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Crystallization at Inorganic-
Organic Interfaces: Biominerals
and Biomimetic Synthesis

Stephen Mann,* Douglas D. Archibald, Jon M. Didymus,
Trevor Douglas, Brigid R. Heywood,} Fiona C. Meldrum,
Nicholas J. Reeves

Crystallization is an important process in a wide range of scientific disciplines including
chemistry, physics, biology, geology, and materials science. Recent investigations of
biomineralization indicate that specific molecular interactions at inorganic-organic inter-
faces can result in the controlled nucleation and growth of inorganic crystals. Synthetic
systems have highlighted the importance of electrostatic binding or association, geometric
matching (epitaxis), and stereochemical correspondence in these recognition processes.
Similarly, organic molecules in solution can influence the morphology of inorganic crystals
if there is molecular complementarity at the crystal-additive interface. A biomimetic ap-
proach based on these principles could lead to the development of new strategies in the
controlled synthesis of inorganic nanophases, the crystal engineering of bulk solids, and
the assembly of organized composite and ceramic materials.

Of the many challenges facing crystal sci-
ence, the unification of molecular and
mechanistic descriptions of crystal nucle-
ation, growth, morphology, and dissolution
is of pivotal importance. The dichotomy
between the kinetic models of Burton, Ca-
brera, and Frank (I, 2) and a molecular
description of the structure, bonding, stereo-
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chemistry, and reactivity of crystal surfaces
and nuclei has narrowed in recent years, but
the disparity remains uncomfortably large.
For example, the concept of order-disorder
phase transformations in two-dimensional
Ising lattices and the associated phenome-
non of kinetic roughening have been exten-
sively studied, yet we have little understand-
ing of the consequences of such events on
the molecular scale. For example, how do
bond lengths, coordination environments,
and nanoscale structure change during a
roughening transition? The answers to such



questions require a move away from the
predominant kinetic paradigm of chemical
engineers and physical chemists to a percep-
tion of crystal science in terms of bonding
and reactivity of extended organized struc-
tures, that is, toward the view held by many
synthetic chemists who use crystal structure
data to explain the electronic and stereo-
chemical properties of new compounds.
Some progress has been made, mainly in
the field of organic solid-state chemistry (3,
4), in which the key structural and stereo-
chemical factors associated with nucleation
and crystal morphology can be more readily
identified than in systems that are character-
ized by ionic bonding. The application of a
molecular approach to inorganic materials
has been essentially restricted to the geomet-
ric (epitaxial) models proposed many years
ago by Whetstone (5) and Buckley (6) that
were developed to explain the interaction of
additives with specific crystal faces. Inorgan-
ic interfaces involved in oriented over-
growth have been treated from a similar
perspective, and unit cell matching of close-
packed structures can account for oriented
nucleation, provided that the substrate and
overgrowth have relatively simple lattice
symmetries. However, although these mod-
els appear to be realistic descriptions of many
simple phenomena, they have not provided
adequate explanations for the processes that
result in the controlled crystallization of
inorganic solids in biological systems.

Fig. 1. Transmission electron micrograph
showing a chain of discrete intracellular mag-
netite (Fe,O,) crystals. The crystals have well-
defined particle sizes, are crystallographically
oriented, and exhibit species-specific morphol-
ogies. Scale bar = 0.1 pm.

Crystal Science and
Biomineralization

Biomineralization results in complex mate-
rials, such as bones, shells, and teeth, that
are characterized by a remarkable level of
molecular control of the particle size, struc-
ture, morphology, aggregation, and crystal-
lographic orientation of the mineral phases
(7, 8). Moreover, these biogenic minerals
are in intimate association with organic
polymers and macromolecules such that the
products are of functional value as structur-
al supports, mechanical devices, and sen-
sors. This level of crystal engineering is not
restricted to higher organisms but is char-
acteristic of many simple organisms such as
bacteria and protozoa (Fig. 1).

A central tenet of biomineralization is
that the nucleation, growth, morphology,
and aggregation (assembly) of the inorgan-
ic crystals are regulated by organized as-
semblies of organic macromolecules (the
“organic matrix”) (9). Control over the
crystallochemical properties of the bio-
mineral is achieved by specific processes
involving molecular recognition at inor-
ganic-organic interfaces (10). In this arti-
cle, we review some of our recent experi-
ments in which we model biomineraliza-
tion and elucidate the role of molecular
recognition in inorganic crystallization
systems. We show how organized organic
surfaces can control the nucleation of
inorganic materials by geometric, electro-
static, and stereochemical complementar-
ity between incipient nuclei and function-
alized substrates. We also describe how
analogous interactions are responsible for
the morphological modification of inor-
ganic crystals grown in the presence of
anionic organic additives. Our aim is to
highlight a molecular description of nucle-
ation and growth that complements the
more classical quantitative approach of
physical chemistry. Moreover, a biomi-
metic approach based on molecular recog-

nition at inorganic-organic interfaces
Fig. 2. Diagrammatic rep- AG* a
resentation of the activa-

tion energies of nucleation, 1
AG*, of inorganic minerals A

in the absence (state 1)
and presence (state 2) of
an organic surface in-
volved in biomineralization.
Three possibilities exist for
a mineral of two polymor-

could be useful in the synthesis of inorgan-
ic nanophases, bulk solids, and composite
and ceramic materials (11).

Nucleation

How then, should we envisage inorganic
nucleation in biological systems? We con-
sider the formation of inorganic nuclei on
the surface of an organic matrix to be
analogous to an enzyme-substrate interac-
tion in which the nuclei are kinetically
stabilized by specific molecular interactions
with the organic surface. In general, the
effect of the organic substrate is to lower the
activation energy of nucleation (AG*).
Moreover, AG* may be dependent on the
two-dimensional structure of different crys-
tal faces because each set of symmetry-
related faces could exhibit a different level
of complementarity with respect to the
functionalized organic substrate. Indeed,
we can consider these different interactions
as corresponding to a series of activated
clusters, each of different AG#, such that
there may be an ensemble of nucleation
profiles that are crystallographically specific
and dependent on the nature (degree of
functionality, ionization, and structural as-
sembly) of the organic matrix (Fig. 2).
What features of the inorganic nuclei
can be recognized by the organic matrix? In
principle, complementarity between the
surface lattice geometries (including relax-
ation), spatial charge distributions, polarity
of hydration layers, defect sites, and stereo-
chemistries of the inorganic and organic
surfaces are all possible. Unfortunately,
there is a dearth of direct experimental
evidence on the nature of these interfacial
processes. Circumstantial evidence suggests
that coordination environments in the
mineral phase are simulated by metal-ion
binding to appropriate ligands exposed at
the organic surface. For example, carbonate
and phosphate biominerals are often asso-
ciated with carboxylate-rich (aspartate and
glutamate) and phosphorylated (phospho-

2——

2t

2 X

phic structures (or two nucleation orientations), A and B, where A is the more kinetically favored in
the absence of the organic matrix. (a) Nonspecific nucleation catalysis in which both polymorphs (or
crystal faces) have reduced activation energies because of the presence of the matrix surface but
there is no change in the outcome of mineralization. (b) Structure-specific nucleation of polymorph
(or crystal face) B due to molecular recognition and high-fidelity synthesis or replication of the matrix
surface. (e) Combination of (a) and (b) depending on the levels of recognition of nuclei A and B and
the fidelity of matrix production, both of which may be influenced by genetic, metabolic, and

environmental processes.
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serine) proteins, respectively (9). The or-
ganic functional groups act as surrogate oxy-
anions that simulate the inorganic stereo-
chemistry in the first layer of the incipient
nuclei. Similarly, biominerals such as silica
and ice, which contain polar —OH or H,0
groups, are nucleated in association with
hydroxy-rich macromolecules such as poly-
saccharides and proteins that contain high
concentrations of serine and threonine res-
idues (12, 13). However, the interfacial
recognition of the nearest neighbor interac-
tions is not sufficient to generate the longer
range translational symmetry of the inor-
ganic lattice. This can only be achieved by
control of the spatial disposition of func-
tional groups across the matrix surface.
Thus, the secondary, tertiary, and quater-
nary structures of assembled macromole-
cules are often key features of the preorga-
nization required for controlled inorganic

Fig. 3. Diagram showing
the possible mechanism
of iron oxide nucleation in
ferritin. One polypeptide
subunit is shown span-
ning the protein shell. The
Fe(ll) species, present in
the external environment,
bind at the ferroxidase
center (x), where they un-
dergo rapid oxidation. Mi-
gration of Fe(lll) into the
cavity results in mineral
nucleation at a site com-
prising three glutamate
residues. [Adapted from

(15)]

nucleation. Molecular periodicity can be
attained by the use of B-pleated protein
sheets (shells), a helices (fish antifreeze
proteins), and organized phospholipid
membranes. The construction of large-scale
structures, such as shell and bone, relies on
regiospecific nucleation in which active
sites are spatially arranged over relatively
long distances (micrometers). This is ac-
complished by cellular regulation of the
synthesis, transport, and deposition of the
matrix components and is under metabolic
control.

Ferritin: Spatial charge and nucleation ca-
talysis. The integration of organic supramo-
lecular chemistry and inorganic crystalliza-
tion is exemplified by the iron storage pro-
tein ferritin. This protein, which is present
in bacteria, animals, and plants, consists of
a spherical polypeptide shell that surrounds
an inorganic core of the iron oxide mineral

Glu'4é

Table 1. Oriented nucleation of inorganic crystals under Langmuir monolayers.

SystemA Monolayer [Metal] (mM) Mineral Nucleated

face

CaCOg, CH3(CH,),6C00~ 7-10 Calcite {170}

4-6 Vaterite (001)
CH;(CH,),,NH,* 4-10 Vaterite (001) + (110)
CHS(CH2)1908023‘ 10 Calcite (001)
CH,(CH,),oP04%~ 10 Vaterite (001)
CH,(CH,),,0H 4-10 Calcite +- Nonoriented +
vaterite inhibited
C,,H,sOH* 4-10 Calcite Nonoriented

BaSO, CHS(CH2)1QOSC;3_‘ 0.15 Barytes (100)
CH;(CH,),oPO4 0.15 Barytes (100)
CH,4(CH,),oCO0~ 0.15 Barytes (010)

CaSO, CH3(CH,),,NH,* 20-40 Gypsum (010) + {703}
CH,(CH,),50S04~ 20-40 Gypsum (010) + {103}
CH4(CH,),P0,2~ 20-40 Gypsum (010) + {103}
CH,4(CH,),gCO0~ 20-40 Gypsum (010) + {103}
CH,(CH,),,0H 20-40 Gypsum 010)

*Cholesterol.
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ferrihydrite. The system is effectively a
nanoscale host-guest inorganic-organic as-
sembly. The micelle is constructed from 24
polypeptide subunits arranged in cubic sym-
metry such that molecular channels pene-
trate the shell. The internal cavity is ~8
nm in diameter, which sets an upper limit
of 4500 Fe atoms that can be accommodat-
ed in the mineral core. The structure of
ferritin is complicated by the fact that there
are two different subunits, designated H
(heavy) and L (light) according to their
relative molecular masses. Some ferritins,
such as that isolated from horse spleen, are
enriched (90%) in the L-chain subunit,
whereas others, for example, the one from
human heart, contain predominantly the
H-chain subunit.

The difficulty of studying mineralization
in heteropolymeric-ferritins has been over-
come by the ability to produce recombinant
homopolymer ferritins (100% H or L sub-
units) (14), which can be crystallized and
studied by x-ray diffraction (15). There is a
specific metal-binding oxidation site in the
H-chain but not in the L-chain polypeptide
subunit (15). This site is close to an anionic
patch of three glutamate residues on the
inner surface of the protein shell (Fig. 3).
Recently, we have undertaken experiments
involving the in vitro mineralization of
ferritins modified by site-directed mutagen-
esis to produce proteins depleted of the
oxidation site or of cavity surface gluta-
mates, or both (16). The data indicate that
amino acid modifications in these residues
result in reduced kinetics of iron oxide
formation. Moreover, both sites act coop-
eratively in achieving the specific deposi-
tion of ferrihydrite within the protein cav-

A 5A

, 90 , oo , 00O
0 o)
0 o o
o ) o]
«—4.96 A—
B 5A
Q Q J
_________ fS_-O-___----‘S;O.----_-_?S'O__
. oo [ ¢) oo
O—«g o—«g O—«8
e s5A . °

Fig. 4. Geometric and stereochemical comple-
mentarity at monolayer-crystal interfaces. (A)
Nucleation of the calcite {170} face under car-
boxylate monolayers. (B) Nucleation of the cal-
cite (001) face under sulfate monolayers.



ity. One possibility is that Fe(Ill) species
formed at the ferroxidase center readily
migrate into the cavity because of the elec-
trostatic field of the neighboring glutamate
residues located on the cavity surface.
These residues, unlike the ligands of the
ferroxidase site, are conserved in both H-
and L-chain ferritin subunits and are puta-
tive nucleation sites.

These results indicate that nucleation
specificity can be generated by the in situ
production of ionic species [Fe(Ill)] that
are subsequently accumulated in the pres-
ence of localized electrostatic fields. The
effect is presumably to decrease the en-
counter time between collisions such that
the critical radius can be readily surpassed.
The process is very subtle because a
change in a few amino acid residues at the
appropriate sites in the protein markedly
reduces the kinetic specificity of intrafer-
ritin nucleation. However, the level of
molecular recognition in this system is
limited to charge and polar interactions
and hence is restricted to the short range.
Thus, the nuclei are kinetically stabilized
but not crystallographically oriented.

Surface recognition: Oriented nucleation on
organized organic surfaces (Langmuir mono-
layers). One of the most striking aspects of
biomineralization is the widespread phe-
nomenon of oriented crystallization. For
example, electron diffraction studies of par-
tially demineralized mollusk shells have
shown that in some species both the a and

A B

Fig. 5. Optical micrographs showing
CaS0,-2H,0 crystals nucleated under a com-
pressed n-eicosyl sulfate monolayer. (A) Crys-
tal nucleated on the (010) face; the ¢ axis (long
morphological axis) is aligned parallel to the
monolayer surface. (B) Crystal nucleated on
the {103} end face; the crystal has been re-
moved from the monolayer and is viewed along
the b axis to show the asymmetry in the end
faces arising from oriented nucleation. In situ,
the long morphological axis is approximately
perpendicular to the monolayer surface. Scale
bar = 0.02 mm.

b axes of an antiparallel B-pleated sheet
protein are aligned with the a and b crys-
tallographic ~ directions of  aragonite
(CaCO;) (17). Partial amino acid sequenc-
ing of these acidic proteins (18) has indi-
cated that there are repeated domains of
polyaspartate, which could be the nucle-
ation centers.

These suggestions are borne out by mod-
el systems in which calcite crystals have
been grown on sulfonated polystyrene films
with or without adsorbed polyaspartic acid
(19). Rigid, highly sulfonated films induce
the preferential nucleation of the calcite
(001) face, and this effect is increased
tenfold in the presence of adsorbed polyas-
partate in the B-pleated sheet conforma-
tion. Interestingly, although oriented nu-
cleation was observed, the nucleation den-
sity remained relatively low, suggesting that
substrates capable of aligning nuclei may
not necessarily be highly active as nucle-
ation sites. Because the structures of these
macromolecular surfaces are difficult to elu-
cidate, we have chosen to study simpler
organic substrates formed by compressing
surfactant monolayers at the air-water in-
terface of supersaturated solutions (20-23)
(Table 1). Our results indicate that ion
binding, lattice matching, and stereochem-
ical recognition are important factors re-
sponsible for oriented nucleation. For ex-
ample, Ca binding to negatively charged
stearate (C;;CO,~) monolayers results in
the nucleation of the {110} face of calcite
(24) (Fig. 4). The pseudohexagonal net of
stearate molecules has an interheadgroup
spacing of ~0.5 nm, which matches the
distance between coplanar Ca’* on the
{110} face. Similar geometric correspon-
dences are present for the (100) face of
BaSO, crystals nucleated under long-chain
alkyl sulfate or phosphonate monolayers
(25, 26). In addition to these geometric
relations, the stereochemical arrangement of
the surfactant headgroups is of fundamental
importance. Nucleation of the calcite {110}
face, for example, is favored by carboxylate
headgroups because the bidentate motif
mimics the carbonate stereochemistry ex-
posed on this crystal surface; nucleation of
the (001) face, on the other hand, is in-
duced by sulfate headgroups because the
tridentate arrangement simulates the oxygen
positions of carbonate anions lying parallel
to this crystal surface (Fig. 4) (27).

Similar experiments have been under-
taken with the hydrated phase gypsum
(CaSO, 2H,0) (27). In the absence of a
compressed monolayer, gypsum grew at the
air-water interface in the form of randomly
oriented, intergrown needles elongated
along the ¢ axis. Nucleation under nega-
tively charged monolayers was enhanced,
and the-crystals were discrete and oriented
with the ¢ axis parallel or approximately
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perpendicular to the air-water surface (Fig.
5). Whereas the negatively charged head-
groups (sulfate and phosphate) gave a 60:40
mixture of needles aligned normal and par-
allel to the monolayer, respectively, the
polar surfactant octadecanol, although less
effective at promoting nucleation, induced
the nucleation of the (010) face such that
essentially 100% of the gypsum needles
were oriented with the ¢ axis parallel to the
monolayer surface. The (010) face lies par-
allel to the layers of water molecules in the
unit cell and appears to be effectively stabi-
lized by polar interactions with the hydroxyl
headgroups of the octadecanol monolayer.
Thus, although charge and stereochemical
interactions are not selective in determin-
ing the orientation of the gypsum crystals,
hydrogen bonding at the crystal-monolayer
interface is an important aspect of nucle-
ation. A similar effect has been observed
with ice nucleation under long-chain alco-

hols (28).
Growth and Morphology

A perspective based on molecular recogni-
tion is expedient to the study of inorganic
crystal growth. Although classical kinetic
descriptions work well for simple ionic salts,
we would like to understand how the reac-
tivity of growth sites depends on molecular
configuration rather than view the system as
a hypothetical geometric array of (cubic)
growth units. We, and others, have begun to
probe the interaction of crystal surfaces with
molecular-specific additives, and some of our
recent data are described below. In general,
it is clear that charge, geometry, and stereo-
chemistry are important aspects of the crys-
tal-additive interactions. Moreover, these
interactions are dynamic such that specific
changes in morphology probably originate
from subtle differences in the kinetics of
these recognition processes on different crys-
tal faces rather than from high-affinity (irre-
versible) additive binding on one preferred
set of symmetry-related surfaces.

Surface incarceration: Host-guest interfaces
based on charge-size considerations. At the
present time, there is much interest in the
potential of host-guest interactions both in
liquid systems involving supramolecular
chemistry (such as cryptands) and in solid
phases with layered or porous structures
(intercalation compounds). In a sense, a
growing crystal face represents the ultimate
host because not only does it readily accom-
modate soluble guests (growth units) but
also it quickly enrolls them as new members
(hosts) of the expanding surface. In the
presence of extraneous additives, however,
the role of the crystal surface is more anal-
ogous to the conventional view of host-
guest systems. In such cases, the surface
layers of the crystal can incorporate soluble
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additives provided there is a degree of com-
plementarity in charge and size between the
guest ions and interstices in the structure of
the crystal boundary layers.

Two possibilities can arise. First, the
additive is incarcerated in the hydrated,
relaxed surface structure but is excluded from
the bulk. The crystal is then covered by a
host-guest layer that is in steady state with
the development of the growth fronts at the
crystal-solution interface. A preferential dis-
tribution of the incarcerated ions on certain
crystal faces can result in morphological
changes because of reductions in symmetry
or structural stabilization, or both, which
result in differential kinetics. Second, the
additive is accommodated as an integral part
of both the surface and the bulk structures of
the growing crystals (a host-hostage phase?).
Occlusion is probably favored when there is
only marginal difference between the surface
and bulk structures. Changes in the unit cell
parameters and in crystal symmetry and mor-
phology and the adoption of superstructures
are possible consequences of solid-solution
behavior.

Simple cations and anions can exert
profound influences on the morphology of
inorganic crystals. Recently, Rajam and
Mann have shown that Li* has a dramatic
effect on the shape of calcite crystals (29).
In the presence of relatively high Li* con-
centrations (Ca:Li = 1:10), the rhombohe-
dral {104} faces of calcite become truncated
by well-defined basal (001) surfaces, result-
ing in hexagonal tabular crystals. No
changes in bulk structure are observed by
high-resolution x-ray powder diffraction,
suggesting that the morphological change is
due to surface interactions alone. The rel-
atively high Li* concentrations required for
this effect suggest a specific electrostatic
shielding of the (001) face due to Li*
located in surface sites. In particular, the
net dipole moment present on this face can
be effectively neutralized by Li* intercala-
tion into vacant tetrahedral holes without
significant surface reconstruction. A theo-
retical examination of this system used an
approach based on the atomistic simulation
of inorganic surfaces (30). In this approach,
the surface structure and stability and the
effect of impurities on surface energy are
calculated for different crystal faces. Provid-
ed that an accurate parametrization of the
force field can be determined, morphologi-
cal changes in the presence of additives can
be predicted. In this way, Titiloye et al.
have shown that, whereas Mg?™* stabilizes
the {110} faces of calcite, Li* interacts
specifically with the basal (001) faces
(31). Development of these theoretical
procedures to accommodate the interac-
tion of more complex additives such as
HPO,*~ with calcite surfaces has been
undertaken (32).
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Surface recognition: Spatial charge and ste-
reochemical requirements. Low molecular
weight additives that have molecular struc-
tures with variable conformational states will
interact with inorganic crystal surfaces
through electrostatic and stereochemical
processes. For example, a-w-dicarboxylic ac-
ids [(CH,),,(CO,H),| are effective at stabi-
lizing the {110} faces of calcite provided that
both carboxylate groups are ionized and n <
3 (33). Carbonate is incorporated into these
faces by bidentate binding to Ca?*, and this
effect can be simulated by the dicarboxylate
interactions if the spacing between the li-
gands is close to 0.4 nm. Both malonate and
maleate fit this criterion, but the increased
rigidity of the latter reduces the binding
affinity. Similar effects have been observed
for BaSO, crystals grown in the presence of
diphosphonates (34).

Charge functionalization of additives
can enhance their morphological specifici-
ty; for example, both a-aminosuccinate
(aspartate) and +y-carboxyglutamate show
more effective stabilization of the prismatic
calcite {110} faces than succinate or gluta-
mate, respectively (33). Increasing the hy-
drophobicity of the additive, however, gen-
erally reduces its ability to induce morpho-
logical changes during crystallization.
Thus, whereas butyl phosphate binds spe-
cifically to calcite {441} faces, naphthyl
phosphate is ineffective (35).

In other experiments, different morpho-
logical effects can be induced by seemingly
marginal changes in the molecular structure
of the additive; for example, whereas pris-
matic calcite crystals are formed in the
presence of phenyl phosphate, phenyl phos-
phonate produces crystals of unusual rthom-
bohedral form (Fig. 6). A possible explana-
tion for this remarkable difference is that
rotation of the phenyl ring about the
C-O-P linkage of phenyl phosphate en-
ables the molecule to bind in an orientation
complementary to the carbonate stereo-
chemistry of the {110} prismatic faces.
However, this is not an acceptable orienta-
tion for the phenyl phosphonate molecule
because the aromatic ring would be very
close to the charged crystal surface as a result
of the presence of the C-P bond. Clearly,
when one begins to consider the stereo-
chemical possibilities of macromolecular in-
teractions with inorganic crystal faces, then
the recognition processes can become ex-
tremely complex. However, studies have
shown that acidic macromolecules extracted
from sea urchin tests interact specifically
with calcite prismatic faces (36), suggesting
that the acidic amino acid carboxylate
groups behave in a stereochemical fashion
similar to that observed with the low molec-
ular weight dicarboxylate additives.

Solution chemistry and reactivity. Any dis-
cussion of the structural and stereochemical
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Fig. 6. Scanning electron micrographs of cal-
cite crystals grown in the presence of (A)
phenyl phosphonate and (B) phenyl phos-
phate. Scale bars = 10 pm.

influence of organic additives on the crystal
morphology of inorganic materials should
be framed within the physicochemical con-
text of the crystallization system. In this
regard, speciation is particularly important
because the basis of recognition depends on
the precise transfer of molecular informa-
tion at the crystal-additive interface. Sys-
tems in which there is a range of equilibria
involving chemically variant species can be
subject to radical changes in morphology
depending on such factors as pH, ionic
strength, and complexation (37). More-
over, these equilibria may fluctuate during
the course of the crystallization reaction
such that time-dependent morphologies
can be obtained.

More complicated situations arise when
crystallization is associated with phase trans-
formations involving chemical reactions. In
such cases, it is unlikely that even an ap-
proach that combines structural, stereo-
chemical, and kinetic considerations is suf-
ficient, and only an understanding of chem-
ical reactivity will suffice. For example, the
crystal growth of iron oxides, such as Fe;O,
and Fe,O;, from aqueous solution involves
surface reactions such as ligand exchange,
hydrolysis, proton loss, and oligomerization,
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all of which could be influenced by organic
molecules. Moreover, it is probable that in
such cases the crystals grow through a hy-
drated pseudocrystalline surface-oxide inter-
phase such that the chemistry of phase trans-
formation needs to be understood.

A relatively new approach to understand-
ing the structure and reactivity of complex
systems involves the theoretical modeling of
the complexation and hydrolysis behavior of
species using a partial charge model based on
the equalization of electronegativity (38).
This method can be used to calculate the
expected degree of interaction between a
growth additive and aqueous species before
nucleation. For example, complexation ver-
sus pH diagrams can be obtained for addi-
tives with straight-chain precursors of gener-
al formula [Fe,(H,0),_,(OH),**™* (where
x is varied from 1 to 10 and y = 4x + 2)
(39). The calculations show that at pH = 2
both phosphate and sulfate complex strongly
with multinuclear Fe(III) complexes and
hence perturb the crystal morphology of
hematite, as confirmed by experimental re-
sults (39). Phosphate esters, on the other
hand, have stability fields that lie outside the
experimental pH and show marginal mor-
phological effects.

The partial charge model can also
be used to determine the relative labili-
ties of complexed iron(Ill) precursors
([Fe(H,0),(OH),X]°, where X is a complex-
ing anionic species) toward oxolation and

complete hydrolysis (39). Oxolation can be
considered as a 1,3 prototropic shift from
OH to H,0, and the calculated partial
charge on H,0 [8(H,0)] predicts whether
this shift is reversible or not and hence
whether oxolation and complete hydrolysis
(oxide formation) is favored over olation
(oxyhydroxide formation). The calculated
partial charges, §(H,0), become more pos-
itive as the electronegativity of the anionic
additive increases as a result of inductive
effects at the metal center. For inorganic
oxyanions, the values are positive [for exam-
ple, for H,PO,, 8(H,0) = +0.11], imply-
ing that the Fe~OH, group is more acidic in
the presence of the complexing anion and
that oxide (hematite) formation is favored.
In contrast, organic monophosphates gave
negative 8(H,0) values, predicting incom-
plete oxolation and nucleation of hydroxy-
oxide phases such as lepidocrocite (y-
FeOOH). These predictions were confirmed
by experimental studies (39).

Biomimetic Approaches

The adaptation of ideas and concepts de-
rived from biomineralization research to the
synthesis of inorganic materials with con-
trolled properties appears to be a promising
area of investigation (I11). In particular,
processes that utilize supramolecular assem-
blies and control interfacial chemistry by
molecular recognition could provide new
routes to inorganic materials that exhibit
uniform particle size (often nanoscale), poly-
morph selectivity, tailored morphology, ori-
ented nucleation, organized assembly, and
composité structures (organoceramics).

. Organic cages and the synthesis of inorganic
materials. The possibility of using host-guest
systems to confine the synthesis of inorgan-
ic materials to small reaction volumes has
been recently explored. Clearly, the re-
quired cavities are an order of magnitude
larger than those provided by conventional
hosts such as crown ethers and. cyclodex-
trins. Zeolites offer some exciting prospects
in synthesizing and immobilizing discrete
inorganic clusters [such as CdS (40)], but
the channel dimensions are usually well
below 1.5 nm and the reaction products
cannot be readily extracted from the host
lattice. More versatility can be provided by
organic supramolecular hosts such as re-
verse micelles and. phospholipid vesicles
because the size range of reaction environ-
ments (1 to 100 nm) is more extensive and
there is the potential for molecular engi-
neering of the surface functional groups. A
range of nanometer-dimension inorganic
materials [such as Ag,0 (41), Fe;O, (42),
calcium phosphates (43), ALO; (44), and
CdS (45)] have been prepared within phos-
pholipid vesicles. As each particle is sur-
rounded by a bilayer membrane 4.5 nm
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thick, particle-particle interactions are neg-
ligible and reaction rates can be diffusion
controlled. For example, slow membrane
diffusion of OH™ into Fe(II)-loaded phos-
phatidylcholine vesicles results in the intra-
vesicular crystallization of Fe;O, compared
with y-FeOOH deposition under analogous
conditions in bulk solution (42).

One problem encountered with the use
of phospholipid or surfactant assemblies is
their sensitivity to changes in phase behav-
ior. Furthermore, the dynamic behavior of
reverse micelles restricts their use in the
synthesis of inorganic materials because the
primary particles readily aggregate. To alle-
viate some of these difficulties, we have
used more robust systems such as the min-
eral-free protein shell of ferritin (Fig. 7).
The similar redox and aqueous chemistries
of Mn(II)/(III) and Fe(II)/(III) have been
utilized in the room-temperature synthesis
of nanophase Mn(III) oxides within the
8-nm internal cavity of the protein shell
(46). The resulting particles are uniform in
size and monodisperse. Furthermore, be-
cause the protein can tolerate pH values up
to 9.5 and temperatures of 60° to 80°C for
limited periods, there is the possibility of
extending the scope of this approach. For
instance, Meldrum et al. have recently re-
ported a synthetic route to the in situ depo-
sition of Fe;O, within the ferritin cage (47).
The magnetic properties of this biocompat-
ible ferrimagnetic protein are being ex-
plored, particularly in light of the possible
use of such a system in magnetic imaging.

Organized organic surfaces and template
mineralization. We have already described
how organized monolayers of surfactant
molecules can induce the oriented nucle-
ation of inorganic crystals by recognition
processes at the inorganic-organic inter-
face. We know that changes in headgroup
charge, packing, and stereochemistry bring
about profound effects on the crystal chem-
istry. As yet, only a handful of inorganic
materials have been studied [CaCO; (21),
BaSO, (22), StSO, (48), ice (28), NaCl
(49), CdS (50), and PbS (51)], and further
work is required to determine the general
applicability of this experimental system.

A further possibility 1s to extend the
two-dimensional organization of monolayers
into three dimensions by utilizing the ability
of certain chiral lipids to self-assemble into
microstructures with high axial ratios. For
example, helical ribbons can be prepared
from diacetylenic phosphatidylcholine and
subsequently coated with aluminum hydrox-
ide (52). However, these mineralization re-
actions are nonspecific, probably because
metal-ion binding is relatively weak as a
result of the presence of strong interhead-
group interactions within the rigid crystal-
line lipid assembly. Increased specificity can
be obtained by using rolled-up multilamellar
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Fig. 8. Transmission electron micrograph of
lipid galactocerebroside tubules coated with
iron oxide. The lipid microstructures are doped
with an anionic sulfated galactocerebroside,
which promotes specific nucleation of the inor-
ganic material on the surface of the organic
supramolecular fiber. Scale bar = 300 nm.

cylinders of uncharged galactocerebrosides
(53), which are tailored for inorganic nucle-
ation by the inclusion of small amounts of
anionic (sulfated) galactocerebroside mole-
cules. Under appropriate solution condi-
tions, these doped microstructures act as
specific nucleation templates for iron oxide
mineralization (54) (Fig. 8). Moreover, the
organomineral fibers can undergo in situ
chemical transformations, for example, to
produce magnetic fibers coated in the min-
eral magnetite (Fe;O,).

In a related approach organic polymers
containing functional surface groups are
used as active substrates for crystal nucle-
ation (55). Epoxidation of styrene-butadi-
ene copolymers appears to be a useful meth-
od because a range of functionalized poly-
mers can be prepared by ring opening on
the addition of various acids. A related
strategy involves the use of unfunctional-
ized and functionalized poly(organosilox-
ane) surfaces in promoting calcite nucle-
ation (56). In general, the advantage of
using polymeric systems is that a range of
chemical modifications is readily available
through relatively straightforward organic
chemistry. The disadvantage of these sys-
tems, unlike surfactant assemblies, is that
the structure of the functionalized surfaces
is often difficult to characterize.

Conclusions

The adaptation of biomineralization pro-
cesses in the laboratory highlights the po-
tential of a biomimetic approach to crystal
science. In particular, the concept of mo-
lecular recognition at inorganic-organic in-
terfaces involved in nucleation and crystal
growth is providing a perspective in which
the classical approaches to inorganic crys-
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tallization can be developed within a struc-
tural and stereochemical context. More-
over, the integration of organic supramo-

" lecular chemistry, self-assembly, and inor-

ganic materials chemistry provides the
opportunity to develop rational synthetic
routes to products with uniform particle
sizes, nanoscale dimensions, tailored mor-
phologies, crystallographic orientation, and
organized microarchitectures.

A key breakthrough will be the incor-
poration of molecular biology into inor-
ganic materials science. For example, the
precision of recombinant DNA technolo-
gy in producing site-directed amino acid
modifications has been invaluable in de-
termining the nucleation and oxidation
sites in the Fe storage protein ferritin
(15, 16). New mutants could be con-
structed with the objective of tailoring the
ligand chemistry to nonnative minerals,
for example, CdS. More generally, the
genetic production of functionalized
biopolymers containing extended motifs of
periodic metal-ion binding sites, such as
charged B-pleated sheets, could be a pos-
sible route to the reproducible fabrication
of organized organic substrates for use in
the synthesis of inorganic materials.
Clearly, an interdisciplinary approach of
this magnitude relies on the unlocking of
our imagination from the confines of con-
ventional disciplines. A new paradigm is
imminent.
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