JOURNAL OF MATERIALS SCIENCE 23 (1988) 3801-3815

Review

Synthetic and biological composites formed by

In situ precipitation

PAUL CALVERT

School of Chemistry, University of Sussex, Brighton BNT1 9QJ, UK

STEPHEN MANN

School of Chemistry, University of Bath, Bath BA2 7AY, UK

Filler particles are frequently put into polymers to improve the stiffness or strength. There are a
number of other applications such as magnetic coatings and piezoelectric transducers where
second phase particles are introduced to give the composite special properties. Many biologi-
cal materials, including bone, are also composite with particles reinforcing a polymer matrix. In
the preparation of the synthetic materials the filler is normally blended into the polymer. In the
biological materials the particles are grown jn situ within the polymeric matrix, and under the
control of the matrix. Here we review the growth of particles when constrained by a polymeric
matrix, both in natural and synthetic materials. We discuss the principles governing such
processes and the potential for the production of highly structured composite materials by this

route.

1. Introduction

Biological composite materials, such as bones, teeth
and shells, have a polymeric matrix reinforced by a
mineral, hydroxyapatite or calcium carbonate, which
forms within the matrix. These materials are dis-
tinguished from any synthetic composites by their
structural and organizational complexity. It seems
reasonable that a group of similarly sophisticated arti-
ficial materials might be produced by precipitation
within a polymer matrix although it might require a
considerable effort of materials engineering. In this
review we aim to describe studies of the production of
composites by in situ precipitation within polymer
matrices, and summarize the potential and constraints
which apply to these materials as a group. The com-
parison is made between currently available synthetic
materials and the characteristic types and organiza-
tional features of biological minerals, since an under-
standing of biogenic composites may provide import-
ant insight for future developments in materials tech-
nology.

Most biclogical materials are composites at all
levels from the organization of individual macro-
molecules to the whole organism. Most of the materials
which play a predominantly structural role comprise a
swollen polymeric matrix reinforced with polymer
fibres and/or with a mineral filler. In bone, for exam-
ple, a glycosaminoglycan matrix is reinforced with
collagen fibres and with ribbon- or plate-like crys-
tallites of hydroxyapatite, a calcium phosphate. The
extent of mineralization varies depending on the exact
function of the bone and on the species. A typical level
is about 38 vol % mineral with a crystallite thickness
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of 4nm and lateral dimensions of 35 nm or more. The
structure of mammalian tooth is similar but the mineral
level is higher, about 86vol%, and the individual
crystallites are larger. Shells of invertebrates have a
comparable range of structures but the mineral is
normally calcium carbonate and the matrix is rein-
forced with chitin. In the context of synthetic com-
posites, the biological materials have two striking
characteristics. The shape, size, orientation and organ-
ization of the mineral in the matrix shows a high
degree of sophistication (Fig. 1) when compared to
the random dispersion of particles in a filled polymer
composite; and the structures form by growth of the
mineral phase in the polymer rather than by the syn-

.thetic route of dispersion of particles into a liquid

resin.

The simplest way to prepare a precipitate within a
polymer is to dissolve the additive in the polymer at
high temperature and induce precipitation by cooling.
This method will be limited to organophilic solutes,
which have a high degree of solubility in the polymer.
A more versatile method is to co-dissolve the additive
and polymer in a mutual solvent which is then evapor-
ated. A much wider range of composites can be
prepared if precipitation is induced by a chemical
reaction within the polymer. Bone mineralization
could be viewed in this way in that calcium and phos-
phate are introduced into the matrix in a soluble form
and then released to combine and precipitate. Mann
[2] has recently reviewed the chemistry and physics of
biological mineralization.

Precipitation within a polymer will differ from pre-
cipitation from solution in a number of ways. Firstly,
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Figyre 1 Scanning electron micrograph of the enamel of late-
maturing rat incisor showing two sets of coplanar rods in the plane
of the micrograph and a perpendicular set of inter-rods. Each rod
and inter-rod is composed of hundreds of elongated hydroxyapatite
crystals, each of which is enveloped in a protein sheath or tubule.
The crystals are fibrillar with the ¢ axis parallel to the long axis
which may be longer than 100 um. (Reproduced with permission
from Weiner [1]).

there is no convection or flow within a polymer so
particle collisions and agglomeration will be largely
eliminated. Particle growth will be controlled to a
great extent by diffusive processes within the matrix.
Also the matrix can be oriented and so can transmit a
preferred orientation to the precipitate. In addition
the matrix may be semicrystalline or otherwise struc-
tured such that there may be an epitaxial relationship
between the polymer and the precipitate. In crystal-
lization from solution the solvent can influence the

particle morphology through the dependence of growth
kinetics on the surface energy of different crystal faces.
This effect would also be expected in polymeric media
and may be the explanation for preferred precipitation
sites in a number of precipitation-induced diseases
such as gout. Finally, it is known that small concentra-
tions of polymers in solution can modify or “poison”
crystal growth by adsorption to surface step sites.
Such selective poisoning may be important in the
control of bone growth.

2. Synthetic methods

2.1. Precipitation from solution

2.1.1. Precipitation from a glassy polymer

The precipitation of crystals from glassy polymers has
been the subject of a number of studies in the context
of fire retardants and stabilizers in polystyrene and the
preparation of model composites. Work at Sussex on
the precipitation of nitroanilines into polymers as
part of a study of second-harmonic generation in
composites {3] will be used to illustrate the principles.
The solubility of a low molecular weight compound in
a glassy polymer shows the same phase behaviour as
the dissolution of compounds in liquids. Thus, as
shown in Fig. 2, the solubility increases with tem-
perature up to 100% at the melting point of the solute.
The diagram would be more complicated in the event
of liquid-liquid phase immiscibility.

In a solute-solvent system, the lower (solvent-rich)
end of the diagram would normally be terminated by
the crystallization of the solvent. For solutes in
amorphous polymers, the diagram is effectively ter-
minated by the glass transition temperature of the
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Figure 2 Solubility curve for m-nitroani-
line in poly(methylmethacrylate).



One viscous phase
90 "\, /(0/0 S~ Solubiity

curve

—_ 00

e 5

L’7or Two phases

n: X

=

=50

o Glass % curve

=

= 30L \

~~

01 02 03
VOLUME FRACTION [N SOLUTION

Figure 3 Phase diagram for acetanilide and (styrene-acrylonitrile)-
copolymer. After Joseph and co-workers [4].

polymer, which is itself a function of the solute con-
tent. Fig. 3 also shows the downward trend of the
glass transition with increasing solute content.

From the solute-polymer phase diagram, we can
determine the conditions under which precipitation of
crystals, within the polymer, should occur and the
extent of precipitation at any composition and tem-
perature. In order to follow the precipitation further,
it is necessary to investigate the crystallization kinetics
for the solute within the polymer. In the first instance,
one would expect similar behaviour to crystallization
from a concentrated solution, with the process slowed
by the relatively high viscosity of the polymer. Fig. 4
shows the temperature dependence of crystalization
half-time for precipitation of nitroaniline from poly-
styrene. When crystallization rate is expressed as a
function of supercooling below the dissolution tem-
perature, crystallization from solvents is faster under
equivalent conditions, because of the higher viscosity
of the polymer. Rapid cooling of polymer—solute mix-
tures takes the system through the glass transition and
results in a glassy solution which can be crystallized on
reheating (Fig. 5).

The morphology of the precipitate will be modified
by virtue of its forming within the viscous polymer,
rather than in a solvent. In the case of acetanilide
growing with styrene-acrylonitrile copolymer the width
of the needle-like crystals decreases with decreasing
temperature of crystallization. For 2-methyl-4-nitro-
aniline (MNA) and metanitroaniline (mNA) growing
from polystyrene the crystal size is much reduced,
compared to crystallization from solvent, when solu-
tions of similar composition are cooled at the same
rate. The normal morphology of mNA crystals is
long needles and from the polymer these form as
spherulites with 1 to 10 um fibres while MNA, which
normally forms equiaxed crystals, forms as very fine
(0.5 um) particles from polystyrene.

Narkis and co-workers [6-9] have studied the pre-
cipitation from polystyrene of a number of haloben-
zenes, related to flame retardants. They observed that
the softening temperature of the quenched polymer
decreased by 15 to 30° C with increasing additive con-
centration, and then rose again at above 20% as the
precipitated phase reinforced the polymer. On slow
cooling, crystallization occurred about 15°C below
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Figure 4 Crystallization half-time for m-nitroaniline from poly-
styrene and from solvents, showing the retarding effect of polymers
on crystal growth at equivalent supercoolings. (O0) 37.5wt%
m-nitroaniline in toluene, (a) 31.3 wt % m-nitroaniline in benzene,
(0) 18.4 wt % m-nitroaniline in polystyrene, (+) 14.2 wt % m-nitro-
aniline in polystyrene, (x) 13.9 wt % m-nitroaniline in polystyrene.

the equilibrium solubility line observed on heating.
The crystals formed as needles, dendrites or small
crystals depending on the conditions. Oriented struc-
tures could be produced by shearing the sample during
crystallization.

Kardos and co-workers [4, 5] produced samples of
glassy styrene-acrylonitrile and of rubbery butadiene~
acrylonitrile, reinforced with acetanilide or with
anthracene, as models for the reinforcing effect of the
crystalline phase in spherulitic polymers. Measure-
ments of crystallization rate showed that this rose with
supercooling, below the solubility line (liquidus) and
then decreased again as the glass transition was
approached. For a 17% acetanilide-polystyrene sys-
tem the crystals formed as rods of 20 to 50 um long
and 5 to 20 um diameter at 90°C. As the crystalliza-
tion temperature was reduced to 45°C the diameter
decreased to 0.1 um.

Hannon and Wissbrun [10] studied the system cal-
cium thiocyanate—*‘phenoxy” (the linear condensa-
tion product of bisphenol-A and epichlorohydrin)
where the melt viscosity and the glass transition are
increased by the additive.

2.1.2. Precipitation from a crystalline polymer
Many crystalline polymer-small molecule mixtures
form eutectics, which is the simplest form of phase
diagram for two compounds which are miscible in the
liquid state, and do not form isomorphous crystals.
Kitaigorodsky [11] has surveyed studies on phase
diagrams of many small molecule-polymer systems.
In general either eutectics were formed or there was no
liquid-liquid miscibility. Smith and Pennings [12, 13]
have studied eutectic formation in polyethylene-1, 2,
4, 5-tetrachlorobenzene [12] and in isotactic poly-
propylene-pentaerythrityl tetrabromide [13]. The
phase diagram can be calculated using the Flory-
Huggins theory of polymer solutions but Smith and
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Figure 5 2-Methyl-4-nitroaniline crystals (a) growing from quenched polystyrene, (b) growing from ethanol solution. Both 7.5% solutions

at room temperature.

Pennings found that the agreement with experiment
was rather poor. This disagreement seems to originate
largely in the 10° C difference between the observed
melting point for polyethylene and the theoretical
value used in the calculations [12]. Wittman and
St John Manley [14] have studied blends of polycapro-
lactone with trioxane. They found good agreement
between the form of the diagram and Flory-Huggins
theory. Fig. 6 shows the phase diagram for benzoic
acid in low-density polyethylene. The temperatures
are melting peaks determined by differential scanning
calorimetry of slowly-cooled samples. The left-hand
liquidus represents the melting of polyethylene spheru-
lites into a benzoic acid-polyethylene melt while the
right-hand liquidus is melting of benzoic acid crystals
into polyethylene. The eutectic then represents the
temperature at which polyethylene and benzoic acid
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Figure 6 Phase diagram for linear low-density polyethylene-benzoic

acid, showing a eutectic point.
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crystallize simultaneously from the same liquid. This
picture, which applies to simple eutectics, is not
strictly correct for polymers for two reasons: because
the crystallization of polymers is slow and so occurs
below the equilibrium melting temperature, and
because polymers do not crystallize completely but
always contain a certain amount of residual amorphous
material. A full discussion of the effect of these factors
on the observed phase behaviour has not been given.

In the case of a lower polymer meliting point the
eutectic point moves across toward the polymer axis,
as shown for a polyethylene copolymer in Fig. 7. In
theory, the eutectic point is that at which the melting
temperatures of both crystalline phases in the melt are
the same. Reducing the polymer melting point should
thus move the eutectic down and toward the polymer
axis. On the basis of a simple version of Flory-
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Figure 7 Phase diagram for poly(ethylene-co-ethylacrylate) and
benzoic acid. Compared to Fig. 6, the eutectic is moved towards the
polymer axis due to the lower melting point of the polymer.
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Figure 8 Partial phase diagram for polypropylene-benzoic acid,
showing immiscibility.

Huggins theory, Smith and Pennings [12] argue that
the melting point of the polymer and additive must be
quite similar if a eutectic point is to be observed rather
than being very close to one axis or the other. The
studies of Rosso, and co-workers [15-17] on eutectics
between polyesters and various solvents show that this
is partly true but there are many systems which show
melting point differences of 50°C yet still give clear
eutectics. Reducing the crystallinity but not the melt-
ing point, by block copolymerization or by adding a
high-molecular weight atactic polymer, for instance,
has no effect on the position of the eutectic.

When liquid immiscibility occurs as in polypropy-
lene-benzoic acid, the melting of the two components
are essentially unaffected (Fig. 8).

Myasnikova et al. [18] have found one system, poly-
ethyleneoxide—resorcinol, in which a molecular com-
plex is formed at a mole ratio of 2: 1 monomer units:
resorcinol.

A number of factors will modify the crystallization
kinetics of the eutectics when compared to the pure
polymer. At constant supercooling, the low molecular
weight additive lowers the viscosity and so can increase
the growth rate, particularly if the glass transition
temperature of the polymer is approached. In the
system polyethylene-tetrachlorobenzene, Smith and
Pennings [12] found that the supercooling at which
crystallization occurred increased from about 1°C to
10°C on approaching the eutectic composition from
pure tetrachlorobenzene. In addition, either phase
may enhance nucleation of crystals of the other. Poly-
propylene is nucleated by pentaerithrityl tetrabromide
crystals [13].

According to the theory of Jackson and Hunt
[14, 20] for metal rod eutectics the size of the rods is
governed by the interfacial energy between the two
solid phases. Smith and Pennings had some success in
using this theory for pentaerythrityl tetrabromide-

polypropylene. We could also apply with similar
success the theory of Keith and Padden [21, 22] for
spherulitic crystallization in which the morphology of
the solid eutectic will be determined by the charac-
teristic diffusion distance for the components during
the crystallization process; this is of the order of D/G,
the ratio of diffusion rate D to growth rate G. At
slower growth rates, in a temperature gradient, the
structure consisted of polypropylene spherulites and
large additive crystals.

When, on cooling, the polymer crystallizes first, the
low molecular weight material may be entrained in the
growing spherulite or may segregate into the liquid
phase ahead of the growth front. In studies of the
behaviour of small concentrations of additives in
polypropylene, Ryan and Calvert [23] showed that the
degree of segregation ahead of a growing spherulite
depended on the rate of advance of the growth front
in relation to the diffusion rate of the low molecular
weight additive. When the solute crystallizes first, it
forms larger crystals with the fine-scale eutectic then
filling in between them. Thus, crystallization on the
solute-rich side of the eutectic would be expected to
give a relatively coarse morphology which is largely
characteristic of the impure solute. On the polymer-
rich side of the eutectic, the polymer should first form
as spherulites, leaving the solute very finely divided in
the interlamellar regions.

A study of the effect of pressure on the polyethy-
lene-1, 2, 4, 5-tetrachlorobenzene phase diagram [24]
showed that the normal high-pressure disordered
phase of polyethylene did not form and that the
formation of extended chain crystals was suppressed.

Aromatic halides are used as fire-retardants, and
Chang [25] has described the effect of a number of
commercial additives on polypropylene. Those addi-
tives which are solid at the crystallization temperature
of the polymer act as nucleating agents while the
soluble additives increase the spherulite growth rate
and give rise to large spherulites.

There are a number of systems where inorganic salts
are soluble in polar polymers. There have been exten-
sive studies of the dielectric properties of polyethylene
oxide-salt complexes [26, 27] and these are of import-
ance as battery electrolytes [28]. Lithium halides are
soluble in nylons and their effect on the melting and
crystallization behaviour have been studied [29].

The attraction of the polymer-additive eutectics is
that they could allow formation of a finely dispersed
and highly oriented crystalline phase reinforcing the
polymer. A second approach to a similar structure is
to swell the polymer with an additive solution and
then induce precipitation by allowing the solvent to
evaporate. Moskvina er al. [30] have produced such
composites of oriented tridecanoic acid crystals in
drawn polyethylene and polytetrafluoroethylene films.

2.1.3. Properties and morphology

The mechanical properties of polymer—crystal com-
posites have been studied by Kardos and co-workers
[4, 5). For the toughness associated with the polymer
it is desirable to have the organic solute embedded in
the polymer rather than vice versa. It would be expected
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Figure 9 Particles of iron oxide
precipitated from iron acetyl-
acetonate dissolved in poly(methyl-
methacrylate). The polymer has
been washed away by dichloro-
methane to reveal the particles.

that this would be the case up to high levels of solute
as long as the solute crystallizes before the polymer. In
the event of a small amount of polymer separating out
first, we would then have a continuous solute phase
which would be expected to form a brittle composite.
Naturally the toughness and extensibility of the com-
posite will decrease as the polymer content decreases
from about 50 vol %.

Conducting polymer composites have been prepared
by precipitating organic metals from polymers. Thus
the conducting salt TCNQ-TTT was cast from solu-
tion with polycarbonate in dichlorobenzene [31-33].
The salt formed as whiskers and fibrous dendrites
which rendered the composite electrically conducting
at 1 wt % salt, much below the 20 to 30% that would
be expected for spherical particles in a matrix. Similar
structures form when thiapyrylium dyes form crystals
of a complex with polycarbonate which shows greatly
enhanced photoconductivity compared to the pure
dye [34, 35].

2.2. Precipitation by reaction

The growth of composite structures by precipitation
of a species from solution in a polymer is limited by
the need for the precipitate and the polymer to be
miscible at high temperatures or in 2 common solvent.
A much wider range of composites can be prepared if
the precipitate is chemically formed within the poly-
mer from a soluble species. A variety of composites of
polymers with metals or metal oxides have been
produced in this way.

In our laboratory we have been studying the pre-
paration of composites of iron and iron oxides in
polymers by direct precipitation. An amorphous
hydrated iron oxide has been formed in several poly-
mers by incorporation of either iron(IIT) chloride or
iron(III) acetylacetonate into solution with the poly-
mer, then casting a film which is subsequently treated
with aqueous base. Particles are of the order of
1 um (Fig. 9). Subsequent treatment of the film with
iron(II) sulphate solution lead to the formation of
magnetite. Iron metal can be formed by the treatment
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of films containing iron chloride with aqueous sodium
borohydride, the metal being formed predominantly
as a surface film. Similar treatment of a film with
sodium naphthalide in tetrahydrofuran gave fine par-
ticulate iron within the film. Clearly the site of reac-
tion and the morphology of the precipitate is partly
determined by the relative mobilities of the reacting
species [36].

Mark and co-workers [37-41] have blended silicone
rubbers with liquid silicon tetraethoxide. The alkoxide
was allowed to hydrolyse within the solid rubber by
exposure to moist air such that it converted to finely
divided silica which simultaneously acts as a filler and
a crosslinker [37]. Electron microscopy shows par-
ticles of 10 to 20 nm [38]. Up to 17 wt % filler has been
incorporated [39]. Up to 65wt % (30vol %) titania
has also been incorporated into PDMS by in situ
hydrolysis of titanium tetra-n-propoxide [40, 41]
although this volume fraction of particles is rather
higher than would be expected, based on the starting
composition (70 wt % titanium tetrapropoxide) if the
particles were fully dense titania.

A number of groups have explored the production
of particles of magnetic metals in polymers by decom-
position of metal carbonyls. Hess and Parker [42]
prepared cobalt particles of 10 to 100 nm by thermal
decomposition of dicobalt octacarbonyl in solutions
of various polymers. The polymer promoted forma-
tion of single domain particles rather than large multi-
domain particles. In some cases the particles formed
chains which had high coercive forces and remanence
ratios. Decomposition of cobalt carbonyl in solid
polystyrene produces particles of 10 to 30nm [43].
Smith and Wychick [44] made similar dispersions of
up to 8% of 10nm iron particles by thermolysis of
iron pentacarbonyl in polymer solutions. Suitably
functional polymers were shown to catalyse the decom-
position and particle nucleation. This approach has
been extended to precipitation into solid polymers by
Reich and Goldberg [45] who prepared iron and
magnetic y-Fe,O; in a variety of polymers by car-
bonyl decomposition. Up to 20 wt % iron oxide was



incorporated into polyvinylidene fluoride. In very thin
films the oxide formed 10 nm particles while in bulk
samples 0.5 um clusters were seen. Iron oxide has been
incorporated into polytetrafluorethylene at up to
Swt % by treatment with iron carbonyl followed by
oxidation in air [46]. The particle size was about
4nm. A similar treatment of polyethylene and polypro-
pylene with iron pentacarbonyl followed by aqueous
potassium permanganate gave adherent surface films
of iron and manganese oxides [47].

Magnetite and silver oxide have been formed by
base treatment of phospholipid vesicles containing a
metal salt [48, 49] and this process could be extended
to composites.

Kovacs and Vincett [50-52] have published a number
of papers on the evaporation of metals, especially
selenium, or salts on to soft polymer surfaces. Inorganic
films tend to form subsurface particles while organic
materials remain partly embedded at the surface. This
effect is determined by the various surface tensions.
What is more surprising is that the inorganic particies
form as a monolayer of uniformly sized particles a few
nanometres below the surface. As evaporation pro-
ceeds the spherical particles increase in diameter
but maintain a constant area coverage and do not
form continuous films until, at about 0.4 um, particle
coalescence becomes too slow to balance the influx of
metal. Tin particles have been incorporated into poly-
mer films by sputtering during film formation by
plasma polymerization [53].

A method has been described for the production of
polymer-metal composite coatings by dispersion of
zinc oxide or other metal oxides into polymers followed
by electrochemical reduction [54]. As the reduction
occurs the coating becomes highly conducting with
a continuous network of metal particles. A related
process for conducting composites is to coat polymer
beads with metal by electroless deposition, then com-
pression-mould the beads so as to preserve the metal
continuity [55].

There have been a number of reports of conducting
composites made by the decomposition of metal salts
in polymers. Polyimides have been doped with silver,
gold or palladium salts which decompose to metal
during curing of the resin at 200 to 300° C. The surface
resistivity of polyimides has also been modified by the
inclusion of cobalt salts which precipitate as oxide
beneath the surface [56]. In some cases the metal forms
as a surface mirror which makes the film highly con-
ducting at low metal contents [57-60]. Silver has also
been formed in fine conducting lines in polyimide by
laser decomposition of dissolved silver nitrate {61].
Copper sulphide and cadmium sulphide dispersions in
polymers have been prepared and become highly con-
ducting at 40 wt % sulphide, and electrically conduct-
ing copper sulphide-treated polyacrylonitrile fibre is
reported to be commercially available [62]. A number
of recent papers from the DuPont company have
described the formation of layers of silver chloride and
of silver within polymer films by countercurrent dif-
fusion of reagents from the film surfaces [63, 64].

Reduction of metal salts in solution has been used
to prepare colloidal suspensions. Recently the pre-

paration of amorphous iron—cobalt particles by reduc-
tion of metal salts with KBH, in aqueous solution has
been reported [65]. Copper salts have been similarly
reduced in polymer solutions where the polymer acts
to stabilize the dispersion and modify the catalytic
activity of the particles [66, 67]. Copper has been
precipitated into cellulose to 18 wt % by first dissolv-
ing the cellulose into a basic copper solution and then
reducing it [68].

3. Related in situ precipitation

3.1. Glass-ceramics

There are a number of cases where precipitation pro-
cesses, similar to those discussed here, are used to
produce composite materials. A typical glass—ceramic
system is lithia-silica—alumina where a fine-grained
precipitate of f-spodumene or f~quartz is formed by
reheating the glass to a crystallization temperature of
around 1090° C [69]. A nucleating addition of titania,
or a metal such as gold, is frequently used. The titania
phase separates and then crystallizes as AL Ti, 0,
during a lower-temperature (900° C) nucleation treat-
ment. The nucleation treatment is carried out just
above the glass transition temperature, to obtain
abundant nuclei. The resultant glass—ceramic is from
50 to 100 vol % crystalline with a very fine crystal size,
around 1um. A key concept in the development of
these systems is the relative shift of the nucleation and
growth curves as seen in Fig. 10, such that either a
two-stage heat treatment must be used, or the treat-
ment temperature must be carefully chosen to allow
both processes to continue. By extrusion of the crys-
tallizing melt it is possible to orient the crystals [69]. At
very high nucleation levels it is also possible to form
transparent composites containing particles of less
than 100 nm [69].

Glass—ceramics can also be oriented by crystalliza-
tion in a temperature gradient. This method has also
been applied to a number of eutectics including glass-
forming oxides and salts [70]. Highly aligned lamellar
or fibrous structures were produced, on a scale that
decreased from 10um to 1um as the crystallization
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Figure 10 Schematic nucleation and growth curves for a glass-
forming system.
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rate increased. Similar structures have been formed in
metal alloys and are also termed “in sifu” composites
[71]. In a similar vein, Kiss [72] has recently described
composites of liquid crystalline polyesters and glassy
polymers. During extrusion the liquid-crystalline poly-
mer forms fibres within the glassy matrix. The two
polymers are probably immiscible in the liquid state.

3.2. Gels

Gels have been used as supports for crystal growth for
some time [73]. Gels of all types have been used includ-
ing synthetic polymers, silica gels and biological poly-
mers. For the growth of single crystals, the gel allows
concentrations to be varied by diffusion of the pre-
cipitants into the gel such that a range of conditions
may be tested at once. The gel suppresses precipitate
growth by aggregation, which may often be the domi-
nant process for very insoluble species, and prevents
secondary nucleation due to collision and fragmen-
tation processes. Thus a recent paper on iron oxide
precipitation in-gels argues that they can give a clearer
view of the true morphology of colloidal precipitates
[74].

4, Biological composites
4.1. Mechanisms of formation
In the previous sections we have reviewed the major
approaches adopted in the formation of synthetic
composite materials by direct precipitation. Although
these methods have resulted in considerable success in
the design of new materials they remain relatively
unsophisticated when compared with biological com-
posites such as bone, teeth and shells. The variety and
complexity of biominerals reflects a diversity of chemi-
cal and biological processes such that any attempt to
classify these mechanisms will have exceptions. How-
ever, some rationalizations can be made which illus-
trate the general strategies of composite formation,
and, in particular, highlight the role of macromol-
ecules in the mediation of mineral deposition.
Biominerals are formed by the initial extracellular
deposition of a polymer matrix which is subsequently
infilled with mineral. Growth of the composites in
extracellular environments requires that the cells con-
trol both polymer and mineral deposition over rela-
tively large distances (often micrometres away) and
this is achieved locally through the regulation of mass,
charge and energy transfer via concentration, elec-
trochemical, proton (pH) and redox gradients in the
extracellular space. The kinetic control of ion flow
between the cells and the polymeric matrix is a funda-
mental aspect in the biological mediation of composite
formation since the level of supersaturation, solution
pH and composition (ionic strength), and concentra-
tion of inhibitors and promotors are all optimized.
At low concentrations polymers in solution are
habit modifiers for crystal growth, for example
sodium chloride crystals are affected by low con-
centrations of polysaccharides [75], by selective adsorp-
tion to and poisoning of specific growth faces. The
growth habit will generally be affected by the polarity
and adsorption properties-of the growth medium but
no specific effects have been reported in concentrated
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polymer systems. These processes are believed to be
important in the biological mineralization of bones
and shells. For instance it has been reported that
proteins rich in aspartic acid, found in mollusc shells,
affect the habit of calcite crystals [76, 77]. Another
example of a highly specific interaction is the effect of
“antifreeze” glycopeptides present in the blood of
polar fish. At 0.5% of the polymer, the freezing point
of water is reduced by 0.5% and the habit of the ice
crystals is changed [78]. The melting point is effectively
unchanged. These specific effects of adsorbed poly-
mers on growing precipitates would be of major
importance in any effort to build up complex struc-
tures, analogous to biological composites, by in situ
precipitation.

A key concept in the formation of organized bio-
logical composites such as enamel (Fig. 1) is that the
chemical, structural and topographical nature of the
matrix surface is such that molecular interactions at
the mineral-matrix interface result in the regulation of
the mineral phase. Nucleation of the mineral particles
occurs at specific sites on the matrix macromolecules
and the direction and extent of crystal growth is well
defined. The influence of the matrix macromolecules
at the mineral surface will be dependent on the corre-
spondence between the charge density, topography
(kinks, steps, surface roughening), lattice geometry
(epitaxis) and stereochemistry of the crystal faces, and
of the polymer. Crystal/particle size, polymorph selec-
tivity, morphological selectivity and crystal orientation
are all mediated by the macromolecular framework.

In conclusion, there are three key features which
biology adopts in the controlled deposition of mineral
particles within polymeric matrices: (i) ion-flux regula-
tion at the matrix interface, (if) growth and habit
modification by soluble molecules present within
the matrix, and (iii) crystallochemical mediation of
nucleation and growth by molecular-specific inter-
actions at the polymer surface.

4.2. Classification and characterization of
biocompaosites
The interplay between the different molecular inter-
actions which may occur at a mineral-matrix interface
during biomineralization can generate different types
of composite according to the combination of matrix-
mediated processes exhibited by the system. The extent
of matrix intervention present spans a wide con-
tinuum in different systems so there is bound to be
overlap and complication in attempting a classifica-
tion. However, the end-members of these series can be
clearly identified. The following classifications can be
established (Table I).

4.2.1. Type | (matrix-inert) biocomposites

Matrix-inert (Type I) biocomposites arise from pass-
ive molecular interactions at the matrix-mineral
interface which result in non-specific nucleation and
spatially restricted growth. Mineralization is not crys-
tallographically oriented and the polymorph structure
and morphology (geometric or irregular) is deter-
mined by the physicochemical properties (under bio-
logical control) of the mineralization zone. The particle
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Figure 11 Magnetite mineralization in chiton teeth. (a) Initial stages of mineralization showing magnetite crystals deposited on a fibrous
organic framework; (b) late stage in mineralization showing the polygonal framework totally impregnated with magnetite. Scale
bar = 100 nm in both photographs. Reproduced with permission from Towe and Lowenstam [79].

size distribution is heterogeneous and large crystals
may grow at the expense of small ones (Ostwald ripen-
ing). The function of the matrix lies in mechanical
support and (possibly) in non-specific nucleation
catalysis.

An example of a Type I biocomposite can be found
in the radular teeth of chitons [79]. The molluscs
secrete an extracellular three-dimensional polysac-
charide matrix of fibrous chitin-like material which
acts as a spatial frame for subsequent deposition of the
mineral magnetic (Fe;O,). Precipitation begins at the
edges of the polymer matrix and gradually proceeds to
fill in the interspaces in the organic net, such that there
is a random crystallographic orientation (Fig. 11).
The matrix therefore acts as a non-specific surface
for nucleation and growth and provides a spatial
(volume) constraint on the development of mineral-
ization. Its primary function lies in the mechanical
design of the teeth in relation to the specialized cutting
(rasping) action required to remove algae from the
rock surface.

4.2.2. Type Il (nucleation) biocomposites
These biocomposites combine the matrix-mediated
processes of site-directed and spatially organized
nucleation. Since nucleation is primarily dependent on
surface free energy (at constant supersaturation), the
chemical, structural and topographic nature of the
loci is such as to minimize interfacial energy as a
function of crystal structure and orientation. Type II
biocomposites show minimal evidence of active matrix
mediation of crystal growth. Characteristic features
include discrete nucleation sites organized periodically
across the polymeric matrix (regiospecificity) and
crystallographic orientation of the nuclei. These pro-
perties direct crystal growth along a preferred crys-
tal axis although no active modulation of growth
occurs after nucleation. Therefore, although there is
orientation of the crystals, the absence of matrix inter-
vention in crystal growth results in a heterogeneous
particle size distribution and morphologies which are
irregular or characteristic of inorganic precipitates.
The function of the matrix lies in nucleation control
which dictates the structure, spatial organization and
orientation of the initial mineral deposits as well as
acting as a fibrous network for structural support.
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An example of a Type II biocomposite is the avian
eggshell. The inner surface of the shell comprises a
mesh of fibrous disulphide-linked proteins (the shell
membranes) intimately associated with polysaccharide
material. The boundary of the membranes with the
shell contains regiospecific loci of spherulitic protein
masses (cores) which provide the active sites for calcite
nucleation (Fig. 12).

Although no details are known concerning the
molecular interactions at the protein core-calcite
interface, the specificity of these centres is reflected in
the preferential radial development of crystals along
the [00 1] direction. Qutgrowth from the cores con-
tinues without active matrix intervention and becomes
spatially restricted by the presence of crystalline
material from adjacent cones, by polymer secreted

Figure 12 Scanning electron micrograph showing the fibrous shell
membrane (F) from the inner surface of the eggshell of the Great
Crested Grebe. The ruptured tips (RT) of the cones indicate the
regiospecific sites of calcite nucleation. Scale bar = 50 um. Repro-
duced with permission from Roard er al. [80].



into the shell palisade layer, and by the underlying
shell membranes. In addition, changes in the nature of
the matrix (structure, composition and rate of secre-
tion) within the palisade layer results in a gradual
randomization of the initial ¢ axis orientation by
growth hindrance and subsequent secondary (non-
oriented) nucleation on existing crystal surfaces [81].

4.2.3. Type Il (amorphous) biocomposites
Biocomposites comprising amorphous mineral phases
can arise from active matrix-mediation in both nuclea-
tion and vectorial growth processes. In some materials,
for example those containing amorphous calcium car-
bonates and phosphates, the matrix acts as a specific
inhibitor of crystal nucleation; in other biominerals
‘such as silica, non-crystallinity is determined by physi-
cochemical properties [2]. The control of both direc-
tion and extent of growth is determined by the micro-
architecture of the polymer framework and, since
amorphous materials have no intrinsic crystallo-
graphic habit, they can be moulded into a myriad of
shapes. This infinitely adaptive morphology is high-
lighted in the complex structures of the silica shells of
diatoms [82]. The major functions of Type I biocom-
posite matrices include the selective stabilization of
amorphous phases, particle growth control and mech-
anical support.

An example of a Type III biocomposite is the
amorphous calcium carbonate deposits (cystoliths)
formed in the leaves of many higher plants. Ultra-
structural and chemical studies have revealed the
selective stabilization and organization of these non-
crystalline deposits by polymer substrates. The bio-
logical control of cystolith formation is reflected in the
bulk morphology which is species-specific, often with
elaborate surface structures (Fig. 13a}. Demineraliza-
tion of the cystoliths with ethylenediaminetetraacetic
acid (EDTA) indicates that the particles are encased
in an organic sheath under which is a net of poly-
saccharide intimately associated with the growth of
the mineral phase (Fig. 13b) [83].

In plant silica, the deposition of Type III biocom-
posites is associated with precise morphological order
at the microscopic level [84]. A range of structural
motifs such as sheet-like, fibrillar and globular sub-
structures is generated from the ordered aggregation
of preformed amorphous particles. The motifs are
formed at different stages of mineralization and can be
linked to compositional changes in the nature of the
polysaccharide matrix deposited at the sites of mineral-
ization. Presumably, the spatially organised decora-
tion of the underlying polysaccharide matrix reflects
the stereochemiical nature, i.e. the arrapgement of
charged residues and hydrogen-bonding centres, of
the matrix surface.

4.2.4. Type IV (oriented ) biocomposites

Type IV biocomposites are the most complex and
highly organized biominerals known. They combine
the processes of site-directed and regiospecific nuclea-
tion with vectorial growth regulation. In addition,
the processes are coordinated spatially and tempor-
ally such that oriented composites are constructed.

Figure 13 Scanning electron micrographs of cistoliths isolated from
the leaves of Fiscus retusa; (a) untreated, scale bar = 10um; (b)
decalcified showing organic sheath and internal polymetric matrix,
scale bar = 25um; (c) high magnification image of the fibrous
internal matrix from a decalcified cystolith, scale bar = 500 nm.
Photos (b) and (¢) courtesy of Dr M. Okazaki, Department of
Biology, Tokyo Gakugei University.

Characteristic crystallochemical properties which are
matrix-mediated include crystal size, morphology,
crystallographic structure and growth orientation.
The function of the matrix lies in nucleation and
growth regulation and mechanical support.

Type IV biocomposites have been extensively studied
both structurally and compositionally. For example,
the nacreous inner surface of many mollusc shells is
constructed from alternating fayers of aragonite and
organic matrix aligned parallel to each other such that
each thin (30 to 300 nm) sheet of matrix is sandwiched
between polygonal blocks of mineral (Fig. 14). Each
individual matrix layer comprises an insoluble core of
silk-fibroin-like proteins covered on both sides by
layers of EDTA-soluble matrix constituents. In some
species there is a thin p-chitin layer sandwiched
between two layers of the insoluble protein matrix
(Fig. 15). The relative concentrations of these con-
stituents vary between shells of different species [87]
and between different shell layers of the same species
[88]. However, these comparative studies have shown
that the EDTA-soluble extract is remarkably similar
in all species studied to date and comprises a heteroge-
neous mixture of two classes of proteins [89]; (i) pro-
teins rich in aspartic acid and, to a lesser extent,
glutamic acid possibly with some covalently-bound
sulphated polysaccharides, and (i) proteins rich in
serine associated with relatively large amounts of
sulphated polysaccharide. In contrast, the EDTA-
msoluble fraction varies considerably in composition
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Figure 14 (a) Growth surface of the nacreous layer from the mollusc
Monodonta labio showing a stacked arrangement of the aragonite
crystals. Scale bar = 2.5 ym. (b) Unstained section showing grow-
ing stack (T) with organic sheets (S) periodically interspersed
between the aragonite crystals; (SS) = surface sheets. Scale
bar = 4 ym. Reproduced with permission from Nakahara [85].

between different species. The major components are
proteins rich in glycine, alanine, phenylalanine and
tyrosine [90].

X-ray and electron diffraction [86, 91] indicate
that the predominant configuration adopted by the
insoluble proteins is the antiparallel f-pleated sheet and
that the mean chitin fibre direction is perpendicular to
the protein polypeptide chains, resulting in a plywood-
like construction. It is assumed that the soluble matrix
components are aligned with the antiparallel S-pleated
sheet polypeptide chains of the core macromolecules
such that they provide a charged interface between the
rigid insoluble framework and the depositing mineral.

This simple two-component model of the molluscan
organic matrix provides both the inherent rigidity
and interfacial activity required. The stereochemical
periodicity of the insoluble framework and interfacial
macromolecules suggests a possible epitaxial role
for the matrix, and this has been confirmed by elec-
tron diffraction of small (6 um?) regions of partially
demineralized nacreous layer fragments, cooled to
—100°C to reduce electron irradiation damage. The
results indicate a well-defined spatial arrangement
between the matrix and aragonite crystallographic
orientations within localized regions of the shell, with
both the a and b axes of the antiparallel -pleated sheet
and the aragonite lattice matched in orientation at the
interface (Fig. 16) [91]. The presence of negatively
charged aspartic acid residues linked to the f-sheet
configuration could act as a structured nucleation site
for calcium binding in a configuration corresponding to
the ab plane of aragonite. Comparison of the Ca—Ca
distances in the ab plane of aragonite with the matrix
periodicity indicates that a close matching occurs along
the a axes (496 and 475pm, respectively) whereas a
greater mismatch is observed along the b axes (797 and
690 pm, respectively). However, the periodicities along
the b axes are essentially commensurate over a distance
of seven calcium atoms (480 pm) Fig. 17).

Since calcium binding to carboxylate groups is gener-
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Figure 15 Schematic representation of a composite section of a
mollusc shell showing one individual matrix sheet bounded by
mineral (aragonite). From Weiner and Traub [86].

ally cooperative involving at least two or three ligands,
an amino-acid sequence of Asp-X-Asp (where X is a
neutral residue) along the S-sheet framework has been
suggested to be the optimum binding and hence nuclea-
tion configuration for calcium at the matrix interface
[93]. Domains along the f-sheet which do not conform
to this sequence would then be inactive as nucleation
sites. Thus the coding of such sequences at intervals
along the p-sheet framework could provide the regio-
specificity required to control the crystal dimensions in
the ab plane, and the subsequent shell architecture. This
implies direct genetic control of nucleation via protein
replication.

The extent of crystal growth, i.e. crystal size, of the
aragonite polygons in mollusc shells can be determined
by the interaction of matrix surfaces which results in
complete molecular inhibition of the growth sites. The
complete blocking of growth sites in this way provides
a means of directing the spatial organization of the
biocomposite. For example, the “stacked” nacreous
layer configuration shown in Fig. 14 is characterized by
aragonite pseudohexagonal tablets which are restricted
in thickness along the ¢ axis due to interlamellar matrix
sheets. Thus the temporal pulsing of matrix secretion
determines the extent of crystal growth along the ¢ axis
and results in crystals of relatively uniform thickness. In
addition, the formation of the alternative “brick wall”
shells can be rationalized on a similar model except that
the episodic deposition of the matrix layers occurs after
the crystals in each layer have come into contact,
whereas in the “stacked” model the matrix is secreted
prior to horizontal contact of the crystals. An interest-
ing corollary of this rationalization is that each inter-
lamellar matrix layer has dual functionality, serving
both as an inhibitor of crystal growth and as a nuclea-
tion surface for aragonite deposition.

5. General possibilities
As has been pointed out above, most biological com-
posite materials are produced by an in situ precipita-
tion process. Apart from special examples such as
glass—ceramics, there are no commercial synthetic
materials made in this way. The major aim of this
review is to illustrate the possibilities.

There are a number of commercial or developmental
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layer of N. repertus. After Weiner and Traub [86].

composites which would apparently lend themselves
to this approach. These include magnetic coatings
made by the dispersion of iron oxides into resins and
piczoelectric composites [94]. In terms of the appli-
cation of these materials, a number of questions need
to be answered to define their potential. These include:
(i) what kinds of particles may be precipitated? (it)
How long does the process take? (iii) What levels of
particle content can be reached? (iv) How much con-
trol can be exerted over the deposition?

We have discussed above a variety of routes for
the formation of precipitates within a solid polymer,
including precipitation from solution and chemical
treatments. The only real restriction is that the process
be compatible with the polymer, which limits the tem-
perature range to below about 250° C and prevents the
use of strong oxidizing agents. Many oxides, sulphides
and metals as well as organic crystal have so far been
produced by suitable routes. Many of these low-
temperature precipitations do lead to amorphous par-
ticles of such strongly bonded materials as the oxides.
The ability to produce crystalline precipitates will
depend on the initial chemistry of the precipitation
and on the conversion temperature during a subse-
quent heat treatment. Amorphous, hydrated iron
oxide is known to convert through a series of forms to
haematite over the temperature range from 200°C
[95].

Precipitation from solution in a polymer can occur
on a time-scale similar to that of polymer crystalliza-
tion, which is usually rapid. The time taken for a

——6x0.80 N(m=4.80 nm
~0.8nmv

chemical precipitation reaction depends on the thick-
ness of the sample and the diffusional properties of the
reaction species. Qur studies of films of polymers
containing iron chloride showed that these could be
converted to iron oxide in about 2h for an 80 yum film
(Fig. 18). It is reasonable to assume that the reaction
time will depend roughly on the square of the thick-
ness. Times would become very long for large pieces
of material. Biological mineralization processes are
characterized by time scales of months rather than
minutes.

There is a limitation on the level of mineral that can
be incorporated into a polymer by a simple reaction
process. Most reactions that we have studied have
involved reduction or hydrolysis of a compound to
remove some part of the structure. As a result the final
volume-loading of the composite is normally con-
siderably less than that of the unreacted film. For
instance, a 40vol % loading of titanium tetraiso-
propoxide in a film results in a 4vol% loading of
titania particles. In biological composites loadings
reach 90 vol % or more, but this is achieved by pre-
cipitation on a moving front rather than homoge-
neously within the sample (Fig. 14). Large amounts of
precipitate can be incorporated, with polymer, into a
solution that is then dried. Direct, controlled pre-
cipitation from a glassy polymer is more difficult,
as it requires a high solubility of the solute in the
polymer at elevated temperature and much lower solu-
bility at room temperature to allow crystallization. By
analogy with the glass-ceramics a high glass transition
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Figure 17 Schematic representation of the possible
commensurate nature of the b axes of aragonite and
a negatively charged f-pleated sheet over a repeat



Figure 18 Hydrolysis reaction of iron chloride solution
in poly(methylmethacrylate) as measured by chloride
loss from the film.
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temperature for the solution would be needed, if very ~ References

fine-scale precipitates were desirable. The eutectic
systems would seem to offer a route to high loadings
of aligned and finely divided second phases in poly-
mers, but the miscibility of polyolefins with solutes is
limited and few other systems have been investigated.

Control of precipitate orientation has been achieved
in eutectics by directional solidification and, in glass-
ceramics, also by extrusion. In general, our systems
have involved randomly oriented and dispersed pre-
cipitates. A much higher level of morphological con-
trol is possible since biological systems can show some
very complex structures. The composites of conduct-
ing organics in polymers which show high conductivi-
ties at low loadings [32] illustrate how special effects
may be achieved by morphological control.

Thus, it is possible to produce many types of pre-
cipitate within a polymer matrix and, at least for thin
films and fibres, these composites can be produced
rapidly. Few of these materials have yet been pro-
duced with very high levels of precipitate or with
oriented precipitates, but these seem quite feasible. A
much more sophisticated approach would be needed
to produce the very highly organized structures seen in
some biological systems. In the context of biomineral-
ization, it has been postulated that polymer mem-
branes can be modified to give site-specific nucleation,
epitaxy and orientation control. Natural systems are
so complicated that it is very hard to unequivocally
demonstrate these effects. To clarify these issues and
explore the full range of possibilities a programme of
work is needed to produce localized structured nuclea-
tion sites on polymer surfaces or in polymer gels.
Interesting optical effects such as seen in opal and
pearl should be possible as well as unusual electrical
and transport properties.
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