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Morphosynthesis of Octacalcium Phosphate
Hollow Microspheres by Polyelectrolyte-
Mediated Crystallization**

Adriana Bigi,* Elisa Boanini, Dominic Walsh, and
Stephen Mann

Materials chemists regard the complex processes involved
in the formation of biomineralized tissues with increasing
interest.['”] Indeed, the organic/inorganic composites synthe-
sized by living organisms often display unique and desirable
morphological, structural and mechanical properties, and
represent informative models for the synthesis and design of
complex functional materials.[>7] Biomimetic approaches
often involve the simulation of one or more of the different
strategies used by organisms to selectively control mineral
deposition for precise biological requirements.’l A key
principle in biomineralization is the involvement of biological
macromolecules, such as phosphoproteins and glycoproteins
containing acidic amino acid residuesl® that may be linked
into structural organic matrices or secreted as soluble poly-
electrolytes within the mineralization environment. When
adsorbed onto a substrate, certain proteins extracted from
biomineralized tissues can control the nucleation, orientation,
polymorphism, and morphology of the mineral phase.l'! 12
This process has prompted a number of analogous studies on
mineralization in the presence of synthetic organic templates
such as Langmuir monolayers,['> 4l self-assembled monolay-
ers,’l functionalized polymer substrates,®! and supramolecu-
lar assemblies.') Similarly, because many biomineralization
proteins in solution interact with inorganic crystal faces, and
thereby inhibit growth and influence the resulting morphol-
ogy,l'! a wide range of additives, such as small organic
molecules,['? 181 polymers,'*22l and peptides,! have been
studied to understand these processes. In the case of certain
polymers, complex morphologies that bear little resemblance
to the underlying crystal symmetry have been produced.?"
In particular, polyanionic macromolecules such as polyaspar-
tate (PASP) or polyacrylate (PA) have been used to produce
elaborate fibrous bundles of barium sulfate,[*! and distorted
spirals of calcium carbonate (vaterite).[?!

Herein we show that the crystallization of octacalcium
phosphate, CagH,(PO,)s-5H,0 (OCP) from aqueous solu-
tions containing PASP or PA at 60°C and pH 5 results in the
direct assembly of a complex inorganic-polymer spherical-
shell architecture without the intervention of external tem-
plates. The hollow microstructures consist of a thin porous
membrane of oriented OCP crystals that are highly inter-
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connected. We show that a hierarchy of processes, involving
the radial growth of dense, multilayered spheroids, secondary
overgrowth of a porous thin-shell precursor, and anisotropic
dissolution of the spheroidal cores, produces this remarkable
structure through time-dependent changes in supersaturation
and additive concentration.

Synthesis of OCP in the absence of PASP or PA yielded
spherulites consisting of long blade-shaped crystals radiating
from a common origin (Figure 1). The spherulite diameters

Figure 1. SEM images of a control sample of OCP isolated after 3 h of
ageing in the crystallization solution. a) intact spherulite, scale bar: 50 pm,
b) higher magnification image showing constituent blade-shaped OCP
crystals, scale bar: 5 pm.

ranged between 150-200 pm, and the blades were 2—5 um
wide and 0.3-0.4 pm thick. The platelike morphology is
commonly observed for OCP crystals and consists of large
basal (100) faces of triclinic pinacoid symmetry that are
elongated along the caxis and terminated by (011) faces.
Addition of PASP or PA to phosphate solutions prior to
dropwise addition of calcium acetate resulted in delayed
precipitation and the formation of hollow microspheres
(referred to as PASP-OCP and PA-OCP, respectively) with
diameters up to 1000 pm (Figure 2a,b). The thickness of the
shell wall was approximately 10 pm (PASP-OCP) and 20 um
(PA-OCP). Viewed in cross-section, broken fragments
showed that the wall was highly porous and consisted of an
interconnected network of short platelike OCP crystals
(Figure 2¢,d). The plates were oriented approximately paral-
lel to the wall thickness such that channel-like pores of about
0.1 to 2 um traversed the inorganic shell. Furthermore, the
lamellar crystals on the surface of the hollow microspheres
were slightly shorter and thinner for PASP-OCP than for PA-
OCEP precipitates (Figure 2 e,f), with the consequence that the
inorganic membrane produced by the former consisted on
average of smaller pores.

X-ray diffraction data indicated that the coherence lengths
of crystalline domains were significantly shorter for OCP
prepared in the presence of PASP or PA compared with the
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Figure 2. SEM images of OCP microstructures synthesized in the presence
of PASP (a, c, e), and PA (b, d, f), and isolated after 3h of ageing in
solution. a, b) Intact hollow shell architectures, scale bars: 100 um. In (b) a
broken fragment of a shell wall is also shown. ¢, d) Shell-wall cross-sections
showing the porous inorganic membrane consisting of an oriented network
of OCP crystals, scale bars: 10 pm. e, f) Views of the external surfaces of
the hollow spheres showing interconnected network of OCP bladelike
crystals, scale bars: 2 pm.

control sample (Table 1). This reduction can be ascribed
either to a decrease in crystal perfection because of inter-
actions with the polyelectrolytes, or a result of phase trans-
formation to give small amounts of hydroxyapatite, Ca,,-
(PO,)s(OH), (HA), or both. Thermogravimetric data indicate
that the spherulites contained <1wt% of the adsorbed
polyelectrolytes. Although the amounts were low, even small
levels of organic material incorporated into biogenic minerals
can greatly affect their structural and mechanical properties.!
In addition, slight variations in the relative intensity distribu-
tions of the X-ray reflections could be attributed to a
secondary HA phase, which readily forms by conversion of
OCP because of close structural similarity.**! Accordingly, the
Ca:P molar ratio of the solid products increased along the
sequence, control OCP, PA-OCP, PASP-OCP (Table 1).
These variations in phase composition are not sufficient
however to explain the remarkable morphological differences
observed between the polyelectrolyte— OCP microspheres

Table 1. Coherence lengths (7y,,) evaluated from the width at half-
maximum intensity of the 100, 010, and 002 reflections of OCP, OCP-PA,
and OCP-PASP materials. The Ca:P molar ratios of the solid products are
also reported.

Ty [nm] Toro [nm] Topp [nm] Ca:P molar ratio
OCP 35+1 45+1 62+4 1.35:1
OCP-PA 2+1 38+1 34+1 1.44:1
OCP-PASP 2+1 24+1 27+1 1.51:1
2164 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

and the control OCP spherulites. Other investigations were
undertaken to determine the stages of growth and assembly of
the microstructures by isolating samples from the reaction
vessel at different ageing times. In the control experiments,
SEM studies of the early stages of growth indicated that the
spherulites develop from small, loosely packed aggregates of
well-defined blade-shaped crystals that increase in number,
length, and particle density as the reaction proceeds (Fig-
ure 3). The aggregated morphology of the initial crystals

Figure 3. SEM image of early stage in the formation of OCP spherulites
grown in the absence of polycarboxylates. The sample was isolated from
solution after addition of approximately 50% of the calcium acetate
solution to the reaction flask. Scale bar: 10 um.

probably arises from the high tendency of OCP to undergo
multiple twinning, with the wide (100) face acting as twin
plane.?>?7 In contrast, the first OCP-PASP aggregates that
could be isolated from solution after complete addition of
calcium acetate displayed a compact, spherical morphology
(mean diameter =300 um), which readily fragmented to
reveal cone-shaped domains with remarkable radially banded
growth textures (Figure 4a,b). On further ageing for 1 h in the
reaction solution, the layered-growth mechanism was re-
placed by secondary overgrowth to produce a discrete thin
inorganic shell on the surface of the primary spheroids that
consisted of short blades oriented perpendicular to the surface

Figure 4. SEM images of OCP-polyelectrolyte architectures synthesized in
the presence of PASP and isolated after different periods of ageing in
solution: a, b) 45 min, scale bars: 50 pm (a) and 10 um (b). ¢) 1 h 45 min,
scale bar: 100 um. d) 3 h, scale bar: 100 um.
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of the core (Figure4c). Large fragments of the shell
membrane were easily detached from the central dense
spheroid, indicating that the core-—shell interface was dis-
continuous or only loosely connected. Extending the ageing
time resulted in partial dissolution of the banded micro-
structure to produce a highly porous core with convoluted
bicontinuous architecture that was enclosed by the shell wall
(Figure 4d). Moreover, dissolution of the spheroids occurred
inwardly from the core-shell interface without affecting the
texture of the surrounding shell membrane. With time,
complete dissolution of the core occurred to give the hollow
microspheres shown in Figure 2. Similar results on the growth
process were obtained for PA-OCP aggregates.

The spherical morphology and extensive agglomeration of
OCEP crystals within the layered structure shown in Figures 4a
and b can be attributed in part to adsorption of polyaspartate
molecules onto the crystal surfaces during growth.?® 2l Under
these conditions, the growth front has to penetrate the
polyelectrolyte adsorption layer, with the consequence that
the propagation of growth steps across the surface becomes
severely hindered and the growth rate decreases. The multi-
layered banded structure indicates that growth of the
spheroidal core is discontinuous with periods of relatively
fast growth alternating with periods of stagnation, which
presumably take place when the polyelectrolyte concentra-
tion on the crystal reaches a critical value, and the distance
between the adsorbed molecules becomes smaller than the
size of the critical surface nucleus.’® One possibility is that the
delayed onset of nucleation in the presence of the polymers
results in the phase separation of highly supersaturated liquid
droplets that subsequently undergo polyelectrolyte-mediated
crystallization to produce the concentrically layered sphe-
roids. As the process occurs within droplets of confined
volume, and involves the 3D radial organization of platelike
crystals, significant levels of mechanical stress can build up
inside the spheroids. Indeed, the spheroids often underwent
catastrophic breakage into cone-shaped fragments when air
dried.

Secondary overgrowth of the porous shell on the surface of
the spheroids takes place after extensive ageing when the
polyelectrolyte concentration in solution is significantly
reduced by prior surface adsorption and incorporation within
the core microstructure. In the case of PA, which displays a
slightly less inhibiting effect on OCP precipitation than PASP,
shell formation should start at relatively higher polyelectro-
lyte concentrations, and result in a thicker shell. Furthermore,
the lower levels of polyelectrolyte molecules during growth of
the shell produces a more-ordered crystalline phase that is
more stable than the multilayered core with respect to
dissolution when the solution supersaturation is reduced to
close to the solubility limit. Dissolution of the core, initially
from the core —shell interface, necessitates diffusion of ions
through the shell membrane. The external diameter of the
structures did not change appreciably during dissolution,
whereas the shell wall increased in size during ageing, as
shown for example in Figures 4 ¢ and 2c, where the shell wall
thickness is approximately 5 um and 10 um, respectively.
Thus, the dissolution of the core redistributes the mineral ions
and contributes to shell-wall growth such that the products
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isolated after 3 h of ageing consist mostly of hollow micro-
spheres.

In conclusion, polycarboxylates, such as polyaspartate
(PASP) and polyacrylate (PA) can be used to synthesize
porous hollow microspheres of OCP using a straightforward
solution crystallization process. OCP is employed in several
technological applications,*”! and is of particular biological
importance as a precursor phase in the precipitation of
biological apatites.!] We therefore envisage that the materials
reported here will be useful for biomedical applications, such
as drug encapsulation and controlled release. Finally, we note
that the structural and morphological evolution of inorganic
architectures as described here occurs in the absence of
external templates through the use of intermediates capable
of metamorphism. Such a strategy, involving metastable
architectures with hybrid compositions, could have general
importance for controlling the synthesis of complex inorganic
architectures.

Experimental Section

Synthesis of OCP was carried out by dropwise addition of 0.04m
Ca(CH;COO), (250 mL) over a period of 50 min into a phosphate solution
(750 mL) containing Na,HPO, (5 mmol) and NaH,PO, (5mmol) at a
starting pH of 5.2l The reaction was undertaken at 60 °C with mechanical
stirring. The precipitate was left in contact with the mother solution under
gentle stirring for different periods of time, up to 3 h. Syntheses in the
presence of sodium poly(aspartic acid) (My = 11000) or sodium polyacry-
late (My =2100) were performed by adding the polyelectrolytes to the
phosphate solution. The amounts of polyelectrolytes used were equivalent
to a theoretical monomeric unit concentration of 0.044 mm. The resulting
OCP precipitates were characterized by scanning electron microscopy
(SEM) using a JEOL JSM 5600 LV operating at 12-15kV. X-ray-
diffraction analysis was carried out using a Philips PW 1050/81 powder
diffractometer equipped with a graphite monochromator and Cuy,
radiation (40 mA, 40 kV). The 260 range was from 3 to 60° at a scanning
speed of 0.5° min~'. Lattice parameters were determined by least-square
refinements from the well-determined positions of the most intense
reflections. Silicon was used as the internal standard. Differences between
the lattice parameters of OCP synthesized in the presence of the
polyelectrolytes and those of a control OCP phase, a=19.62(5), b=
9.62(9), c=6.83(6) A, « =89.4(8), B=92.6(8), y =107.4(8)°, were within
the standard deviations. To evaluate the coherence length of the OCP
crystals, additional X-ray powder diffraction data were obtained in the
relevant region of 26 by means of step scans using a fixed counting time
period of 30 sec and a scan rate of 0.1° step~. The coherence lengths were
determined from the width at half-maximum intensity of the 100, 010, and
002 reflections according to the Scherrer equation. The silicon-standard
peak 111 was used to evaluate the instrumental broadening. Thermogravi-
metric analysis was carried out using a Perkin Elmer TGA-7. Heating was
performed in a platinum crucible in air flow (20 cm*min~') at a rate of
5°Cmin~" up to 900°C. The samples weights were in the range 5-10 mg.
Calcium and phosphorus contents of the solid products were determined by
means of a Dionex DX100 chromatography system fitted with a Dionex
CD20 conductivity detector. The chromatographic data were collected and
processed with a Dionex peaknet 5.1 program.
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Structural Characterization of a Cationic
Zirconocene Olefin Polymerization Catalyst
with its Methylated Boralumoxane
Counterion**

Bodo Richter, Auke Meetsma, Bart Hessen,* and
Jan H. Teuben

The discovery by Sinn and Kaminsky that methyl alumox-
ane (MAO) can act as an efficient activator for metallocene
olefin polymerization catalysts!! has triggered tremendous
developments in single-site olefin polymerization catalysis.?!
Presently, more than twenty years after the initial discovery,
the actual nature of MAO and its mechanism of catalyst
activation are still under debate.l) Model studies on rert-butyl
alumoxanes led Barron et al. to formulate the hypothesis that
these alumoxanes consist of oligomeric (RAIO), clusters,
containing 4-coordinate Al in strained fused 4-membered
AlLO, rings that can exhibit “latent Lewis acidity” by ring
opening, allowing Al to abstract an alkyl anion from the
transition metal dialkyl catalyst precursor.*>] The direct
(structural, spectroscopic) study of these processes and their
products is hampered by the apparent equilibrium nature of
the alkyl transfer reaction, with the equilibrium constant
strongly favoring the starting materials when well-defined
alumoxanes with sterically demanding alkyl groups are used.
Crystal structure determinations of the products resulting
from the reaction of [{BuAlO]s with MeLiP! and with RNH, !
gave support for the proposed activation mechanism, but as
yet the products of the activation of metallocene single-site
olefin polymerization catalysts by alumoxane activators have
eluded full characterization.

Recently we reported the synthesis and structural charac-
terization of a well-defined boralumoxane species, [fBu,-
Al ArB,Og] (1, Ar=2,6-diisopropylphenyl), and showed that
this compound is able to activate [Cp,ZrMe,] for catalytic
ethene polymerization.! Although 1 is topologically quite

Ar
R\ O é
— A B _Ar
/-I\I\?/\?,\

_0
AF*B\O)AKO\A‘:
O ™R
RoAL §
B AL - )
RO ar

1 R=8Bu
Ar = 2,6-Pr,CqHy)

different from the /Bu-alumoxane species isolated by Barron
et al., containing 3-coordinate B and 4- and 5-coordinate Al, it
shares with these compounds the presence of a strained
4-membered Al,O,-ring assembly (edge sharing with a BAIO,
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