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ABSTRACT: Two organic-inorganic composites based on first-sphere coordination of calcium ions bya-
cyclodextrin, highlight the possible creation of different architectures, even when involving identical molecular
building blocksand inorganic clusters. In both forms, the mineral and organic matrices form separate motifs, with
40% of the crystal structure occupied by the mineral components. Copyright 2000 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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Recently, solid-state complexes of cyclodextrins with
salts have been considered as models for organic–mineral
composites.1,2 In such molecular composites, two types
of organization may be observed; in the first the organic
and mineral matrices form interlaced substructures, as is
the case for the complex fromb-cyclodextrin with
hydrated magnesium chloride;1 in the other, the two
matrices occur as separate substructures, as described for
the structure of the complex froma-cyclodextrin with
potassium silicate.2

Structures of metal complexes have been reported
previously for multideprotonatedb- and g-cyclodex-
trins3,4 with CuII and PbII ions, respectively, and later for
a series ofa-cyclodextrinatocuprates.5 The first structure
in which undeprotonated cyclodextrin acts as a multi-
dentate hydrogen-bond donor was described for the
complex ofb-cyclodextrin with calcium chloride.6 In this
complex, a distinct motif of mineral components was
lacking. We report here on the first molecular composites
based on first-sphere coordination of metal ions by an
undeprotonated cyclodextrin.

The crystal structure of thea-cyclodextrin–CaCl2
composite (1), of composition a-CD�3CaCl2�19H2O,
monoclinic, space groupP21, Z=2, a1 = 13.293(5),b1 =
15.947(2),c1= 16.827(8) Åb1 = 92.87(3)° 4536 unique
reflections, 3280 observed withI > 2s(I), R1 = 0.081,
reveals two levels of organization. These are associations
of molecularly hydrogen bondeda-cyclodextrin (a-CD)

building blocks, leading to layers of 10 A˚ height (Fig. 1),
and linkage of structural motifs of mineral components,
which span the intermolecular gap to join the layers. This
structural form contains water molecules of crystal-
lization distributed over seven sites (only three of which
have full occupancy). In addition, eight water molecules
are coordinated to two cations (four for each), while the
third cation is surrounded by water molecules positioned
on 12 sites (only one having full occupancy). The
molecular cavity contains only water molecules of
crystallization on partially occupied sites.

The molecular building blocks are constructed from
two a-CDs symmetry-related by the twofold screw axis.
The a-CDs are strongly tethered by lateral hydrogen
bonds (four per molecule) and covered on both hydro-
philic sides by mineral components. This leads to a large
sterically demanding local environment, which prevents
strong molecular interactions betweena-CDs from
adjacent layers and generates intermolecular spaces large
enough to accommodate well organized frameworks of
mineral components.

All the ions are external to the cyclodextrin cavity but
show direct interactions with thea-cyclodextrin matrix.
One anion is positioned above the face of the primary
hydroxyl groups and a second above the face of the
secondary hydroxyl groups. The cations display two
types of interactions. Two cations, Ca1A and Ca1B, are
situated within the layers, in identical positions relative to
two bidentate a-CD ligands. They adopt the same
eightfold first-sphere coordination, Fig. 2(a), composed
of four water molecules and four O atoms of twoa-CDs
(O-5/O-6 atoms and an O-2/O-3 pair of hydroxyls). These
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cationsare bridged,throughtheir aqualigands,by one
anionandonewatermoleculeof crystallization(WS), to
form an inorganic cluster. The third cation is placed
betweenthe layersandpresentsa coordinationenviron-
mentpredominantlycomposedof watermolecules,thea-

CD acting as an unidentateligand, Fig. 2(b). For this
cation (Ca2), two alternative,seven-or eightfold, first-
spherecoordinationshavebeendetermined.Theyhavein
common two sites fully occupied by one secondary
hydroxyl groupandonewatermolecule,with eitherfive
(occupancy0.6) or six (occupancy0.4) watermolecules
on the remainingsites.

The stacking of the layers gives rise to oblique
columnsof 10 Å width, filled by mineral components
(inorganic columns, IC ); each IC being intercalated
betweenfour parallel columnscontaininga-CDs. The
basic structural motif of IC is the inorganic cluster
formedwith Ca1A andCa1B.Within an IC , clustersof
adjacentlayers, relatedby crystallographictranslation,
are linked through a secondWS to give an infinite
obliquechainwhich joins theCa1A ions.The othertwo
cations(Ca1B and Ca2) are anchoredalong this chain,
through their aqua ligands (Plate 1). Several junction
zones of mineral components,passing through aqua
ligandsof Ca2,interconnectIC columns.

Further information concerningthe self-assemblyof
such organic/inorganicmatrices was provided by the
structure of a second1:3 complex from a-CD with
calcium chloride (2), with a nearbyequivalentamount
of water [0.5(a-CD)�1.5CaCl2�8.5(H2O), orthorhombic,
spacegroupI222,Z = 8; a2 = 16.010(2),b2 = 20.380(2),
c2 = 22.215(1)Å; 2960uniquereflections,2604observed
with I > 2s(I), R1=0.084; the parametersof threesites
denoted Cl* have been refined as though a water
moleculeanda chlorideanionsharedthesamesite,with
thesamedisplacementparametersandoccupancyfactors

Figure 1. Schematic sketch of the molecular building block
layer. The a and c in-plane dimensions of layers in 1,
appearing with an appropriate transformation of the unit
cell, are: a ' =ÿb1 = 15.943, b ' = a1, c ' = a1� c1 = 21.960 AÊ ,
a' = 130°07'. Each layer comprises two alternate symmetry-
related rows of a-CDs, each being constructed from A or B
molecules which have molecular sixfold axes perpendicular
to the layers, with primary faces directed up (A) and down
(B). The clusters are intercalated between four a-CDs. In 2,
the molecular layers are very similar with close a and c in-
plane dimensions

Figure 2. View of the coordination polyhedra of the calcium ions in 1: (a) the environment of CalA; (b) the two alternative
environments of Ca2
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Plate 1. A section of the structure 1, perpendicular to the layers (Calcium polyhedra, magenta
(Ca1A and Ca1B) or violet (Ca2); chloride ions, green; water molecules of crystallisation, orange;
cyclodextrin, black). Adjacent layers are transposed by about 7Å, forming oblique head-to-tail α-
CD columns, with A (or B) molecules linked by two anions through primary and secondary
hydroxyl groups. These columns are separated by the ICs columns. Parallel ICs are interconnected
by junction zones that cross-link the chains of Ca1A by bridging clusters of adjacent layers
through one anion, a WS, and aqua ligands of Ca2. As a result, each α-CD is surrounded by a
chain-like loop of mineral components

Plate 2. A section of the structure 2, perpendicular to the layers (color scheme as in Plate 1). A
and B α-CDs from adjacent layers, alternate in columns, with their secondary hydroxyl faces sep-
arated by a distance of about 7Å; they are connected by two doublets of symmetry-related WS
molecules. The primary faces are held together through direct interactions with two Ca2 ions. In
the ICs, two clusters related by symmetry are connected, at both sides, through Ca2; successive
such double clusters, related by translation, are linked through aqua ligands of Ca1 and those of
its symmetry counterpart. This gives rise to two interconnected infinite chains of calcium ions,
perpendicular to the layers
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of 0.5]. The molecular associationin the layers is
invariant (Fig. 1); the a-CDs and their environment
display a real axial binary symmetry (the a-CDs are
placedon twofold axes;theCal ion adoptsasimilar first-
spherecoordinationto thatobservedin 1 for theCalA and
CalB ions. Again, a cluster is formed: two symmetry-
equivalentCal arelinked througha doubletof atomson
symmetry-quivalentCl* sites. In contrast,the Ca2 ion
and all the mineral componentsnot involved in the
clustersdisplay different positionsand interactions(the
Ca2 ion is placedin a specialposition and presentsan
eightfoldfirst-spherecoordinationachievedwith apairof
O-5/O-6 atoms, two atoms on Cl* sites and their
symmetry counterparts).The resulting stacking mode
gives rise to ICs perpendicularto layers.Here, the ICs
containthe majority of ions and are not interconnected
(Plate2).Theyareintercalatedbetweencolumnsof head-
to-head stackeda-CDs. Within the ICs, the mineral
componentspresenta highly symmetrical schemein
whichsymmetry-relatedclustersfrom adjacentlayersare
joinedat bothsidesby interactionsinvolving all calcium
ions. This forms an extensivecollaborative inorganic
frameworkwhichgivesriseto two infinite parallelchains
of cationsper IC .

Thesetwo typesof self-assemblingsystemshighlight
the architecturalmodifications that arise simply from
changesin the coordinationenvironmentand relative
location of ions and water moleculesexternal to the
inorganicclusters.This is particularily the casefor Ca2
which in 1 is locatedin thegapsbetweencyclodextrins,
and in 2 is responsiblefor the organiccolumnstacking
andalsois implicatedin the IC structure.

When Ca2 is predominantly coordinatedto water
molecules,as for 1, it just interacts through its aqua
ligands,aspartsof junctionzones;it doesnot participate
in the stability of the whole organization.The WS
molecules,not hydrogenbondedto a-CDs,areessential
in linking the clustersalong and betweenthe ICs; the

anionsaredispersedandareinvolvedin thestabilityof a-
CD columnsandalsotheformationof junctionzones.In
this case,the a-CDs are partially encapsulatedin an
inorganic matrix (Plate 1). In completecontrast,when
Ca2 is less hydrated,as for 2, it simultaneouslycon-
tributesto thecohesionof thea-CD columns,two a-CDs
acting as bidentateligands,and to the formation of the
mineral substructurein ICs. The WS molecules are
mostlyexcludedfrom ICsandtrappedin a-CD columns,
beingfundamentalto their stability,whilst theanionsare
now mainly confinedin ICs. This resultsin an accumu-
lation of ions which gives well structurally organized
tubesof inorganiccomponentsexhibiting infinite chains
of calciumions,not interlacedwith theorganiccolumnar
matrix (Plate2).

In conclusion,we seethata relativelysmalldegreeof
changein coordinationabouta single cation can trans-
form the nanometerscaleorganizationof mineral and
organiccomponents.Applicationof thesolubility curves
of cyclodextrin–salt systems7 to systematic crystal
growth experimentswill allow a fuller determinationof
the structural motifs available from such molecular
composites.
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