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A general explanation of induced morphology crystal aggregates of BaCO
3. SrCO3 and CaCO~grown in silica gel is described.

The matrix surrounding the crystallites is shown to be formed by a metal carbonate silicate membrane, with diverse degree of
two-dimensional order. The existence of co-orientation between the three-dimensional crystallites forming the aggregate has been
demonstrated, suggesting that epitaxial relations exist between them and the surrounding membrane which acts as a template. The

degree of order of the particles forming the membrane is a result of the local supersaturation, and is identified as the main origin of
the morphological evolution in space and in time. Some mechanisms which may be active in morphogenesis are suggested.

1. Introduction cases[5]. Laboratory reproductionof such struc-
ture can shed light on biomineralizationmecha-

In previous papers [1—4], we described the nisms,and could also be developedas a meansof
growth and morphological propertiesof a new preparing appropriatematerials for orthopaedic
kind of composite which we call “induced mor- implants. Such aggregatesare also of interest in
phology crystal aggregates”(IMCA). Like other conectionwith cement.Shell from living organisms
types of crystal aggregates,they are composedof hasin factbeenproposed(for instance,seeref. [6])
an ill-defined number of three-dimensional(3D) as a model for makingstiff andtoughstructuresin
crystallites,but in IMCA, by way of contrast,the man-madesticky solids.
growth and morphologicalpropertiesas a whole A laboratoryprocedurefor obtainingsuchcorn-
are not governedby crystal to crystal relation- posites (specifically alkaline-earth carbonate
ships. Thesepropertiesare controlled by an exter- crystalsversussilicate matrix) is describedbelow.
nal substrate, usually a two-dimensional (2D) Judgedby the great varietyof eventsobservedin
membrane,which acts as the site for progressive the precipitation of IMCA and by the complex
3D growth of the crystals which form the aggre- phenomenologyassociatedwith its morphological
gate. This morphology presentsin most casesa evolution, this procedurecannot be analyzed in
well-defined non-crystallographicsymmetry. For terms of classicalcrystal growth problems: it is a
instance,typical inducedmorphology crystal ag- complicatedphenomenonin which severalprocess
gregates constitute the hard parts of living act together.The main purposeof this paper is to
organisms.If we observethe ultrastructureof an discussthe natureof the IMCA phenomenonin
invertebrateshell, it consistsof a greatnumberof general by analysingthe experimentalresultsob-
3D crystalliteswhich are separatedfrom eachother tamedto date. It is shown that this kind of IMCA
by a thin layer of an organic matrix. At lower is formed by a catalytic effect of the carbonate
magnificationwe can observethat the crystallites groupson the hydrationof metal silicate, giving a
are arrangedin a non-randomway. An ordered membraneousmaterial, with composition and
patternexistsandcertaingeometricallawscontrol order evolving as the growth progresses.Some
the position of the crystals in such a way that a morphogeneticalmechanismwhich could be in-
non-crystallographicsymmetryis obtainedin most volved are also discussed.
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FP

-. — -~ — —~ — -‘ 2. Growth proceduresand characterizationof IMCA
Silica gel + 003 The experimental procedures used for the

growth and characterizationof induced mor-
phology crystal aggregate has been described
elsewhere[1—4]and therefore only the general
method will be reportedbelow.

Na
2003 CoCl~ Induced morphologycrystal aggregatesof al-

Solution Solution kaline-earth(Ca, Ba or Sr) carbonatescan he oh-

I — — — tamed by a double decompositionreaction be-
- L — — ‘f — - tween two appropriatesolutionscounter-diffusing

Silica gel through a silica gel of pH between8.5 and 10.5.
The use of other gels (such as polyacryl-
amide,agar-agar,tetramethoxysilane,or gelatine)

Fig. 1. Two different arrangements for the growth of induced
morphology crystal aggregates. FP stands for the position of has beenfound unsuccessful[7] and the phenome-
the first precipitate. Arrows indicate the advance of the precipi- non is thus, as far as we know, clo~clyrelated to
tation front, the chemistryof silica gels.The gek s~ereprepared

a

C ~
Fig. 2. Optical micrographics of some [MCA: (a) CaCO3 showing gross th h.inds, (h) oil-like BaCO ‘a tb crossed pol.iri,eis: (c)
SrCO3 with cycloidal pattern, (d) spiral pattern in SrCO3 (a), (b) and (c) at same magnification.
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by acidifying (to the desired pH) a solution of simpletesttubearrangementcanbe usedas shown
Na5SiO5with a densityof 1.059g/cm

3 andinitial in fig. lb. In this case,the carbonate-donorsalt is
pH = 11.2. Before gelling, the sol is placed in the mixed with the sodium silicate solution before
horizontal part of a U-tube(fig Ia). After gelling, gelling. Once the gel is formed, the other reactant
the two reactant solutions (the carbonate-donor solutionis pouredon.
and the cation-donor)are placed in the vertical Dependingon the specificconditions,a number
branchesof the U-tube, in such a way that coun- of astonishingmorphologiesappearin the silica
ter-diffusion of the carbonate groups and gel after several hours (fig. 2). A morphological
alkaline-earthions occurs. In anothervariant, a evolution from the position of the first precipitate

Ii

ig. 3. SEM views 01 some 1MCA morphologies: (a) planar aggregate with handing. showing a morphogenetical point; (h) idem with
two morphogenetical points — the twisted ribbon on ii does not belong to this aggregate: (c) twisted ribbon with ~c4:2 symmetry: (d)
twisted ribbon with ~2:2 symmetry.
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to the lastcan be observed,without a solution of (a) the nucleation and growth of alkaline-earth
continuity (see fig. 8 below, and fig. 3 in ref. [41). carbonatecrystals;
Moreover,eachone of thesemorphologiesevolves (h) the formationof a silicate matrix, as a result of
with time according to different patterns[8]. A thehydrationof silicic acid (with differentdegrees
distinctive and very important characteristicof of condensation)and metal ions.
thesemorphologiesis that they presentnon-crys- As judgedfrom the electrondiffraction pattern.
tallographic symmetry.Thus, stars with a 5-fold from the pseudo-uniaxialfigure under crossed
symmetryaxis,spiralsandcycloidalarrangements, nicols. and from the observedmorphologies,it is
twisted ribbons with ~2 : 2 and ~4 : 2 symmetry, clear that an effectiveinteractionbetween(a) and
etc. canbe observedunderan optical microscope (b) mustbe postulated.In addition to their coinci-
(fig. 3 and ref. [2]). Under crossednicols, they dencein time and space,theremustalso he some
presenta pseudo-uniaxialdark cross,which im- crystallographicrelation betweenthe productsof
plies the existenceof an orderedarrangementof (a) and (b). Unfortunately, the ultrastructureof
material (fig. 2b). Thesegrowths were recovered the metal polysilicate hydrate forming the mem-
by dissolving the gel with NaOH solution. X-ray braneis unknownat this time, andno quantitative
diffraction (powder method)diagramsshow typi- epitaxial relationscanthereforebe establishedbe-
cal peaksbelonging to CaCO3 (calcite), BaCO3 or tweenthe carbonatecrystalsand the silicatemem-
SrCO1, andalsoseveralbroadbands,thepositions brane.Nevertheless,the existenceof suchepitaxial
of which are related to the cation used for the relations can be indirectly infered. On the one
carbonateprecipitation. A high voltage electron hand, several investigatorshave observedthe cx-
diffraction patternof oneof theseaggregatesshows istenceof epitaxial growth of calcium hydroxide
typical spotsof carbonatecrystals,misorientedas on the surfaceof calcite crystals [9,10]. On the
in a polymericpattern[3]. Thus,the coexistenceof other hand, it is also well-known that, as a result
an orderedarrangementof crystalliteswith a non- of the hydration at basic pH of /3-2CaO’ Si05
crystallographicoverall morphology allows us to (C2S) and 3CaO~SiO2 (C5S), calcium silicate by-
infer that thereis a substratewhich controls the drate (CSH) is formed [11—13].CSH has been
textureof the carbonatecrystals,andthereforethe describedas a Ca(OH)2-like Iamellar region with
morphologyof the crystal agregate.The presence silicatematerial on its surfaces[141.It follows that
of this supportwas confirmedby a simpleexperi- epitaxial relations must also exist between the
ment. A cleanedand non-crackedaggregatewas carbonatecrystalsand the silicate membrane.The
placedon a glassslide, and a drop of a HC1 (0.5 existenceof this structuralrelation is experimen-
N) solution was placedon it undera microscope. tally observedby analyzingthe textures(i.e., the
No modification is observedin this case.However, geometricalrelationsbetweenthe crystalsforming
if the aggregate has a micro-crack the acid the aggregate)appearingin IMCA. Sometextures
penetratesand the carbonatecrystals are dis- have already been described[1.4.8], and a more
solved. A sequenceof the carbonatedissolution comprehensivetreatmentof them will be pub-
stagesby time laps photographyis shown in refs. lishedelsewhere[15].
[1—3].Oncethe carbonateis completelydissolved, Fig. 4 shows an induced morphology crystal
a substrateof the sameshapeas that of the whole aggregateof CaCO1 with a sheaf-of-wheatmor-
aggregateremains. This confirms the usefulness phology. As in all the cases studied, secondary
andvalidity of the inducedmorphologyconcept. interferencefigures (maltesecrosses)are observed

with crossedpolarizers.Since the silicate matrix is
optically isotropic [14], such figures mean that

3. Discussion .optical continuity betweenthe carbonatecrystals
3.1. On thenature of thephenomenon which form the aggregateexist. In fact, when the

outerparts of the aggregateare observedby scan-
The formation of IMCA can be explainedon fling electron microscopy (SEM), they show a

the basisof two simultaneousprocesses: numberof calcite crystalswith equilibrium mor-
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phology (i.e., rhombohedralF-faces). All crystals postulating the existenceof not only a substrate
are arrangedwith the sameorientation,parallel to but an epitaxialone.Unlike fig. 4, fig. 5arefersto
the [0001] c-axis, even when no physical contact an IMCA of SrCO5. At the front of the aggregate,
between them exists. A co-orientation of the parallel to the growth direction, polysynthetic
crystals in this way cannotbe explainedwithout twinned crystalscanbe observed.They are typical

~ .* ..

-

b

Fig 5. (a) Pseudohesagonal prisni.iiic iss inncd srs~1al~forming an I \I( ‘\ of Sr( (I . ) hi \ ci ,tckcd IMCA of BaCO~showing the inner

texture. Arrow shoss lia( ( ) ci ~i,ils.
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of the aragonite-typecarbonate structure. The Calcium — 7 Sodium
carbonatecrystals are ordered, and are here ~

arrangedalong the [0001]directionof the pseudo- -

hexagonalprism. Fig. Sb refersto a BaCO3 crystal -

aggregatewhich has been previously cracked in -

order to study the inner crystal texture. Arrows -, PM

show carbonatecrystalsparallel and clearly inde- 13 ______________
pendentof eachotherbetweentwo silicate mem- 2 .

branesin a sandwich-likestructure.The observa- II ~ -

lions and argumentshere discussed,demonstrate 10 -

not only the existenceof a matrix but its role as an a
effective templatecontrolling the orientationand 8 ~- •:~ —

geometrical relationsbetween the crystals which 6 1
form the aggregate. 5 0

Fig. 6. The formation of silicate garden after the membrane-
3.2. On the nature of the IMCA membrane osmosis model. PM: precipitating-membrane. Dotted line:

calcium concentration; full line: pH change. Dashed arrows

As seenfrom the aboveexperimentalconditions show the influx of water; full arrows represent the osmotic

for the growth of IMCA, a closerelationcould be forces.

postulatedbetweenthem andthe so-calledsilicate
garden,a chemicalcuriosityknown from theearlier
yearsof this century [16—19].Such gardensare place at very high supersaturation,and hetero-
formed by the reactionof a solublesalt of di- or coagulationof Ca(OH)2 and polysilicic acid oc-
trivalent cations with alkali silicate solutions. In curs, leadingto a combinedprecipitatein the form
recentyears,as a result of the work of Doubleet of a membrane(seeSears[27]andStoyanov[28]).
al. [20—23]and Birchall et al. [24.25]. interest in Some important differences between silicate
silicate gardens, mainly in the so called reverse gardensand IMCA formation shouldbe pointed
silicategarden,hasincreasedbecauseof its impor- out. In the experimentalproceduresfor the forma-
tance for the understandingof the hydration be- tion of IMCA, themetal chloridesolution diffuses
haviourof cement.That is why such silicate pre- through a silicate gel at a pH of < 10 in which
cipitatesare now betterknown.Recently,Birchall, Ca

2~exists as the main calcium species.The low
Howard and Double [26] havesummarizedtheir concentrationof hydrolyzedcalcium ions explain
view on silicate gardeninformation in a phenome- the fact that Ca(OH)

2 (portlandite)crystals are
nological model. Two steps are clearly dis- not found in the gel,neitherby optical microscopy
tinguishedin this modelwhich hasbeenapplied— nor by X-ray examination.Therefore,we cannot
in view of the analogy with cementhydration — expect the IMCA-forming membranesto be of a
specifically to the case of the calcium silicate calcium silicate hydratenatureas in the casesof
garden.Thefirst step is the formationof a calcium the silicate gardenand the hydration of cement.
silicate hydrate (CSH) membrane.According to i.e., to have a non-stoichiometricstructure,built
theseauthors, calcium silicate hydrate is formed up with Ca(OH)2-likelamellarregionsandsilicate
by thereactionbetweena basic(pH = 12.6)sodium materialon the surfaces.In fact, the X-ray diffrac-
silicatebulk solutionwith anacid(pH = 6) calcium tion diagramof CSH usually shows threebroad
solution arising from the surfacedissolutionof the peakscorrespondingto spacing12.5 A (which is
calciumcontainingcrystal(fig. 6). At the interface reducedto 9.8 A after drying) 3.07, 2.80 and 1.83
of the two solutions,a narrow zoneis formed in A [29,30]. In the X-ray patterns of IMCA we
which the pH will changeto intermediatevalues, found the peaksbelonging to carbonatecrystals
at which calcium ions and silicate groupsbecome and other bandsdisplacedto 3.90 A (for CaCO1
rapidly hydrolyzed. As a result, nucleationtakes IMCA) and 3.93 and 6.94 A (for BaCO1 IMCA).
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pKa~monos~cacidis~9,and it has been
demonstratedthat it decreasesto 6.5 for high
polymers [32]. Recently,Falcone [33] has experi-
mentally confirmeda previousobservationby 11cr
[34] thatsilicatesolutionsbegin to adsorbmultiva-
lent metal ions at pH values roughly two units
below those at which the metal hydroxide is pre-
cipitated.Therefore,underthe chemicalconditions
used in the formation of IMCA, we expect the
interactionbetweenmetal ions and silicate groups
and the existenceof metal silicate particlesin the
liquid phaseof thesilica gel or evenon thesurfaces
of its solid framework. Now, it shouldbe noted Fig 7 F’aisted ribbon obtained sshcn increasing the carbonate

that the nucleationand growth of IMCA is in conceniration. IMCA of BaCO~Scale bar 02 mm.

practice controlled by the formation of the
carbonatecrystals. Thus, in the experimental
arrangementfor the growth of CaCO3 IMCA (fig. suggestthat CO~groups could be one of the
ib), the CaC15 solution diffuses through the gel componentsforming the matrix which enhances
without any appreciableprecipitation. Once the the hydrationof the calciumsilicate particlesexist-
carbonatecrystals are forming near the central ing in the gel. This can be explainedby consider-
portionof the gel column,thegrowth andeffect of ing that, ashasbeendemonstrated,carbondioxide
the membranecan be observed: sheaf-of-wheat acceleratesthe hydration of calcium silicate in
and “double cone” patternsare formed.Then the cementpastes,giving materialswith compressive
precipitation zone moves towards the calcium strengths greater than samples hydrated under
donorsolution. As the growth progresses,the mor- normal conditions[36—391.In the caseof IMCA,
phologiesbecomemorecrystal-like,suggestingless this catalytic effect explains (a) the absenceof
membraneouscontrol, as a result of the lower metal hydroxideco-precipitationduring the hydra-
CaCO5 supersaturation[8]. It is indeedpossibleto tion of the metal silicate, (b) the control of the
obtain structureswhich look almost exactly like precipitatingmaterialby the carbonateconcentra-
singlecrystalsbut which, upon SEM examination, tion, (c) the carbonatenatureof the 3D crystalline
turn outto be polycrystalline.In thecaseof BaCO~ phaseof the forming composite,and(d) the X-ray
and SrCO1 IMCA growth such correlation be- difraction patterns obtained from the CaCO5,
tween carbonateconcentrationand overall mor- IMCA matrix, which are different from those of
phologiescan also be demonstrated.If an experi- CSH formed in silicate garden experimentsor
mentalsystemis basedonly on commercialsodium cementhydration.
silicate, with its usual carbonatecontamination In the absenceof more extensiveand direct
[35], then twisted ribbons with ~2 : 2 or ~4 : 2 dataon the compositionand structureof the ma-
symmetry are obtainedas shown in fig. 3. How- trix, the natureof the IMCA-forming membrane
ever, if the carbonateconcentrationis increasedby cannot be unambiguouslyidentified at present.
counterdiffusionof a Na5CO1solution (fig. Ia). a Nevertheless,the above argumentslead one to
very different kind of twisted ribbon (fig. 7) is postulate that it has a metal (Ca, Ba or Sr)
obtained,which grows up to 50 mm in length. carbonatesilicate nature. For the caseof calcium,
Thus, a dramaticchange in the symmetry of the some mineralsof this composition,such as spur-
crystal aggregatemorphology is related to the rite [40], paraspurrite[41] and tilleyte [42] are
carbonateconcentration.If the morphology, for known,and the existenceof its synthetichydrated
reasonspoint out in 3.1, is controlled by the formshasalsobeenreported[43]. Furtherwork on
growth mechanismof the membrane,theseresults this matteris in progress.
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3.3. On themorphogenesisof IMCA tion. However,this would appearto be toomecha-
nistican applicationof the theory, one that disre-

Morphogenesisis one of the most interesting gards some important featuresof theseprecipi-
problemsrelated to IMCA growth. In the second tates. For an ideal solution growth system(iso-
step of the model usedby Birchall, Howard and baric, isothermic, and free from impurities) the
Double,theseauthorsmakeuseof a morphogenet- main variablesare the supersaturationratio ~i =

ical mechanismproposedin theearly literatureon lAP/Ks and the supersaturationgrowth rate R
0

silicate gardens [17,44.45]. This mechanismde- = da/dt. Due to the low solubility productof the
pends on the precipitatingCSH being a semiper- silicate matrix and to its large unit cell, it is
meablemembrane.Coatmanet al. [23] havere- expected that nucleation will occur within the
cently demonstratedthis semipermeablecharacter non-classicalzone [27,28] or close to it. i.e. the
by means of a Pfeffer experiment. In order to zonein which critical clustersare smallerthan the
equilibriate the difference of Ca concentrations unit cell of the growing compound.An amorphous
inside and outside the membranean influx of phasewill thereforebe formed. For a compound
water occurs,creatingan osmoticpressurewithin which normally displaysa three-dimensionalpen-
the membrane(see fig. 6) which eventuallybreaks odic structure(for example, calcium phosphate)
out at the weaker points. The opening of the this createsamorphoussphericalphases.As a and
membraneprovokesthe formation of a new and R,, decrease,a transition to a crystalline phase
outer CSH, with a morphology locally controlled occurs [47,48]. However, in IMCA and silicate
by the resultingjet of Ca solution. From a chem- gardens,we are dealing with a precipitationphe-
ical viewpoint, the picture for IMCA is clearly nomenain which one of the reactantspresentsa
different. Before (or simultaneouslywith) silicate certain degreeof condensation.In fact, the very
matrix formation, we have here a precipitation structureof the silicate matrix [14.30] prevents
phenomenonand not a dissolution phenomenon. three-dimensionallayer stacking. Therefore, the
Nevertheless,in spite of its different chemicalna- possibility of disordergeneratedat very high su-
ture, the morphogenesisin both IMCA andsilicate persaturationis here restricted to a two-dimen-
gardensmust be regulatedby the same physical sional surface. If an appropriaterange of growth
processes. conditionsis chosen, one should obtain a large

Most of the morphologiesobservedcanbe well variationof membraneousstructures,from a highly
describedin terms of symmetry,andcan be built disorderedsurface to a quasi-perfecttwo-dimen-
up from certain simple geometrical laws. It is sional crystal. This is in harmony with the mor-
difficult to believe that morphologies like those phological sequenceobtainedin some IMCA cx-
seenin figs. 2, 3 and7, arecreatedexclusivelyby a periments(fig. 8). Themattercanbe illustratedas
breakagegrowth process.It is also important to follow. In a suitable glass reservoir, a sodium
note that the morphological behaviorof IMCA silicate solution containinga low concentrationof
ranges from thesemorphologiesto absolutely ir- carbonateis gelled at pH 9.5. After gelling, a
regular ones. Thus, the active morphogenetical BaCl5 solution (0.5N) is pouredon it. Near the
mechanism,must be ableto generatesuch a wide interface,irregularcrystal aggregatescan soonbe
rangeof shapes.Although the presentauthor has observedbut as time goeson, the precipitation
not carriedout laboratoryexperimentson silicate zonemoves away from the interface,i.e. to lower
gardens,it can be concluded from literature that supersaturationregions, giving more and more
such a wide range of morphologiesexist in this regularmorphologies.
casealso(see,for example,refs. [16,18,46]). Without an appropriateknowledgeof the ma-

Thegrowth morphologyis relatedto the silicate trix crystalstructureand the local chemicalcondi-
matrix growth conditions.Birchall et al. [26] have tions a formal morphogeneticalmodel cannot be
suggestedthat the membraneouscharacterof the developedat the moment. However, it would be
silicategardenarisesfrom thefact that it nucleates noted that the above discussionsuggestsseveral
in the regionof the so-callednon-classicalnuclea- mechanismswhich could be active, for instance,
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Fig. 8. Morphological evolution found during the growth of BaCO
5 l\1( \. I speriment arrangement as in fig. lii.

the existence of rotation defects (disclinations),
which are possible in ordered membranes[49]. ~

This kind of defect canexplain the generationof
three-dimensionalobjects,suchas twistedribbons,
180 rotations,cones,etc., from 2D surfaces[50]. It
is also important to consider that we are dealing
with a chemical reaction-transportsystem,one in
which wavesof chemicalcompositionmay propa-
gatewith a variety of structures.This viewpoint
could be a very powerful theoreticaltool explain-
ing. for instance,the bandingobservedin IMCA
(figs. 2a and 5). This is clearly not relatedto any
kind of periodicity imposedon the system. and a
thereforemust be explainedas a self-organization
process under conditions far from equilibrium.
Also in this context, some of the morphologies
observed(for example,seefig. 9) togetherwith the
very natureof the phenomenonsuggestthat IMCA
growth could be analyzedin terms of a develop-
ment of unstableinterfaces.One can think, for
instance,of the Rayleigh—Taylorinstability which
occurswhena light fluid pushesheavierfluid or of
a Kelvin—Helmholtz instability which is relatedto
discontinuitiesin the tangentialcomponentof the
displacementrate acrossthe interface [51]. Work
along these lines is underway, but there is also a
clearneedfor moreexperimentson the formation
of IMCA with special emphasison quantitative

lip. I. Finger-like growth obi,iined in induced morphologydata relating to: (a) textural and morphological crystal aggregate of CaCO~. Ordinary light. (F) Crossed

characterization;(b) its morphologicalevolution; polarizers: scale bar 0.5 mm.
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(c) local chemical conditionsand their relation to componentsare expected,doesnot necessarilyled
the initial conditions of the experiment;(d) the to the morphologicalbehaviorobservedin IMCA.
searchof newkinds of inducedmorphologycrystal In other words, inducedmorphology crystal ag-
aggregatesby changingthe membraneoussupport gregatesare compositeswith a self-organizedmor-
andthe crystallinephase. phology.
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