite A : Vaterite
a
( ) ® L [ ] [ 1 J
[
M_Lﬁ:ij A R a A
(b) A A A A AA

40 45
206 CuKo

20 25 30 35

50 55
/o

60

Fig. 2. X-ray diffraction patterns of CaCOj; in the presence
of (a) 0.53 mM and (b) 5.3 mM of —COONa unit of the

G4.5 PAMAM dendrimers.

the dendrimer affected polymorphs of CaCOj; crystallization.
The precipitation of CaCO; in the absence of any additives
was carried out under the same nucleation condition (run 1 in
Table 1). The crystal phase of the obtained CaCO; was a mix-
ture of calcite and vaterite as given by IR (Fig. 1a). A band at
746 cm™! indicated vaterite formation and bands at 877 and
713 cm™! were assignable to calcite coexisted. The vaterite
content was slightly higher than the calcite content. However,
calcite was predominantly formed at the low concentrations of
the G4.5 PAMAM dendrimer corresponding to 0.53 and
2.65 mM of —~COONa (runs 2 and 3). Due to the complexation
of the PAMAM dendrimer with calcium ions in aqueous solu-
tions, crystallization of calcium carbonate in the presence of
the dendrimer is inhibited compared with that in the absence of
the additive with constant concentration of calcium ions.'* We
reported that the saturated concentrations of calcium ions in
the presence of the G1.5 and G3.5 PAMAM dendrimers were
1.3 and 2.8 times higher than that in the absence of the addi-
tive, respectively. According to the literature, relatively high
supersaturations in high pH values favor the precipitation of
vaterite.'® We speculate that the presence of the dendrimer de-
creased the concentration of free calcium ions which were not
bound to the dendrimer, resulting in the higher calcite contents
compared with the content in the absence of the dendrimer.
SEM observations showed that the most crystals obtained in
the absence and the low concentrations of the G4.5 PAMAM
dendrimer were rhombohedral (Figs. 3a and b). In the high
concentrations of the G4.5 PAMAM dendrimer, the vaterite
products were spherical (Figs. 3c and d). Each shape of
CaCOs is a typical morphology for each polymorph. The par-
ticle sizes of the spherical vaterite particles obtained in the
presence of the PAMAM dendrimer were dependent on the
concentration of the dendrimer. As the concentration of
—COONa increased from 5.3 to 10.6 mM, the particle sizes of
the spherical vaterite particles were reduced from 8.7 = 1.0 to
5.2 = 3.0 um. The spherical vaterite particles are aggregates
of vaterite nanocrystals with diameters of 10 to 30 nm."” For-
mation of the vaterite particles involves two processes, i.e. the
nucleation of vaterite nanocrystals and the aggregation of the
nanocrystals. Aggregation of the nanocrystals in the presence
of the higher concentrations of the G4.5 PAMAM dendrimer
might be prevented compared to that in the presence of the
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Fig. 3. Scanning electron micrographs of CaCOj; in the absence of the dendrimer (a) and in the presence of (b) 2.65 mM, and (c)
5.3 mM and (d) 10.6 mM of —COONa unit of the G4.5 PAMAM dendrimer. Calcium ions were constant at 0.1 M.

lower concentrations of the dendrimer.'*

The results of the precipitation of CaCO; in the absence and
the presence of the G4.5 PAMAM dendrimer at a lower con-
centration of calcium ion (0.05 M) are also summarized in Ta-
ble 1. Although the vaterite content was higher than the calcite
content in the absence of the dendrimer, calcite was predomi-
nantly formed at the concentration of the G4.5 PAMAM den-
drimer corresponding to 0.53 and 1.33 mM of -COONa. As
the concentration of -COONa increased to 2.65 mM, vaterite
formation was strongly induced. At the higher concentration
of calcium ions (0.1 M), the critical point of the morphology
change from calcite to vaterite was observed on going the con-
centration of —-COONa increased from 2.65 to 5.3 mM. These
results indicate that the feed ratio of —-COONa and Ca®" is a
key factor for inducing vaterite formation. In contrast to Figs.
3c and d, SEM observations of the vaterite samples show that
ill-defined irregular-shaped and larger-sized aggregates con-
sisting of spherical particles were obtained (Figs. 4a and b). In
the general field of colloid chemistry, it is known that fast nu-
cleation relative to growth results in small particle size. The
rate of nucleation of vaterite nanocrystal should decrease at the
lower concentration of calcium ions. Thus, smaller sized
spherical aggregate formation of vaterite nanocrystals might be
relatively inhibited compared with that in the higher concentra-
tion of calcium ions.

The precipitations of CaCOj; in the presence of the G1.5,
G3.5, and G4.5 PAMAM dendrimers were carried out with
constant -COONa unit and calcium ion concentration of 0.1
M. Although vaterite was predominantly formed by the G4.5
dendrimer, relatively high amounts of calcite was observed in

the case of the G3.5 and G1.5 dendrimers (Table 2). These re-
sults suggest that the G4.5 dendrimer more effectively induce
vaterite formation compared with the earlier generation of the
dendrimers. The calcite content in the G3.5 dendrimer was
higher than that in the G1.5 dendrimer. The inner cores of the
PAMAM dendrimers are hydrophilic and are potentially open
to small hydrophilic molecules, since interior nitrogen moi-
eties would serve as complexation sites.”*?! At amount of cal-
cium ions on the anionic dendrimers is considerably higher for
the later generations than for the early generations. In the
same —COONa concentration, the amount of calcium ions en-
trapped in the PAMAM dendrimers should be higher than that
in the later generation of the dendrimer. As shown in the previ-
ous report,14 the saturated concentrations of calcium ions in the
presence of the G1.5 and G3.5 PAMAM dendrimers were 1.3
and 2.8 times higher than that in the absence of the additive,
respectively. Thus, the later generation dendrimer reduced
concentration of free calcium ions which were not bound to the
dendrimer, reducing the amount of vaterite.

Later than 4-generation of the PAMAM dendrimers are
nearly spherical in shape according to molecular simulations.”
The half-generation PAMAM dendrimers using various photo-
physical probes indicate a structural surface transition in the
dendrimer appearance on going from generation 3.5 to 4.5.%
The morphology of the early generation (0.5-3.5) dendrimers
is an open structure, and the internal tertiary amines and amide
groups are available for bonding. The later generations have
more spheroidal and close-packed surface structures. The pro-
tonation behavior of the three generations of the PAMAM den-
drimers in 1.0 M KCl is presented in Fig. 5. For the early gen-



K. Naka et al.

Fig. 4. Scanning electron micrographs of CaCO; in the pres-
ence of (a) 2.65 mM, and (b) 5.3 mM of —-COONa unit of
the G4.5 PAMAM dendrimer. Calcium ions were constant
at 0.05 M.

eration dendrimers, the rather pronounced difference in disso-
ciation constant between carboxylic groups and amines yields
two distinct steps in their titration curves. Only around pH 4 is
the carboxylic groups involved in protonation.? The titration
curves of the G3.5 and G4.5 dendrimers shifted downward in
the high pH region, in which the present crystallization took
place, compared with that of the G1.5 dendrimer, suggesting
that the deprotonation of the ammonium groups of the later
generation is easier than that of the early generation by electro-
static repulsions between neighboring amine groups due to
their close-packed structures. This indicates that the tertiary
amine groups of the later generation can act as more effective
bonding sites for cations compared with those of the early gen-
eration in the high pH region. Although the amide groups also
coordinate with calcium ions, the presence of the internal am-
monium groups in the early generation might inhibits the com-
plexation with cations. In the same —COONa concentration,
the amount of calcium ions entrapped in the PAMAM den-

Bull. Chem. Soc. Jpn., 75, No. 11 (2002) 2545

[H*]/X 102 mM

Fig. 5. Potentiometric titrations of the G1.5, G3.5, and G4.5
PAMAM dendrimers in the absence (open symbols) and
the presence (close symbols) of calcium ions in 1.0 M KC1
solution with 0.01 M HCI solution. The —COONa unit of
the PAMAM dendrimers was constant at 3.0 X
1072 mmol.

drimer was higher in the G3.5 dendrimer than that in the G1.5
dendrimer. The titration curve of the G4.5 dendrimer shows no
distinct step corresponding to the protonation of the carboxylic
groups, suggesting electrostatic repulsions between neighbor-
ing carboxylic groups due to the close-packed surface struc-
ture.

The titration curves of the dendrimers in the presence of cal-
cium ions are also shown in Fig. 5. In the presence of calcium
ions, the titration curve of the G1.5 dendrimer shifted down-
ward, suggesting the chelate formation. The both titration
curves of the G3.5 dendrimers in the absence and presence of
calcium ions are same especially in the high pH region. The
protonation of the G4.5 dendrimer, however, was promoted in
the presence of calcium ions. These results indicate that chela-
tion of calcium ions as divalent cations with the coordination
sites of the G4.5 dendrimer was inhibited due to reduced flexi-
bility of the structure compared with the early generations.
The present mineralization results showed a transition in poly-
morphous change of CaCO; occurring between G3.5 and
G4.5. Although the calcite content increased with increasing
the generation from 1.5 to 3.5, the G4.5 dendrimer effectively
induced vaterite formation. Complexation properties of the
G4.5 dendrimers due to the stereochemical factor would be a
major role for the vaterite mineralization.

In the previous reports,'> ' the precipitations of CaCOs in
the presence of the G1.5, G3.5, and G4.5 PAMAM dendrimers

Table 2. The Precipitation of CaCO; in the Presence of the G1.5, G3.5, and G4.5 PAMAM Dendrimers

Run Generation [-COONa]/mM [Ca’']/M [Ca®*]/[-COONa] Yield % Polymorphs® Vaterite cont.”%
1 1.5 5.3 0.1 0.053 81 Vaterite > Calcite 77
2 3.5 53 0.1 0.053 82 Vaterite + Calcite 48
3 4.5 53 0.1 0.053 91 Vateire >>> Calcite 98

a) Based on the total amount of Ca>*. b) Polymorphism and the fraction of vaterite were characterized by FTIR.
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were carried out by a double jet method.?* 1In all cases, stable
vaterite particles were obtained, in contrast to the present re-
sults. Under the previous precipitation condition, extreme su-
persaturation is achieved at a moment and this provides an im-
mediate nucleation of CaCO;, which is not affected by the or-
ganic additives. The nuclei are then immediately transported
to regions of lower CaCOj; concentration and can grow further.
We have shown that spherical vaterite crystals were stabilized
by the anionic PAMAM dendrimers in aqueous solution for
more than 7 days. Vaterite transforms easily and irreversibly
into thermodynamically more stable forms when in contact
with water. These results suggested that the surface of the va-
terite particles in the previous case was stabilized by the den-
drimers to avoid water contact. On the other hand, the vaterite
particles obtained in the present case by the carbonate diffu-
sion method were transformed to calcite when the solution was
incubated for 4 days. After 4 days incubation in aqueous solu-
tion at room temperature, the calcite content in run 4 of Table 1
increased to 87%. Although the dendrimer content in the va-
terite particle was 7.27 wt% as determined by elemental analy-
sis, these results indicate that the vaterite surface was not effec-
tively stabilized by the PAMAM dendrimer. Under the present
precipitation condition, the dendrimers can play a role in initi-
ating the nucleation of vaterite. Alternatively, the vaterite
growth could be explained by a kinetic inhibition of the calcite
nuclei by the dendrimers.

Conclusions

The precipitation of CaCOjs in the presence of the anionic
PAMAM dendrimers was carried out by the “carbonate diffu-
sion method”, in which a solution of the dendrimers and calci-
um chloride in distilled water was adjusted to pH 8.5 and car-
bonate was introduced to the solution via vapor diffusion. Al-
though calcite was predominantly formed at the lower concen-
tration of the G4.5 PAMAM dendrimer, the crystal phase of
the obtained CaCOj; at the higher concentration of the G4.5
PAMAM dendrimer consisted entirely of vaterite. When the
precipitations of CaCOs in the presence of the G1.5, G3.5, and
G4.5 PAMAM dendrimers were carried out with constant
—COONa unit and calcium ions, a transition in polymorphous
change of CaCO; occurred between G3.5 and G4.5 as shown
in Table 2. The G4.5 PAMAM dendrimer more effectively in-
duce vaterite formation in aqueous solution compared with the
early generation dendrimers. This polymorphous transition
agreed with a structural surface transition in the half-genera-
tions PAMAM dendrimer.”’ Complexation properties of the
G4.5 dendrimers would play a major role for the vaterite min-
eralization. Although the template mechanism of the dendrim-
ers seems to be of a complex nature because simultaneous
CaCOs; nucleation and interaction with the polymer can be ex-
pected, the stereochemical factor is important for the affinity of

Crystallization of CaCOj; with Dendrimers

the templates to manipulate the polymorph of CaCOs.

We would like to thank Dr. Tetsuo Yazawa and Dr. Koji
Kuraoka at Osaka National Research Institute for the XRD
analysis.
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