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Abstract

This paper presents the use of a retrosynthetic tool allowing one to reduce any crystalline
structure to a set of two or three simple chemical “tectons” from which the whole network
may be reconstituted. This reduction is performed by probing the susceptibility of any finite
secondary building unit to the removal of translation symmetry operators. Atoms displaying
atomic charge invariance upon extraction from the network are assumed to belong to the
chemical tectons which are at the origin of crystalline growth from molecular species. The
chemical bond pattern found around these structural “corner-stones” defines small groups of
polyhedra sharing corners or edges and whose topologies are easily understandable in terms
of the well-known coordination chemistry of the cationic centers involved. The paper is
divided into two parts. The first part is a review of the basic chemical reactions allowing the
sharing of corners between two coordination polyhedra from a kinetic point of view. The
second part describes the retrosyntheses of about 50 crystalline structures displaying either
insular groups (nesosilicates) or chains (inosilicates) of SiO, tetrahedra. This study shows
that hydrogen bonding with solvent molecules provides a few eV of stabilization for an anionic
species against a few tenseV for hydrogen bonding with a solvated cation and a few
hundreds eV for direct interaction with a naked cation. Tectons which have emerged from a
careful analysis of the selected crystalline structures are uncomplexed linear oligomers (SiO,,
$1,0, Si3040), uncomplexed metasilicate rings (Si;Oy, SijO,,, SigO45) and complexed linear
oligomers (TiSiO,, SbSiO,, Mn;Si,0,, Mn;Si;0,9, Mn;351;0,,, SiBeAlO,,, Si,Be,0,3). Some
phases cannot yet be studied owing to the non-localization of hydrogen atoms or to the
occurence of cationic disorder. The failure to detect any linear oligomer Si,O;,.; with n>4
or huge Si,0;, rings (n>>9) in solution or in the solid state has been clearly interpreted as the
consequence of very unfavorable electrostatic balances for these species. Our observation that
such a wide range of silicated crystal structures can be analyzed using just monomeric, dimeric,
trimeric or tetrameric tectons is a very encouraging result for future investigations of fully
reticulated three-dimensional (3D) networks such as those found in microporous compounds.
© 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Designing high-tech solid materials is the challenge that solid-state chemists have
to take up at the dawn of the third millenium. For thousand of years, solid-state
chemistry was the art of breaking down solids at high temperatures in order to force
them to react together at an acceptable rate. At the very end of the twentieth century,
the glass and ceramics industries still rely heavily on grinders and furnaces, whereas
wet processes involving flasks, beakers or autoclaves with temperatures not higher
than 300 °C are routinely used at the laboratory scale [1-3]. On moving from dry
to wet chemistry, solid-state scientists discovered a completely new soft and sticky
world, and coined the name “sol-gel chemistry” in the early 1980s to cover this new
field of research [4,5]. The principle of all sol-gel syntheses is to start from molecular
or nanoscopic-sized compounds in solution and to play with all their physicochemical
interactions (van der Waals or dipolar forces, hydrogen bonding, coordination links,
iono-covalent bonding, etc.) with the aim of obtaining a tailor-made solid-state
material. In this solid-state quest, chemists have to struggle against numerous ill-
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defined colloidal states of matter, relying heavily on spectroscopic methods to trace
the destiny of their starting precursors [6,7]. This is not an easy task. At a mesoscopic
scale, colloids can have their own chemical structure, often extremely different from
the well-defined structures found at both the nanoscopic (molecule or cluster) or
macroscopic (crystalline solid) ends. Another problem is that the most active species
in the crystal growth process are those with the lowest concentrations. Consequently,
most analytical tools miss them completely, focussing on dead ends which are not
reactive enough to participate directly in crystal growth. However, owing to the
well-known chemical equilibrium rules, these dead-end compounds regulate the
concentration of every species present in the solution and may have a deep influence,
not on the crystalline structure itself, but rather on the crystal size and morphology
[8]. Despite these intrinsic difficulties, the use of sol-gel syntheses in solid-state
chemistry is quite rewarding. As elaboration temperatures rise and fall, chemical
reactions progressively lose their leveling entropic heaviness to gain all the enthalpic
delicacy and flexibility of solution chemistry. Incredible and amazing crystal struc-
tures can thus be extracted from the solution, not just by changing the temperature,
pH or ionic strength, but also by playing with the solvent composition or its structure
through the use of chemical additives [9-11]. Faced with such a tremendous amount
of new phases, it becomes more and more difficult to speak of purely organic or
inorganic chemical objects. The term “hybrid materials” has thus be coined in the
1990s to describe reticulated networks ranging from organic polymers bearing inor-
ganic bridges to organically grafted inorganic materials, quite often showing very
original properties [12]. The formation in solution of these new materials raises
some fascinating, still unanswered, questions: what is a building block? Is there a
limit to the size of a building block in solution? Given the structure of a building
block, how many reactive sites can be identified for chemical attacks, and what is
the relative order of their reactivity? Can we chemically design some building blocks
which, through an iterative auto-assembling process deep-rooted in their chemical
structure, will lead three-dimensional (3D) frameworks with complete control of
both structure and texture?

It is the aim of this paper to begin to answer these fundamental questions. In the
following we will focus not on the sol-gel syntheses of new phases, nor on the
practical applications of these phases, but rather on trying to check whether the
building block concept itself is chemically sound. In molecular chemistry (either
organic or inorganic), this action of reducing a chemical object to its ultimate
constituents from which the whole molecule can be synthesized is called retrosynthe-
sis [13]. In solid-state chemistry, the literature makes abundant use of terms such
as “building blocks” or “secondary building units”” (SBU), which are obviously a
generalization of the retrosynthesis concept to 3D crystalline structures. However,
one should be aware that speaking of a crystal structure using well-defined geometri-
cal entities which reproduce the whole crystal structure using translation symmetry
operators is not retrosynthesis. This is because we as yet have no experimental
evidence for the existence of these objects as real chemical species. Consequently, in
this paper we try to check that the retrosynthesis concept, so widely used in molecular
or supramolecular chemistry, can be extended to solid-state chemistry. This means
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that we have to investigate how 1D, 2D or 3D networks may be the result of the
association of some small, plausible chemical entities. In molecular or supramolecular
chemistry this is straightforward, as strong covalent bonds and weak van der Waals
or hydrogen bonds are easily identified using well-known atomic radii tables. It is
this clear energetic discrimination which makes the identification of the building
blocks so easy. A simple look at the very well known crystal structure of quartz
shows bonds which look the same in every direction. This shuffles the cards in such
an inextricable way that the validity of the building block concept becomes question-
able. Retrosynthesis in solid-state inorganic chemistry is thus very often not possible
ad oculos, and must then be computer-assisted.

This paper describes a very simple retrosynthetic tool based on the concept of
atomic charge invariance upon extraction of a geometrical SBU (secondary building
unit) from its crystalline environment. The first thing which must be known is the
approximate atomic charge distribution in the crystalline network. Then, various
building block units capable of generating, through translation, the whole network
are sought (and at this stage one has complete freedom in doing this). Having a
building block in hand, the same theoretical model is used to compute a new atomic
charge distribution for this artificially isolated block. Now if ¢.(X) stands for the
atomic charge borne by atom X in the crystal and ¢,(X) for its atomic charge in
the extracted naked block, the ratio Ag/gq=100 x {g(X)—¢.(X)|/g.(X) should be a
kind of Fukui function [14], allowing one to probe the susceptibility of an atomic
site to its crystalline surrounding. If g (X) cannot be changed, ¢,(X) can take any
value as one is allowed to cut anywhere in the network. Consequently, Ag/q ratios
higher than 100% may occur, as they are just dimensionless susceptibility indexes
and not true percentages (this would require some kind of normalization, which is
missing in our definition). Our retrosynthetic postulate is that atoms showing a
charge variation of a few per cent on going from the molecular to the solid state
should be considered as corner-stones for the structure under investigation. Having
identified some corner-stones, it is an easy matter to move along the pattern of
chemical bonds, looking for a path connecting the greatest number of them. If such
a path can be found, an aggregate of coordination polyhedra will emerge from the
structure. If the structure of this particular block is understandable in terms of the
basic chemical reactions of solid-state or solution chemistry, we believe that we can
speak of a real chemical “tecton” [13], as it has emerged not from a purely
geometrical analysis of the crystal but from a probing of its electronic density
distribution. When no clear invariant path emerges from the structure, the tectons
involved in the crystal growth process are most likely to be monomeric coordination
polyhedra. Obviously, the choice of the theoretical model for obtaining the atomic
charge distribution should be crucial. The key point is to use exactly the same model
with the same parametrization for the crystal and the naked block, otherwise the
charge differentials will be meaningless. Moreover, we also have to switch inter-
actively and quickly from the molecular to the crystalline state. “Interactively”
means the use of a high-performance graphical interface (the cheaper, the better),
while “quickly” means that computing the whole charge distribution from the
structure should be a matter of seconds and not of hours. These requirements have
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constrained us to develop our own GUI (graphical user interface) software, nickna-
med WinPacha (acronym for Windows® partial atomic charges and hardnesses
analysis). Technical details are given in Appendix A for interested readers. In the
following we will systematically report the crystalline charge distribution g; and the
susceptibilty indexes Ag/q(%) associated with the extraction of an SBU from its
crystalline environment. We will also report the partial electrostatic balances (PEB)
computed from the charge distribution of the molecular or crystalline structure, as
well as the ionicity index (%) of the whole network. The PEB values allow us to
judge the overall electrostatic stabilities of the structures investigated, while the
ionicity index allows us to determine whether covalent (/<50%) or electrostatic
(I>50%) bonds are the dominant interactions in a given crystal structure.

2. Elementary processes

Before performing our first computer-assisted retrosyntheses, we have to identify
the basic chemical reactions involved when two coordination polyhedra share a
corner, an edge or a face. For high-temperature solid-state syntheses, all reactions
are basically charge neutralization between cations behaving as Lewis acids and
anions behaving as Lewis bases. Increasing the temperature makes the coordination
spheres of the cationic centers more flexible, allowing the direct exchange of oxo
ligands between cationic centers. The situation is much more complex if the crystal
has been grown from solution (sol-gel chemistry). From its very beginning, sol—gel
chemistry has been divided into two main domains, according to the role played by
water molecules in the process. If one chooses water as a solvent, then this is aqueous
sol-gel chemistry. Water, with its ability to solvate both cationic species (through
its lone pair localized on the oxygen atom) and anionic species (through its hydrogen-
bond capabilities), is used in most industrial processes (coprecipitation techniques,
hydrothermal synthesis, etc.) and also in many natural processes (weathering, crystal
growth, biomineralization, etc.). Unfortunately, water is also a very good chemical
reagent (through its derived ions H;O" and OH ™), and a lot of chemical species
are found in rapid equilibrium in a typical aqueous solution. For a long time,
detailed structural characterization of these aqueous solutions was an impossible
task. Nowadays, with the growing development of multinuclear NMR techniques,
it is possible to study and follow the chemical transformations undergone by all the
solute species. When water is not present in large amounts, it can only act as a
chemical reagent, and this is organic sol-gel chemistry. This is the traditional domain
of academic research, focussing on the elaboration of inorganic materials starting
from metallo-organic molecular precursors.

2.1. Speciation
Speciation is concerned with the detailed structural characterization of stable

species found in a solution or a melt of fixed composition under a given set of
physicochemical conditions. For monomeric species, the speciation problem is solved
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when the coordination number and chemical composition of the first coordination
sphere of metal cations is known. For oligomeric species, one must in addition know
the number of coordination polyhedra per oligomer, and the connectivity pattern,
i.e. how the vertices, edges or faces are shared between the constituent polyhedra.
This problem can be solved by the simultaneous use of multinuclear nuclear magnetic
resonance (NMR) spectroscopy, electron spin resonance (ESR) spectroscopy, infra-
red (IR) or Raman spectroscopies, ultraviolet or visible (UV-Vis) spectroscopy,
extended X-ray absorption fine structure (EXAFS) or X-ray absorption near-edge
structure (XANES) spectroscopies and Mossbauer spectroscopy. Among all these
spectroscopic techniques, NMR is surely the most fruitful, as it gives access to both
equilibrium and kinetic data. At this point, we have to stress that good knowledge
of the dynamic properties of the various coordination polyhedra [15] is of the utmost
importance before trying to tackle a chemical speciation problem. This comes from
the fact that the definition of a coordination polyhedron is above all a matter of
timescale. Some inorganic complexes are able to exchange their ligands at a quite
considerable rate, rendering the building block concept completely meaningless,
along with the definition of a coordination sphere! In other words, the longer the
mean residence time of the ligands in the coordination sphere, the higher the
probability that a given complex will behave as a chemically manipulable building
block. Consequently, before embarking on retrosynthesis, one should be aware of
the timescale of the underlying chemistry. This point has been over looked too often
in the past, and fortunately NMR techniques are drastic remedies for this kind of
amnesia.

2.2. Hydrolysis

This is the true starting point of sol-gel chemistry. In aqueous solutions, hydrolysis
is a consequence of a change in pH, temperature, volume or ionic strength. If M
stands for a metallic cation, hydrolysis leads to the appearance of M—OH bonds in
solution:

M-OH; +H,0-»M-OH +H,0*
M-O~ +H,0-M-OH+OH".

In non-aqueous solutions, hydrolysis is a consequence of adding water to reactive
M-OR groups (where R is an organic group), ensuring the solubility of the complexes
in an organic solvent (very often R=C,H,,.,,, but any other organic radical may
be used):

M-OR +H,0->M-OH + ROH.

Very simple theoretical considerations can be used to explain the influence of pH
on the H,O/OH/O ratios in the first coordination sphere of the ionic species, or the
relative resistances of an organic groups towards hydrolysis [4,5]. The important
point is to bear in mind the relative kinetics of these reactions. The first two are
completely controlled by the diffusion of protons or hydroxide ions in the solution.
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Consequently, they are to be placed among the fastest possible chemical reactions,
with rate constants typically higher than 10° s~! [16]. In contrast, the last is basically
a metal-based nucleophilic substitution, involving the addition of a water molecule
and the breaking of both M—O and O-H bonds. Its kinetics will be driven mainly
by the lability of the metal-oxygen bond, with rate constants ranging from
10~ s~ for the most inert M—O bonds up to 10® s~ * for the most labile bonds [17].

2.3. Olation

This is the formation in solution of an hydroxo bridge between two cationic
centers (M) with the elimination of a solvent molecule (S):

M-OH +M-S->M-OH-M +S8.

Very often, this condensation reaction follows an SN; mechanism, and the limiting
step is thus the breaking of the M-S bond. In aqueous solutions (S=H,O) the
lability of the M—~OH, bond is typically in the range 10~°-108 s !, depending mainly
on the cationic charge z for main-group elements (the higher z is, the lower the
lability), and on the electronic configuration for transition metals (depending on the
crystal-field stabilization energy) [17]. With highly inert cations (Cr3**, Co®*) in
aqueous solutions, it has been possible to show that olation is in fact a two-step
process. First, a hydrogen bond is formed between the attacking OH group and the
leaving water molecule, giving rise to a new hydrogen-bonded ligand [H,0,]”
binding the two cationic centers [18]. This first weak bridge having been formed,
nucleophilic substitution can now occur, leading to the formation of the much
stronger M—OH-M bridge. Kinetic data concerning the olation reaction of multiva-
lent metal cations have been reviewed elsewhere [19].

Virtually nothing is known about the occurrence of olation in non-aqueous
solvents. This is probably due to the fact that hydroxo bridges are most easily
formed and characterized when the cationic charge z is less than 3. With such a low
z-value, metallo-organic precursors M(OR), prefer to use OR bridges to reach their
stable coordination state (typically N=4 or 6) rather than to add solvent molecules.
With no solvent molecules in the first coordination sphere, olation cannot occur.

2.4. Oxolation

In this chemical reaction, an oxo bridge may be formed in solution between two
cationic centers M after an elimination of a solvent molecule which was not initially
present within the first coordination sphere of both partners:

M-OH +M-OR -+M-0O-M +ROH.

As indicated, this kind of reaction occurs when the coordination sphere of the
complexes are fully saturated with ligands having strong o-donor capabilities. In
aqueous solutions (R=H), there is just one possibility:

M-OH +M-OH~M-0-M + H,0,
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whereas the above two reactions are in competition in non-aqueous solvents. Here
the kinetics rely not only on the lability of the metal-oxygen bond, but also on the
possibility of transferring a proton between the OH and OR groups. Referring to
the general mechanism of proton transfer [16], this may occur following three
different pathways:

M-0® + M-OR + H0®

/ Protolysis
Direct transfer
M-OH + RO-M+H,0 ———= M-O-M+ROH+ H,0

\ Hydrolysts

7
M-OH + OH®+ M-Q®
K

\{/

The oxolation kinetics is then strongly pH-dependent, as shown below in the case
of the formation of the dichromate ion [Cr,04]*~ [20,21]:

[CrO5(OH)]”~ +[CrO5(OH)]” =[Cr,0,~ +H,0 kyx2M 's™1,
[CrO,]*~ +[CrO5(OH)]” =[Cr,0,]*” +OH™ kpx5x10"*M " 's™ !,
[CrO5(OH)]~ +[CrO,(OH),]=[Cr,0.~ +H,0"  kyx2x106 M1 s,

This reaction is systematically rather slow, but can be activated by adding either
H™ ions (labilization of the M~OH or M-OR bond) or OH ™ ions (deprotonation
of the M—OH bond). Studies involving silicon alkoxides Si(OR), have shown that
elimination of a water molecule is slightly faster than elimination of an ROH
molecule [22].

2.5. Heterocondensation

This reaction may occcur in solution when an hydroxo group is bonded to two
different cationic centers, i.e. A—-OH and B-OH:

A-OH +B-OH—-A-0O-B+H,O0.

If A=B=M, this is just the oxolation reaction discussed above. If A #B, the two
OH groups will have different acido-basic properties, one (A) favouring protolysis:

A-OH + H;_O_*A‘—O T+ H30+ N
and the other (B) favoring hydrolysis:
B-OH+H,0-B—-OH; +OH .

The proton transfers being downhill in both cases, they no longer to the overall
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kinetics, and the formation of an oxo bridge is very easy:
A-O~ +B-OH; +A-0O-B+H,0.

The kinetics should then be governed by the lability of the most basic complex,
allowing the heterocondensation reaction to be as fast as the olation reaction of the
cationic center B.

2.6. Secondary building units, tectons and structural building blocks

Using these five basic chemical reactions (speciation, hydrolysis, olation, oxolation
and heterocondensation), a wide range of polynuclear and/or solid-state compounds
{(conveniently classified as 1D, 2D or 3D networks) may be synthetized. If high-
temperature solid-state chemistry can use only the first reaction (speciation through
acid—base neutralization), sol-gel syntheses have access to the whole palette. Playing
with building blocks either in solution or in the melt is now theoretically possible,
but a clear distinction should be made between real and hypothetical subunits.
Starting from a given crystalline structure, it is generally very easy to identify
secondary building units (SBUs) from which the target network may be reconstructed
following strict geometrical rules (sharing of vertices, edges and/or faces). In the
following, we will reserve the use of the term SBU to these hypothetical polyhedral
subunits which allow a convenient description of the structure. Having some SBUs
in hand, one may ask whether they provide real synthetic intermediates for the
growth of a given crystalline phase. By submitting this SBU to our rational retrosyn-
thesis tool, it can be transformed into a tecton (i.e. a chemical building block) which
can be formed by known or presumed synthetic operations [13]. Here there is a
basic difficulty in the recognition of a tecton as a definite chemical entity. If a given
tecton is a real, active species responsible for the growth of a solid phase, its isolation
and characterization should be extremely difficult. All that will be obtained is a
mixture of mononuclear or polynuclear complexes (which are dead ends from which
the active tecton can eventually be formed) in equilibrium with the infinite solid
phase. This problem cannot be solved by chemistry, as it is rooted in the participation
of translation symmetry operators to strong iono-covalent bonding. It may be that
the SBUs resulting from the geometrical description of the crystal structure may
just be an illusion resulting from some growth mechanism of other underlying hidden
tectons. Making a clear distinction between tectons and SBUs should then be the
first step towards the rational retrosynthesis of complex inorganic structures.

Our retrosynthetic approach has been developed in order to obtain a deeper
understanding of the molecular processes involved in the syntheses of zeolites or
other microporous solids. The description of these networks largely relies on the
building block concept, despite the fact that the mechanisms of their formation
remain relatively obscure. With very few exceptions, these solids are obtained under
mild hydrothermal conditions using an aqueous medium to solubilize the starting
compounds. Consequently, a good understanding of the chemistry involved in the
formation of a microporous network cannot be reached without good knowledge
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Fig. 1. Retrosynthesis of the crystal structure of Na,0.Si0,.6H,0. (a) The naked [SiO,(OH),}*~ mono-
meric silicate anion. (b) Pattern of the hydrogen bonds in the hydrated [SiO,(OH),6H,0 SBU. (¢)
Pattern of the hydrogen bonds in the mixed cationic [Nag( H,0)3,]{SiO,(OH),)** SBU. (d) Topology of
the linear infinite [Na(H,0),]"* octahedral chain.

of the ion-solvent interactions. From a structural point of view, corner-sharing
between polyhedra seems to be the prerequisite for building a rather open network,
whereas edge- or face-sharing favor the formation of dense, non-porous solids. This
means that oxolation and not olation should be the main pathway to obtain a
microporous phase, and that most building block candidates should be negatively
charged species. Starting from a naked anion, three kind of interactions with the
surronding medium are considered:
® hydrogen bonding with surrounding neutral solvent molecules, i.e.
X-0.--H-O-H;
® hydrogen bonding with solvated counter-cations, i.e. X—O---H-O-M; and
® clectrostatic bonding with naked counter-cations, i.e. X-O---M.
The first kind of interaction should predominate under dilute conditions at low
temperature, while the last should predominate at high temperature. The second
interaction is of major importance in the field of hydrothermal synthesis, which uses
moderate temperature conditions (7<300°C) and rather concentrated aqueous
solutions. Moreover, it is known from *°Si and ’0O NMR spectroscopies that the
condensation reactions of SiO, tetrahedra are rather slow [23-27], demonstrating
that the building block approach should be valuable. However, before studying the
possible mechanisms of formation of microporous networks, it was thought that a
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validation of our retrosynthetic approach was needed on more simple silicate struc-
tures. We have thus limited this paper to the study of 0D (nesosilicates) and 1D
(inosilicates) compounds, because it should be more easy to understand how an
infinite linear chain of SiO, tetrahedra could emerge from the association of small
molecular species rather than considering the formation of a fully 3D connected
network.

3. Finite linear species
3.1. Silicate structures containing [SiO,]*~ monomers

The key point in understanding the growth mechanism of any silicated material
is to get an idea of the relative magnitude of the three interactions outlined above.
This can be reached by looking at the most simple building block unit, i.e. the
isolated SiO, tetrahedron. In order to prevent condensation through oxolation, one
must use strongly alkaline solutions. Under such conditions, the silicon atom is
found as a di-protonated monomeric SiO, tetrahedron [SiO,(OH),]*~ [28]. From
these solutions, it is possible to isolate the single-crystal phases Na,H,SiO,.nH,0,
with n=0, 4, 5, 7 and 8. Let us have a look at the most hydrated phase (n=38), the
crystal structure of which has been determined accurately on a fully deuterated
phase using single-crystal neutron diffraction (space group Ibca, A=1.2640 A, T=
173 K, R=3.7%) [29]. Fig. 1(b) shows that we can extract from this network a
[SiO5(OH),J*~ tetrahedron solvated by six water molecules. The two equivalent
hydroxo groups (O1) are hydrogen-bonded to two water molecules (O3 at 276 pm
and O4 at 277 pm). The two equivalent oxo groups (O2) are also hydrogen-bonded
to two water molecules (04 at 264pm and O6 at 270 pm). These
[SiO,(OH),]*~.6H,0 solvates are further associated through additional hydrogen
bonding in a sheet-like way, creating edge-sharing chains of octahedral sites occupied
by sodium atoms [Fig. 1(d)). Within each [Na(H,0)q]* octahedron, we find two
di-p,-aquo bridges (atoms O5 and 06) and two terminal aquo ligands (O3 and 04)
in the cis position with Na-O distances ranging from 242 to 249 pm.

If we look at the charges on oxygen atoms after the extraction of a naked
[SiO5(OH),]*~ ion from the network [Fig. 1(a)], huge variations are observed
(Table 1). This shows beyond any doubt that this naked ion cannot be considered
as a tecton for the network. However, as soon as hydrogen bonding with water
molecules is allowed, quite remarkable things happen. Upon extraction from the
network of the solvated molecular species [SiO,(OH),]*~.6H,0, oxygen atoms
become strongly differentiated. Atoms O2, O3 and O4 are quite indifferent to the
disappearance of the whole network (charge variations of less than 10%), whereas
atoms Ol and O6 appear to be much more worried (06 much more than O1).
Consequently, an anisotropic [SiO,(OH ),}*>~.6H,0O tecton can be easily defined in
this structure. Its intrinsic anisotropy is revealed by the occurrence of
oc [Na(H,0),]" linear octahedral chains [Fig. 1(d)], which surely would not exist
without the periodic stacking of such entities. The chemical significance of this tecton
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Table 1
Ionicity indexes, partial charges and charge variations according to molecular composition in
Na,H,Si0,.8H,0

Index % in [SiO(OH ), >~ % in [SiO,(OH),)*".6H,0 Crystal
q(Si) 15 2 +0.67
g(01) 94 16 -0.31
q(02) 103 6 -0.32
q(03) - 6 —0.33
q(04) - 3 —0.35
q(035) - - ~0.45
g(06) - 39 —0.46
g(HI) 130 20 +0.10
q(Na) - - +1.02
(%) 8.8 12.8 19.4
(D) 0.44 0.29 -
PEB (ev) +1.0 -3.0 —25.0

is demonstrated by the fact that bringing close to it infinite linear chains of edge-
sharing octahedra of monocharged sodium atoms has the main effect of changing
the partial charge on atom 06, which is the only atom engaged in a p,-aquo bridge
between two sodium atoms. This provides strong support for the idea that the
molecular tectonics approach is a valuable one, provided that it is invoked by
probing atomic susceptibility and not by just looking at the crystal structure from
a very particular viewpoint which is highly dependent on the observer.

A look at the PEB of the isolated and solvated monomer shows the rather large
decrease in energy (~4 eV) provided by authorizing hydrogen-bonding between the
naked ion and the surrounding water molecules. A still more important decrease
(~22¢eV) comes from the association of the solvate with the singly charged sodium
atoms. This decrease in energy would have been even more remarkable if the ionic
species had not been solvated. For example, a typical naked [SiO,]*~ tetrahedron
has a characteristic repulsive PEB value of + 18 eV. By plunging this tetrahedron
into a crystalline network of naked counter-cations, it is found that this PEB becomes
—22 eV in Na,SiO,, —58 €V in olivines (e.g. forsterite Mg,Si0,), and —154 ¢V in
garnets (e.g. pyrope Mg;Al,(SiO,);) [30]. Moreover, the smaller the ionic radius,
the stronger the electrostatic stabilization, as shown in the series M,SiO, with M =
Be (phenacite with PEB = — 59 V), Mg (forsterite with PEB= — 58 eV, Ca (larnite
with PEB= —50¢V), Sr (with PEB= —45¢V) and Ba (PEB=-35¢V) (Fig. 2).

In summary, these results show that the mere fact of writing anionic species on
the paper immediately implies some interaction with the surrounding medium (neut-
ral protic molecules or cationic entities) which should not be missed. As a rule of
thumb, one can say that hydrogen bonding with solvent provides a stabilization
energy of a few eV, hydrogen bonding to an hydrated counter-cation a few tens
of eV, and direct interaction with a naked counter-cations a few hundreds of eV.
With these orders of magnitude in mind, we can now consider more condensed
crystal structures.
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PLEB(eV)

Counter-cations Sr

Ba

Fig. 2. Evolution of the partial electrostatic balance (PEB) of alkaline-earth orthosilicate M,S8i0,
networks.

3.2. Silicate structures containing pyrosilicate [Si,0,]°~ dimers

What can be said about the retrosynthesis of crystalline phases containing isolated
corner-sharing dimers? At first sight, a pyrosilicate containing the [Si,0-]°” ion
could be formed using two kinds of building blocks:

(1) a SiO, tetrahedron with all its charge-compensating shell which looks for a
favorable crystalline site at which to react just here and nowhere else; and
(2) an already formed corner-sharing tetrahedral dimer which has only to lose its
solvation shell to be incorporated at the right place in the crystal.
Is it possible to trace which pathway is the most likely to occur by looking at the
final crystalline structure? The answer is surely yes. If the dimer is formed outside
the crystal prior to its incorporation into the network, its basic feature (the existence
of a bridging p,-oxo group) should be protected from interacting with the surround-
ing cations by the two silicon atoms. One can then expect that the partial charge
borne by this bridging oxygen atom should not change very much (no more than a
few per cent) on going from the naked state to the crystalline state. On the other
hand, if the dimer is formed as a consequence of crystalline growth from monomeric
species, all oxygen atoms would have been in interaction with the surrounding
cations, and extracting the dimer from its crystalline state should have a more
dramatic effect on the charge distribution.

Table 2 shows the results of calculations performed on 11 crystalline pyrosilicates

displaying a wide range of Si-O-Si bond angles with a great variety of counter-



1122 M. Henry | Coordination Chemistry Reviews 178180 (1998) 1109-1163

Table 2

Values of the PEBS, bond angles, partial charges with associated charge variations on the oxygen atom
bridging two silicon atoms in 11 crystalline pyrosilicates. Note the rather constant value of the PEB of
the naked [Si,0,]°" ion, and the fact that the charge on the bridging oxygen atom either remains almost
invariant upon extraction of the dimer from the network (upper part), or it undergoes a strong variation
(lower part)

Crystal (space group) [Si,O,)°” PEB (¢V)  Crystal PEB (V)  6(Si-O-Si) (°)  ¢q(p,-O)
Sc,81,0, (C2/m) [31] +45 =70 180 —0.66 (3%)
Er,S$1,0, (P2,/b) [32] +47 —89 179 —0.68 (3%)
Yb,S$i,0, (C2) [33] +44 —86 176 —0.68 (2%)
Li¢Si,0,(P42,m) [34] +47 —66 136 —0.71 (3%)
BaCuSi,0, (Pnma) [35] +47 —87 134 —0.71 (0%)
Gd,Si,0, (Pna2,) [36] +48 —-81 159 -0.77
(20%)
8-Y,S8i,0; (Pnam) [37] +50 -70 157 —0.72
(18%)
CaMgSi,0,(P42,m) [38]  +45 -97 139 —0.82
(16%)
Ca,Si,0, (P2,/a) {39] +44 -91 136 —0.81
(10%)
Sm,Si,0, (P4,) [40] +45 —175 133 —0.66
(15%)
BaBeSi, 0, (Pnma) [41] +46 —74 129 ~0.69 (9%)

cations. It is clear that despite the wide dispersion of space groups encountered, the
partial charge on the bridging oxygen atom is either quasi-invariant on going from
the molecular to the solid state (Sc, Er, Yb, Li, Ba—Cu) or undergo a change of at
least 10% (Gd, Y, Ca—Mg, Sm, Ca, Ba—Be). It is then quite tempting to explain the
existence of these two categories of crystal structures as a result of the occurrence
of two completely different crystal growth mechanisms. We have shown previously
that large cations provide less electrostatic stabilization than smaller cations.
Incorporation of dimers which have less favorable PEB values should then be
favored by small cations. This is completely verified in Table 2 for the M,S1,0,
phases if we arrange the cations according to their ionic size (Shannon and Prewitt
values [42] averaged over the various coordination numbers in pm):

Li(76) <Sc(81) <Yb(96)<Er(98)<Y(99)<Gd(102) <Sm(109) <Ca(116).

For mixed phases MM 'Si,O,, one may infer that copper (r,,,=65 pm) wins over
barium (r,,=147 pm), whereas calcium or barium wins over magnesium
(Tion =71 pm) and beryllium (r;,, =29 pm), respectively. As can be seen from Table 2,
there is no apparent correlation between the Si—O-Si bond angle value and the
supposed growth mechanism. As shown in a previous study, this comes from the
fact that electrostatic repulsions between unshared oxo groups prevent this angle
becoming less than ~ 130° [30]. Above this critical value, the electrostatic contribu-
tion to the total Madelung energy is quite negligible, explaining the rather constant
PEB value of the dimers extracted (46+3¢eV).
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3.3. Silicate structures containing linear [Sis0,,]% " trimers

The synthetic Na,Ca;Si;0,, phase (space group B2/b, PEB= —113 ¢V, I=42.5%)
can be obtained through hydrothermal synthesis [43]. In this structure, three oxygens
atoms have Ag/q ratios of a few per cent [O4=—0.91 (3%), O5= —0.95 (4%) and
O1=-0.79 (5%)], other oxygen atoms being more affected [02= —1.03 (8%) and
03=—0.97 (14%)]. A quick look at Fig. 3(a) shows that atoms O4 and O1 belong
to the coordination polyhedron of atom Sil, forming the central core of the linear
trimer. Atom O35, belonging to the two Si2 atoms defining the ends of the
[Si30,0]8~ trimer, a well-defined tecton of three corner-sharing tetrahedra, emerges
from this structure.

This is not the case in the kilchoanite mineral phase Ca;Si,0, (space group 12 cm,
PEB=—-82¢V, [=43.3%) [44]. In this crystalline phase, best written as
Cay(8i04)(8i304), the only oxygen atom having a low Ag/q ratio is O7 with ¢=
—0.90 (4%). As for other oxygen atoms belonging to the {Si;O0,0]®~ trimeric SBU,
g(05)=—0.95 (10%), q(08)=—0.92 (12%), q(06)=—0.79 (17%) and ¢(04)=
—0.95 (18%). Atoms Ol (g=—0.99), 02 (g=—0.95) and O3 (g= —0.93) define
an isolated [SiO4)*~ tetrahedra (Sil) coexisting with the linear trimer. Here it is
clear that there is only one corner-stone belonging to the coordination sphere of
atom Si2 situated at both ends of the trimer [Fig. 3(b)]. This rather dramatic role
reversal relative to the Na,Ca,Si;0,0 phase may well reflect a completely different
growth mechanism, based on successive addition of monomeric SiO, tetrahedra
acting as monodentate ligands (through atom O7) towards calcium atoms. The
formation of the linear trimer should then be constrained by the overall Ca;Si,0,
stoichiometry and space-group requirements. The presence of isolated SiO, tetrahe-
dra in this structure brings strong support to the idea of a monomeric growth
mechanism. This existence of two quite different crystal growth mechanisms may
explain why the 3D conformations of both trimers are so different, with
0(Si2-Si1-Si2) =164° in Na,Ca;Si;0,, (fully decaled Sil/Si2 conformer with PEB =
+76¢€V) and 0(Si2-S13-Si2)=98° in kilchoanite (fully decaled Si2/Si2 conformer
with PEB= +82¢eV).

The fully eclipsed Si2/Si3 conformer [Fig. 3(c)] is found in the rare mineral
ardennite (space group Pnmm), which has the very complex structural formula [45]:

Mn,(Mn,Ca),(AIOH ) [(Mg,Al,Fe)OH |,(As,V)0,51,0,,(Si0,),.

Since our software is not yet able to handle mixed crystal-solid solutions with
different kinds of atoms occupying identical crystallographic sites, we cannot obtain
the full crystalline charge distribution. However, extracting the trimer from the
network remains possible, leading to PEB= +76 €V and q(u,-O8)= —0.74. This
last value is significantly different from the value found in Na,Ca;Si;0,, or kilchoa-
nite (—0.79), suggesting the existence of a third growth mechanism which remains
to be elucidated.
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(e)

Fig. 3. Finite linear chain-like silicated polyanions. (a) Linear trimer in the synthetic Na,Ca;8i;0, phase.
(b) Linear trimer in kilchoanite Ca;Si,0;. (c) Linear trimer in ardennite Mny(Mn,Ca),
(AIOH),[(Mg,Al Fe)OH |,(As,V)0,5i30:(Si04),. (d) Linear tetramer in the synthetic Ag¢Si,O, phase.(e)
Linear tetramer in the synthetic Ag,,Si,0,; phase.

3.4. Silicate structures containing linear [SisO3]'°" tetramers

In the synthetic Ag;,Si,0,; phase (space group P1 with PEB=—83 eV and /=
32.6%), a linear tetramer is found [Fig. 3(e)] displaying three non-equivalent
1-oxo groups with the following bond angle values [46]: 0(Sil-O11-Si2)= 147",
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0(Si2-03-Si3) = 138°, (Si3-07-Si4) = 128°.The detailed crystalline charge distribu-
tion is given in Table 3, and shows that all oxygen atoms bonded to just one silicon
atom display rather high Ag/q ratios upon extraction of the linear tetramer (PEB =
+110eV), whereas those bridging two silicon atoms are much less affected. This
susceptibility of “terminal” oxygen atoms to the removal of silver atoms and the
lower ionicity found for this network in comparison with that of kilchoanite or
Na,Ca,Si;0,, tends to prove that Ag* cations are not mere counter-cations in
contrast with Na* or Ca?*. In agreement, a wide dispersion of partial charges is
found on the ten silver atoms, ranging from +0.59 up to +0.91. As regards the
1,-0xo bridges it is also clear that oxygen Ol1 situated at one end of the tetramer
is not very happy of the silver atoms kidnapping in deep contrast with its brother
O7 placed at the other end. Taking atoms O7 and O3 as corner-stones, a linear
trimeric tecton Si4-0Q7-Si3—03-Si2 emerges from this structure, having undergone
a condensation reaction with a Sil-based monomer. The association of two
Si4—-07-Si3 and Si2-0O11-Sil tectonic dimers appears rather unlikely owing to the
significant charge variation observed on atom O11.

Another kind of linear tetramer is found in the AggSi, O, phase, best formulated
as Ag,(510,),(81,043) (space group C2/m, PEB= —46 eV, I=33.6%) [47]. This
tetramer displays two equivalent p,-oxo bridges with 6(Si1-03-Si3)=136° and one
completely linear bridge with 6(Si3—-05-8i3)=180° [Fig. 3(d)]. Here, the silver
atoms do not appear to act as mere counter-cations ( Table 4), ensuring a rather low
ionicity in the crystalline network and a considerable spread of silver atomic charges,
ie. from +0.44 to +0.88. From a purely geometrical point of view, the tetramer
conformation is most easily visualized as the association of two dimeric pyrosilicate
SBUs with PEB= + 105 eV. With virtually no charge differential on atom O3 and
a significant variation on atom O3, the association of two Sil-03--Si3 dimers
through atom OS5 is fully confirmed. The occurence of monomeric SiO, tetrahedra
in this structure may be interpreted here as the signature of the failure to form a
linear trimer before crystallization.

Is it possible to grow higher linear [Si,Os,+,]*"*1~ oligomers through oxolation
reactions in solution or through interaction with counter-cations in the solid state?
Fig. 4 brings a definite answer by looking at the variation of the PEB of a linearly

Table 3

Partial charges on oxygen atoms in the synthetic phase Ag,Si;O,; and Ag/q ratios upon extraction of
the linear tetramer [Si,O,,]*°~ from the crystalline network. The mean partial charges on the non-oxygen
atoms in the crystal are {g(Ag)> = +0.80+0.20, {g(SiQ")> = +0.52 +0.02 and {g(SiQ?*))> = +0.61 +-0.05

Hs-O(SiAg,) H4-O(SiAgs) 1s-O(SiAg,) u,-O(Siy)
Ol=—0.84 (13%) 08= —0.85 (35%) 012= —0.82 (38%) 03=—0.67 (6%)

- 04=013=—0.84 (31%) 09=—0.81 (17%) 011 = —0.66 (14%)
- 010=—0.84 (13%) - 07=—0.63 (2%)

- 06=—0.82 (24%) - -
02=—0.81 (17%) - -
05=—0.80 (19%) - -

(g>=—084 (g>=—0.83 (@>=—082 {g>=—0.65
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Table 4
Partial charges on oxygen atoms in the synthetic phase AggSi, O, and Aq/q ratios (%) upon extraction of
the linear tetramer [Si,0,;]'°” from the crystalline network. The mean partial charges on the non-oxygen
atoms in the crystal are (g(Ag)> = +0.73+0.29, ¢(SiQ% = +0.46, {g(SiQ")) = +0.51 and {g(SiQ*)> =
+0.69

Hs-O(SiAg,) Ha-O(SiAg;) 12-O(Siy)
02=—086 07=—0.85 (13%) 03=—0.67 (2%)
- 08=—0.84 05=—0.66 (11%)
- O4=—0.82

06=—0.82 (35%)

Ol =—0.80 (28%)
(g>=—0.86 {g>=—0383 {g>—0.67

PEB(eV)

Number of corner-sharing tetrahedra

4

Fig. 4. Variation of the PEB of a linearly growing naked polysilicate {8i,05,,J*"*" chain as a function
of the number of corner-sharing tetrahedra within the chain.

growing naked polysilicate chain,as a function of the number of tetrahedra » within
the chain. Starting from PEB= +23 ¢V for an isolated [SiO,]*~ tetrahedron such
as that found in olivines, values higher than + 100 eV are obtained for [Si,O,,]'°~
linear tetramers found in the synthetic silver silicates AgsSi,O, or Ag,(Si,0;5. As
hydrogen bonding with solvated cations provides just a few tens of eV of stabiliza-
tion, it is obvious from these data that linear growth in a solution of
[S1,03,4°"* Y~ species with n>4 is rather unlikely. Accordingly, if a linear
[Si403)'°" tetramer is evidenced in aqueous silicate solutions through °Si NMR
spectroscopy, this technique shows no evidence of the existence of longer chains
[48,49]. Similarly, to the best of our knowledge no isolated [SisO,4]'*” linear
pentamer has yet been characterized in the solid state. This brings strong support
to the high instability of linear [Si,0,,,,]*" "1~ species with n >4, either in solution
or in the melt.
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4. Silicate structures containing infinite [SiO,]*> ~ metasilicate chains
4.1. Alkaline-earth metasilicates:

We now investigate the retrosynthesis of an infinite linear chain of tetrahedra such
as those found in the pyroxene family, i.e. XYSi,O4 (X, Y =Mg, Fe, Ca, etc.). In
the light of the above discussion, the possible tectons should be limited to monomers,
dimers or trimers. Accordingly, the linear chains found in the crystal structure of
diopside CaMgSi,04 and enstatite MgSiO, are best described with a reapeat unit
based on two tetrahedra, whereas that of B-wollastonite CaSiO; contains three
tetrahedra (Fig. 5). In diopside (C2/c, Z=4[50]), a single tetrahedral chain is found
with 0(Si-03-8i)=136°, leading to a network charge of ¢(03)= —0.77, which
displays a charge variation of 8% upon extraction of a [Si,0,]°” dimer. Two
independent chains are found in enstatite. For the Pbca polymorph (orthoenstatite
with Z=16) [51], the first chain is based on a bond angle of (Sil-O13-Sil)=
134°, leading to a network charge of ¢(O13)= —0.75, which changes by 3% upon
extraction of a [Si,0,]°" dimer. The second chain, with a bond angle of
6(Si2-023-Si2) = 128", leads to ¢(023)= —0.72 with a charge variation of 6%. For
the P2,/c polymorph (clinoenstatite with Z=8 [52]), the first chain is based on a
bond angle of 6(Si1-03-Si1)=133°, leading to a network charge of g(03)= —0.75,
which changes by 3% upon extraction of a [Si,O,]°~ dimer. The second chain, with
a bond angle of 8(Si2-06-Si2) =127° leads to g(06) = —0.73 with a charge variation
of 4%. Finally, the B-wollastonite phase is found as two polymorphs (triclinic P,
Z=6 [53] and monoclinic P2,/a, Z=12 [54]), which are both characterized by a
single linear chain having three kinds of p,-oxo group. These two chains are only
very slightly different, as in the triclinic phase we find: 6(Sil-O7-Si2)=151°,
6(Si2-08-8i3) = 0(Sil-09-8i3) = 140°, ¢(O)=—0.72 (4%) and ¢(08)=g(09)=
—0.73 (1%) PEB= —36¢V, to be compared with the monoclinic phase values
6(Si1-09-8i2) = 150°, 8(8i2—-08-Si3)=140°, §(Si1-07-Si3)=139°, g(09) = —0.71
(4%), q(07)=-0.73 (1%) and ¢(08)= —0.72 (1%) PEB= —35¢V.

Here, the Ag/q ratios after extraction of a [Si,0,]°” dimer are found to be always
less than 10%, but it is clear that the phase showing the highest Ag/q ratio is
diopside. Assuming that such a change of close to 10% is indicative of crystalline
growth through the regular addition of monomers, much lower ratios should indicate
growth involving oligomers. The occurrence of two kinds of linear metasilicate chain
in orthoenstatite may then be the consequence of the coexistence of two independent
growth mechanisms: one through dimers leading to the Sil-O5-Sil chains
(Ag/q~3%), and the other through monomers, leading to the Si2-06-Si2 chain
(Aq/q~6%). In clinoenstatite, both chains seems to involve dimers (Ag/g=23% and
4%). In wollastonite, crystalline growth would involve trimeric tectons (Ag/g~ 1%
for bridging oxygen atoms belonging to atom Si3 against 4% for bridging atoms of
belonging to atoms Sil or Si2). Obviously, these subtle changes in growth mecha-
nisms are monitored by the Ca/Mg ratio, which ranges from zero in enstatite up to
infinity in wollastonite. Accordingly, oligomers seem to play an active role only if
there exists in the surrounding medium a single kind of counter-cation (enstatite or
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Fig. 5. Infinite linear chains of corner-sharing tetrahedra found in alkaline-earth metasilicates. (a) Chain
in diopside CaMgSi,0Oq. (b) Chain based on atom Sil in orthoenstatite MgSiO; (Pbca). (¢) Chain based
on atom Si2 in orthoenstatite MgSiO; (Pbca). (d) Chain based on atom Sil in clinoenstatite MgSiOd3
(P2,/c). (¢) Chain based on atom Si2 in clinoenstatite MgSiO; (P2,/c). (f) Chain in B-wollastonite
CaSiO; (P1). (g) Chain in parawollastonite CaSiQ, (P2,/a).

wollastonite). If some mixture occurs (diopside), monomeric growth becomes
dominant.
4.2. Rhodonite MnSiO,

The growth of alkaline-earth metasilicates can be explained by using three kinds

of tectons: monomers [SiO,]*~ (diopside), dimers [Si,0,]°~ (enstatite) or trimers
[Si30,0)®~ (wollastonite). More complex growth mechanisms seem to occur in the
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crystal structures of manganese metasilicates MnSiO;, where linear chains of corner-
sharing [SiO,] tetrahedra have also been evidenced. In rhodonite (C1, Z=20 [55]),
the chain can be described using a geometrical repeat unit based on five SiO,
tetrahedra [Fig. 6(a)]. The chain of pyroxmangite (CI, Z=28 [55]) has a repeat
unit of seven corner-sharing tetrahedra [Fig. 7(a)]. Table 5 shows that it is virtually

(b)

(c)

Fig. 6. Retrosynthesis of the crystal structure of rhodonite MnSiO; (Z=20). (a) Linear chain of corner-
sharing tetrahedra. (b) Model cluster [MnSi;0,,]%3~ extracted from the rhodonite network. (c)
Manganese-oxygen core of the model cluster evidencing the pivot atom Mn3.
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Fig. 7. Retrosynthesis of the crystal structure of pyroxmangite MnSiO; (Z=28). (a) Linear chain of
corner-sharing tetrahedra. (b) Model cluster [Mn;Si,;Ogs]3® ~ extracted from the pyroxmangite network.

(c) Manganese—-oxygen core of the model cluster evidencing the pivot atoms MnS and Mn7.

impossible to make a distinction between rhodonite and pyroxmangite in view of
their relative charge distributions. However, these two phases are found to be of a
very different nature to other metasilicates. Alkaline-earth metasilicates are virtually
purely ionic compounds [g(M)~2] with a very high charge gap between bridging
and terminal oxo groups (Ag>0.2¢7). In manganese metasilicates, the electronic
density of the oxygen atoms is extensively transferred to the metal atoms, leading
to a much more covalent network [g(M)~1] and a smaller charge gap between
bridging and terminal oxo groups (Ag<0.1e”). Obviously, this means that the
condensation mechanism should be completely different in the two groups.
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Global ionicity indexes and averaged partial charges distributions in five pyroxene structures containing
linear corner-sharing chains of SiO, tetrahedra

Metasilicate Diopside Enstatite B-Wollastonite Rhodonite Pyroxmangite
Space group C2/c Pbca or (P2,/c) PI or(P2,/a) 1 1

PEB (eV) —78.2 —43.5 (—43.8) —359(—35.3) —14.5 —14.6
I(%) 44.0 46.2 (46.3) 42.4 (42.1) 26.7 26.8
) (eV) 2.36 2.86 (2.85) 1.79 (1.87) 5.75 5.75
{pus-O(SiMy)) —1.07 —1.14 (—1.15) -1.01 (—1.00) —0.60 —0.60
{us-O(SiMy)) —0.91 —0.99 (—0.99) —0.95 (—0.94) —0.56 —0.56
{us3-O(Si,M)> —0.77 —0.74 (—0.75) —0.73 (—0.72) —0.53 —0.53
{p,-0(Siy)) - - - —0.52 -0.52
{Si) +0.78 +0.91 (+0.91) +0.74 (+0.73) +0.79 +0.79
{(M> +1.97 +1.96 (+1.96) +1.96 (+1.95) +0.89 +0.90

Accordingly, if we try to extract [Si,0,]°" dimers or [Si;O,,]®~ trimers from this
structure, huge charge variations (~40%) are observed on the five p,-0xo groups
(atoms O11-0O15). This means that these bridging groups are not at all indifferent
to the presence of manganese atoms, and that the condensation mechanism should
involve both silicon and manganese atoms. The tectons responsible for the growth
of this structure should then be manganese atoms strongly complexed by silicate
species. Looking at the chain conformation of rhodonite [Fig. 6(a)], two retrosyn-
thetic pathways could lead to the desired repeat unit: (1) complexation of Mn2*
cations by silicated dimers and monomers, and (2) complexation of Mn?* cations
by silicated linear trimers and dimers. From a purely statistical point of view, it
seems obvious that the second pathway should be the correct one, as it involves the
junction of two complexes instead of three for the first pathway. Nevertheless, can
we reach the same conclusion from the charge differential ratios? The first thing we
have do is to look in the network for a building block which is able to generate
through translation not only the typical rhodonite metasilicate chain but also the
strongly associated co[MnO;]*" linear chain of edge-sharing MnOg octahedra. The
following three-step sequence can be employed:

(1) generation of a Mn,,0,5 core after the exclusion of all silicon atoms;

(2) addition of silicon atoms with exclusion of all manganese and oxygen atoms; and
(3) addition of oxygen atoms with exclusion of all manganese and silicon atoms.
The cluster obtained using this sequence has [MnSizO,,)5%~ stoichiometry, and its
geometry is displayed in Fig. 6(b). The reader can easily check that translating this
140-atom repeat unit along one direction would generate the rhodonite framework.
Table 6, which gives the crystalline charge distribution and the Ag/q ratios associated
with the extraction of the [MnySizg0;00]*®” cluster from the network, is very
instructive. Seven oxygen atoms (03, OS5, 06, 09, 012, 014 and O15) have a Ag/q
ratio of less than 5%. Starting from these corner-stones, it is very easy to look for
plausible tectons. For example, we can see that the four atoms O35, 06, O14 and
O15 define the coordination polyhdron of atom Si5. With atom O14 making a
bridge with atom Si4 (#=133°) and atom O15 making a bridge with atom Sil (§=
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Table 6

Partial charges on oxygen atoms in rhodonite [MnSiO,]s and Ag/q ratios (%) upon extraction of a cluster
[MnSi; 0,183~ from the crystalline network. The mean partial charges on silicon and manganese atoms
in the naked cluster are found to be {g(Si))= +0.7340.13 and <{¢(Mn)) = +0.90+0.03

14-O(SiMny) 15-O(SiMn,) 13-O(Si;Mn) 1,20 (Si,)

01, 04= —0.61 (5%) 07=—0.58 (10%) Ol4=—0.54 (0%) 013=—0.53 (28%)
02=—0.59 (5%) 010=—0.58 (5%) 015=—0.52 (2%) 011 = —0.52 (25%)
03=—0.59 (3%) 05 = —0.56 (0%) - 012=—0.51 (2%)
06=—0.58 (0%) 08=—0.55 (11%) - -

- 09=—0.54 (2%) - -

(g>=—0.60 (g>=—0.56 (g>=~0.53 {g>=~0.52

136°), we obtain at least the trimer Sil-0O15-Si5-014-Si4. Now Sil is linked to Si2
through atom O11 (8=130°), and Si4 is linked to Si3 through atom O13 (6=146°).
With these last two atoms (O11 and O13) displaying strong charge variations, one
can conclude with confidence that the first building unit should be the
Si1-015-8i5-014--Si4 trimer acting as a multidentate ligand towards the atoms
Mnl, Mn4 and MnS5. Turning our attention to the three remaining corner-stones,
i.e. 03, 09 and O12, we are pleased to find that they all belong to the coordination
sphere of atom Si3. With atom Q12 making a bridge between atoms Si2 and Si3
(6=139°), we obtain at least a Si2—012-S8i3 dimer, and cannot leave this dimer
without avoiding the chain-breaking atoms atoms O11 and O13. From atom O3 we
know that this dimer acts as a multidentate ligand towards the two remaining
manganese atoms (Mn2 and Mn3), while from atom 09 we reach either atom Mn2
(dead end) or atom Mn5 belonging to the coordination sphere of a Si;O,, building
block. This allows us to select good tectonic candidates for the rhodonite network.
If each silicate species is strongly associated with two manganese atoms (Mn2/Mn3
for the dimer and Mnl/Mn4 for the trimer), and if these two blocks are further
associated via an uncomplexed Mn5 atom, we obtain one half of the cluster displayed
in Fig. 6(b). This halved cluster, with a trimer on one side and a dimer on the other
does not have symmetry required to iterate with the translation operators. Its
dimerization through a center of inversion produces a fully symmetrical object
(critical nucleus?) which can now be duplicated using translation symmetry operators
[Fig. 6(c)]. Iterating in this way produces intimately interwoven MnQO; and SiO;
chains, one running (... Si3—Si2 - Sil-Si5-Si4 - Si3-Si2 - Si1-Si5-Si4 ...) in one
direction and the other (... Si4—Si5-Sil & Si2--Si3 < Si4-Si5-Sil «>Si2-Si3 ...) in the
opposite direction (the arrow mean association through an uncomplexed Mn5 atom)
[Fig. 6(b)].

4.3. Pyroxmangite MnSiO,

Having a very appealing retrosynthetic pathway in hand for rhodonite, one can
ask about the possibility of using a monomeric silicated manganese complex instead
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of a dimeric complex. It is easy to show, following the procedure outlined above,
that this would lead to the linear chain found in pyroxmangite [Fig. 7(a)):
(1) generation of a Mn, 0, core after exclusion of all silicon atoms;
(2) addition of silicon atoms with exclusion of all manganese and oxygen atoms; and
(3) addition of oxygen atoms with exclusion of all manganese and silicon atoms.
This sequence, when applied to the pyroxmangite network, generates a 192-atom
cluster having [Mn,Si,,O¢]3°~ stoichiometry, which is shown in Fig. 7(b). Table 7
gives the crystalline charge distribution as well as its sensibility towards extraction
of a [Mn,Si,; 0126~ block. The seven oxygen atoms bridging two silicon atoms
can be clearly divided into two groups: O15, O16 and O19, which display Ag/g
ratios higher than 10%; and O17, O18, 020 and O21, which display Ag/q ratios
lower than 10%. For atoms O17 and O18, belonging to the coordination sphere of
atom Si4, and atoms 020 and O21, belonging to the coordination sphere of atom
Si7, two trimeric units may be identified: 019-8i5-018-Si4-017-Si3~016 and
019-8i6-020-Si7-021-Si1-015. In this last trimer, atom Si7 has a clear core role
as it displays four quasi-invariant oxygen atoms (07, O8, 020 and O21). Next in
order comes atom Si6, which has two quasi-invariant atoms (06 and 020), and last
Sil with just O21. This trimer is then found to behave as a tridentate ligand towards
atom Mnl through atoms 06, O7 and O8 and as a monodentate ligand towards
atom Mn6 through atom O8. In the first trimer, atoms Si4 and Si3 both display
three quasi-invariant oxygen atoms (012, O17 and 018, and O3, O11 and O17 for
Si4 and Si3, respectively), while atom Si$ has just one O18. This trimer is also found
to behave as a tridentate ligand towards atom Mn2 through atoms O3, O11 and
012 and as a tridentate capping ligand towards atom Mn35 through atoms 012, 017
and O18. Now only atom O10 remains, with a Ag/q ratio of less than 5%, which
belongs to the coordination shell of atoms Si2 and acts as a bridging ligand between
atoms Mn3 and Mn4. The only as yet unvisited metallic center is atom Mn7, which
can be reached from both trimeric species (through atom O7 or O11).
Consequently, both structures (thodonite and pyroxmangite) can be described as
the heterocondensation of silicated complexes of the Mn?* ion. In rhodonite, the
pivot atom seems to be Mn5 monitoring the association of Mn,Si,0, and

Table 7

Partial charges on oxygen atoms in pyroxmangite [MnSiOs], and Ag/g ratios (%) upon extraction of a
[Mn,Si,O04;13° "~ cluster from the crystalline network. The mean partial charges on silicon and manganese
atoms in the naked cluster are found to be {g(Si)) = +0.71 £0.14 and {g(Mn)) = +0.92+0.05

H4-O(SiMny) Hs-O(SiMn,) H3~O(Si;Mn) p2-O(Siy)
06=—0.62 (3%) Ol4=—0.59 (5%) 020= —0.54 (6%) 018=—0.53 (0%)
Ol, 05=—0.61 (5%) 09=—0.58 (10%) 021 = —0.52 (4%) 019= —0.53 (17%)
02=—0.60 (5%) 07 = —0.56 (0%) - 015=—0.52 (19%)
04=—0.60 (7%) 010, 012 = —0.56 (3%) - 016= —0.52 (33%)
03=—0.59 (3%) Ol1=—0.55 (3%) - 017=—0.52 (2%)
08=—0.58 (0%) O13=—0.55 (16%)

{g>=—0.60 {g>=—0.56 (> =~053 (@y=—052
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Mn,Si;0,, species. In pyroxmangite, the pivot center is atom Mn7 which monitors
the association of Mn,SiO, monomers with two kinds of Mn;Si;0,, trimer. In both
cases, the formation of the corner-sharing oo [SiO;]*~ tetrahedral chain cannot be
decorrelated from the formation of a more complex co[MnO;]*~ edge-sharing
octahedral chain, in a way which is strongly reminiscent of a molecular recogni-
tion process.

4.4. Alkali antimony(V) silicate CsSbO(Si0;),

Quite recently, Pagnoux et al. [56] obtained a new kind of co[SiOs]*~ chain
silicate by reacting a mixture of CsNO;, Sb,0; and SiO, in a 2:1:2 molar ratio. This
phase, with CsSbO(S8iO;), stoichiometry (space group Pna2,, PEB= —43 eV, 1=
28.5%), is found to have a global ionicity which is very similar to that of MnSiO,
frameworks. However, the presence of Cs atoms explains its much lower mean
electronegativity ({y>=4.93 eV) and PEB. Fig. 8(a) shows the conformation of the
infinite chain, which seems to be easily reproduced using three [Si,0,] SBUs. As
with the MnSiO; phases, the extraction of dimers from this network leads to charge
variations on oxygen atoms bridging two silicon atoms of at least 40%, denying
them any tectonic role. Table 8 give the crystalline charge distribution of this net-
work, whose retrosynthesis was performed as follows:

Fig. 8. Retrosynthesis of the crystal structure of an alkali antimony (V) silicate CsSbO(SiO,),. (a) Chain
of corner-sharing SiO, tetrahedra. (b) Model cluster [SbSi; ;040" extracted from the network.
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Table 8

Crystalline partial charges on oxygen atoms in the synthetic silicate CsSbO(8iO3),. The mean partial
charges on silicon, antimony and caesium atoms are found to be {g(Si)) = +0.84+0.05, {g(Sb)> =
+1.584+0.01 and {g(Cs)> = +1.00

p2-O(Sby) H3-O(SiSbCs) -0 (SiSb) ,-O(Siy)
03=—0.68 012:= —0.64 09=—0.64 O17=—0.57

Ol = —0.67 - 05, 07, 08, 010=—0.63 019=—0.56
02=-0.66 - 06, 015= —0.62 018, 021=—0.55
- 04, 013= —0.61 020=—0.53

- - 011, Ol4=—0.60 O16=—0.52
(g>=—0.67 (g>=—0.64 (g>=—0.62 (g>=—0.55

(1) generation of an SbOg octahedron masking all caesium and silicon atoms;

(2) addition of silicon atoms masking all caesium, antimony and oxygen atoms;
(3) addition of oxygen atoms masking all caesium, antimony and silicon atoms;
(4) addition of silicon atoms masking all caesium, antimony and oxygen atoms; and
(5) addition of oxygen atoms masking all caesium, antimony and silicon atoms.
The resulting cluster, with [SbSi;,0,4]*"~ stoichiometry, is displayed in Fig. 8(b).
For this cluster, we find {q(Sb)>= +1.60 and {g(Si)) = +0.67 with charge invari-
ance (Aq/q ratios less than 5%) on just four atoms: O4 (2%), OS5 (2%), 06 (2%)
and O7 (3%). All these atoms make a bridge between the Sbl atom and a silicon
atom belonging to a crankshaft silicate chain, and the growth mechanism is supposed
to be a heterocondensation between antimony atoms and monodentate SiO, tetrahe-
dra. Applying to this critical nucleus the symmetry translation operators along the
c-axis generates corner-sharing chains of silicated SbOg octahedra, while applying
these operators in the a,b-plane forces the formation Si-O-Si bridges to maintain
electroneutrality. As expected, the presence of caesium atoms is necessary to provide
the necessary reticular energy, but they seem to play no role by themselves in the
self-assembly of the covalent framework.

4.5. Double silicate chain in amphiboles

To conclude this study of inosilicate structures, we wish to investigate the double
silicate chain characteristic of amphibole minerals [Fig. 9(a)]. Amphiboles are impor-
tant rock-forming minerals having the general formula X, ,YZ;0,,(OH,F),, where
X and Y stand for metallic cations having an ionic radius higher than 66 pm and
lower than 80 pm, respectively, and Z is Si, Al or Fe**. Table 9 gives the partial
charge distribution computed for a fully stoichiometric fluortremolite
Ca,Mg;sSig0,,F, [57]. From a purely structural point of view, the amphibole double
chain 00[Si,0,;]'°" can be derived from the condensation side-by-side of two pyroxe-
noid o0 [SiO;)*~ linear chains, similar to that found in diopside or enstatite. Knowing
that the diopside chain should grow through the association of Ca?* or Mg?*
cations with [SiO,]*” monomers, the same growth mechanism may be anticipated
for the tremolite phase. Accordingly, we have been unable to find in this structure
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Fig. 9. Retrosynthesis of the crystal structure of a fluortremolite. (a) The double chain of corner-sharing
tetrahedra characteristic of the amphibole structure. (b) Model [MgSi,O,,F 12~ cluster extracted from
the network.

Table 9

Crystalline partial charge distribution in a fluortremolite phase Ca,MgsSigO,,F,. The global ionicity
indexes of this phase are found to be PEB= —242 eV, I= —39.3% and {y)>=4.12eV

Crystalline site

Atomic partial charge

H3-F(Mgs)
1q-O(SiMgs)
n-O(8iMg,Ca)
u3-O(SiMgCa)
p3-O(Si,Ca)
H2-O(Siy)

SiO,

Mg06

MgO,F,

CaOq

F1=-1.00
O1=-0.97
02=-0.96
03=-0.84

05=—0.61, 04=—0.58
06=—0.45

Si2=+0.79, Sil = +0.83
Mg2 = +1.50

Mgl = +1.76, Mg3 = +1.85
Cal = +1.93

any invariant partial charge by looking at naked dimers or trimers. Trying to
generate a magnesium-based model cluster is here of no help. The following sequence:
(1) generation of a Mg,O,,F, core masking all calcium and silicon atoms;
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(2) addition of silicon atoms masking all calcium and magnesium atoms; and
(3) addition of oxygen and fluorine atoms masking all calcium, silicon and magne-
sium atoms

leads to a 60-atom model cluster with {[MgSi;0,,F]3®~ stoichiometry, as displayed
in Fig. 9(b). After computation, it is found that only two atoms show charge
invariance relative to the full network, namely Ol (Ag/¢=1%) and F (Aq/q=1%).
This is a rather meager harvest for a self-evident silicate double-chain. Approximate
charge invariance may. however, be found (but with no discrimination between
atomic sites) only after generatlon of a spherical cluster having a radius of ~6 A
This absence of obvious tectons in this structure may be the key to understanding
the extreme variability in chemical composition of natural amphiboles. This brings
strong support to the idea that the growth mechanism of such a phase should involve
only SiO, monomers associated with a wide range of rather indifferent counter-
cations. Consequently, the growth mechanism of 0[81,0,,]'°” linear double chain
of amphiboles remains a well-kept secret. It is also possible that the occurrence of
this chain is just an illusion resulting from the application of symmetry translation
operators to an assembly of MOg, MOy and TO, monomeric polyhedral units.

5. Silicate structures containing insular /SiO;/%" rings

The above discussion has shown that even the nucleation and growth of a linear,
infinite silicate chain can be analyzed with very few tectonic units, such as monomers,
dimers and trimers. The reason for this is rooted in Fig. 4, which shows the steep
increase in repulsive energy associated with the successive addition of naked tetrahe-
dra in a purely linear fashion. The formation of a linear chain becomes possible
only when at some stage of the growth process, a counter-cation is associated with
the [SiO,4]*~ tetrahedra. If there are not enough counter-cations for each of the
terminal oxygen atoms of a SiO, tetrahedron, the linear chain will never be formed.
In such a case, the formation of a ring is most likely to occur. The problem which
remains to be solved is the possible tectonic role of such rings in the growth of a
3D silicated network. We will show in the following that silicate rings are also
limited in size by the accumulation of negative charges on terminal oxygen atoms.
However, because they have less terminal atoms than linear silicated chains, a greater
number of SiO, tetrahedra may be involved in ring formation.

5.1. Silicate structures containing the [Si;0,]®" ring

A quite remarkable situation is encountered in pseudo-wollastonite «-CaSiO,
(space group CI, Z=24, PEB= —33 eV, I=40.7%) [ 58]. The charge distribution in
this network is found to be g¢(Ca)=+194+0.05 ¢(Si)=+0.641+0.01,
g[p4-O(SiCay)]= —0.91 £ 0.02 and g[u4-O(Si,Ca,)] = —0.76 £0.01. Upon extraction
of the two non-equivalent [Si;O,)°~ rings (PEB= +37 and +39¢V) from this
network [Fig. 10(a)], it is found that Ag/q <3% for the 12 unshared corners (atoms
01-012) against Ag/q=13% for the six shared corners (atoms 013-018). The only
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Fig. 10. Retrosynthesis of the crystal structure of pseudo-wollastonite a-CaSiO;. (a) The two trimeric
Si30, rings of corner-sharing SiO, tetrahedra. (b) Model cluster [Ca(Si;0,),],, extracted from the network
with an eight-fold coordinated calcium atom with both bidentate and tridentate coordination modes for
the Si;04 rings.

way to explain the charge invariance observed simultaneously on all unshared
corners is to suppose that the [Si;0,]°” ring is a real tecton for this structure, with
shared corners behaving as ligands towards calcium atoms. This participation of
shared oxygen atoms in the coordination sphere of calcium atoms is evidenced in
Fig. 10(b). Each eight-fold coordinated calcium atom is found to be surrounded by
four [Si;0,]° rings, with two rings acting as monodentate ligands (shortest Ca—OS;i
bonds of 230+ 2 pm) and the two others as tridentate ligands (longest Ca—O dis-
tances of 259 +2 pm for one Ca~OSi or Ca-OSi, bond and 267+ 3 pm for the other
Ca-OSi bond). This pseudo-wollastonite structure thus clearly shows that ring
formation may lead to charge invariance on unshared corners rather than on shared
corners. This result is obviously a consequence of the much greater rigidity of a
ring. In contrast, the flexibility of chain-like species confers a much greater sensitivity
of the unshared corners to the crystalline environment, limiting the charge invariance
to shared corners.

Another kind of [Si;0,]°” ring [Fig. 11(a)] is found is the structure of benitoite
BaTiSi;O, (space group Péc2, Z=2, PEB=—68 ¢V, I =32%) [59]. The crystalline
charge distribution is found to be g(Ba)= +2.02, ¢(Ti)= +1.50, q(Si)= +0.84,
q[K2-O1(Siy)] = —0.61 and g[p,-O2(SiTi)]= —0.70. Extraction of the [Si30]°~ ring
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Fig. 11. Retrosynthesis of the crystal structure of benitoite BaTiSi,O,. (a) The trimeric Si,O, ring of
corner-sharing SiO, tetrahedra. (b) Model [ Ti(Si;04)s]**~ cluster extracted from the network with mono-
dentate coordination mode for the Si;O, rings.

from the network (PEB= 434 ¢V ) leads to Ag/g=15% on Ol and Ag/q=36% on
O2. These values mean that here it is not possible to decorrelate the trimeric ring
from the titanium atoms. Let us investigate the following retrosynthetic sequence:
(1) generation of a TiOg octahedron;

(2) addition of silicon atoms directly bonded to oxygen atoms;

(3) addition of oxygen atoms directly bonded to silicon atoms;

(4) addition of silicon atoms directly bonded to oxygen atoms; and

(5) addition of oxygen atoms directly bonded to silicon atoms.

The cluster obtained in this way is displayed in Fig. 11(b) and has [Ti(Si;O)s]*2~
stoichiometry. Fig. 11(b) shows that each oxygen atom of the TiO4 octahedron
comes from an unshared corner of a trimeric [Si3O,)°~ ring. For the core oxygen
atoms of this cluster, we find Ag/q(01)=8% and Ag/q(02)=23%. However, if we
limit the retrosynthetic sequence to the first three steps, we obtain a [Ti(Si0,)e*°~
cluster, and now Ag/q(O1)=87% against Ag/q(02)=1%. This clearly shows that
the [Si;00]° ring found in benitoite cannot be considered as a tecton. It is rather
formed as a consequence of the hexagonal stacking of monodentate silicated titanium
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Fig. 12. Retrosynthesis of the crystal structure of wadeite K,ZrSi;0y. (a) The two trimeric Si;O, ring of
corner-sharing SiO,, tetrahedra. (b) Model [Zr(Si;04)¢]**~ cluster extracted from the network with mono-
dentate coordination mode for the Si;O, rings [cf. Fig. 11(b) for the change in conformation].

complexes, with the barium atoms filling the gaps and providing the necessary
reticular energy for crystallization.

If we replace the barium atom in benitoite by two potassium atoms we obtain the
wadeite stoichiometry K,ZrSi;0, (space-group P3, Z=2, PEB= —58 ¢V, I=30.3%)
[60]. This reduction in symmetry leads to the occurrence of two kinds of [Si;O,]%~
ring [Fig. 12(a)] which cannot be differentiated from the crystalline partial charge
distribution: ¢(Zr)=1.725+0.005, ¢(K)=0.97+0.04, ¢(Sil)=¢(Si2)= +0.75,
q[p,-01(8i,)] = g[p,-02(Si,)] = —0.59, g[p,-04(SiZr)] = q[n,-06(SiZr)] = —0.68 and
q[12-O3(SiZr)] = ¢[p,-O5(SiZr)]= —0.68. Here also, extracting these two trimeric
[Si300J°~ rings from the network (PEB= +35¢V) drastically changes the charge
distribution: Ag/q(03,05)=40%, Aq/q(04,06)=35% and Aq/q(01,02)=17%.
Applying the same retrosynthetic sequence as in benitoite also leads to a
[Zr(Si300)el*?~ cluster, but with a completely different conformation. In benitoite
each [Si;O,]°~ ring can be eclipsed by another equivalent ring, whereas in wadeite
all rings are decaled [Fig. 12(b)]. This difference in conformation is well evidenced
by the charge differentials values Ag/q which are here found to be less than 4% for
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all oxygen atoms (O1-06). If we stop the generation process at the [Zr(SiO4)e)*°~
stage, we find Ag/q(01,02)=93%, Aq/q(03,05)=11% and Aq/q(04,06)="7%.
Consequently, it seems that in contrast with the benitoite case, a better charge
invariance is obtained by selecting the [Zr(Si;O,)¢]*> ~ cluster rather than the smaller
[Zr(Si0,))°~ cluster. This could mean that the active tectons of wadeite are
zirconium atoms complexed by monodentate trimeric [Si;O,]° ™ rings, whereas those
of benitoite should rather be titanium atoms complexed with monodentate
[SiO,)*~ monomers. If this interpretation is true, this means that changing the
counter-cation may have a deep influence on the crystal growth mechanism, even if
the structural influence of the counter-cation seems to be quite negligible.

5.2. Silicate structures containing the [Si,O, ] ring

We now turn to some tetrameric rings. Such a fully planar ring is found in the
crystal structure of synthetic barium copper silicate BaCuSi,O4 (space group
I4/mmm, Z=4, PEB= —68 eV, I=41%) [61]. The crystalline charge distribution is
found to be g(Ba)= +1.98, q(Cu)= +1.58, ¢(Si)= +0.87, ¢q[u,-02(Siy)]=—0.72
and g[p,-O1(SiCu)]= —0.97. After extraction of the [Si,O,,]®” tetramic ring from
the network (Fig.13), we find Agq/q(02)=0% and Aq/q(01)=5% with PEB=
+ 50 eV, meaning that such a ring is beyond any doubt a perfect tecton for this phase.

The [Si,0,,]® tetramic ring found is tugtupite Na,AlBeSi O,,Cl (space group
14, Z=2, PEB= —151 eV, I=42.4%) is not planar [Fig. 14(a)], displaying a boat-
shaped conformation [62]. The crystalline charge distribution is found to be g(Be)=
+1.96, q(Al)=+1.70, ¢(Na)=+1.00, ¢(Si)=+0.94, g¢(u,-CINa,)=—0.93,
q[us-O1(8i,Na)j= —0.69, ¢[n;-O3(SiAlNa)]= —0.89 and ¢[p,-O2(SiBeNa,)|=
—1.04. Extraction of the [Si40,,]® ™ tetramic ring (PEB = + 64 eV from the network
leads to Ag/q(O1)=4%, Aq/q(02)=6% and Aq/q(03)=10%, showing that shared
corners are not greatly affected by the removal of the network. However, a better
charge invariance is found by considering a [SiAIBeO, 3¢~ cluster including all four-
fold coordinated atoms which can be generated using the following retrosynthetic
sequence:

(1) generation of a [Si,0,,]° tetramic ring by masking Na, Al, Be and Cl atoms;
(2) addition of Al and Be atoms directly bonded to the ring; and

(3) addition of oxygen atoms directly bonded to atoms Al and Be.

The resulting cluster is displayed in Fig. 14(b), leading to Aq/q(O1)=6%,
Aq/q(02)=4% and Aq/q(03)=1%. The tecton which emerges from this analysis is
a linear trimer [0,A108i0;BeO,]'! ™ [Fig. 14(d)] acting as a bidentate ligand towards
a NaCl ion-pair on the beryllium side and as a monodentate ligand towards another
NaCl ion-pair on the aluminum side. With such a mechanism, the formation of the
[Si,O04,]® " ring should be the consequence of tetrahedral stacking around chlorine
atoms of such trimeric tectons.

The chair-shaped {Si,0,,]° " ring conformer is found in the crystal structure of
papagoite CaCuAlSi,O4OH); [Fig. 15(a)] {63]. However, as hydrogen atoms have
not been located in the refinement, we were not able to perform the retrosynthesis
of this crystal structure. The only thing we can say is that this chair-shaped conformer
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Fig. 13. Retrosynthesis of the crystal structure of synthetic BaCuSi,O,. (a) The tetrameric Si,O,, ring of
corner-sharing Si0,, tetrahedra. (b) Stacking of square-planar CuQ, groups with a tetrameric Si,O;, ring.

appears to be 1eV more stable (PEB= +63 eV) that the boat-shaped conformer
found in tugtupite. The same problem of the localization of hydrogen atoms arises
with the crystal structure of the synthetic phase K,(HSiO;),, which contains the
double chair-shaped [Si,O,,]®” ring conformer [Fig. 15(b)] [64]. The rather low
PEB value found for the extracted ring (+55eV) should be taken with caution
owing to the occurrence of unsually short Si~O bonds (156 + 2 pm) in this unrefined
crystal structure. Finally, a perfectly planar [Si,O,;]® ~ ring has been observed in the
crystal structure of CsSbO,SiO; with PEB= +62 ¢V [65]. Here also it was not
possible to perform retrosynthesis of this structure owing to some disorder among
the caesium and oxygen positions.



1143

M. Henry |/ Coordination Chemistry Reviews 178180 (1998) 1109-1163

'u0323) ' OISAgIY
JTeour| oueunn Yy (p) -dMudmsn) ur swole SULIO[YO puB WNIPOS JO UONBUIPIOOD [RIPSYRNAL (D) 'yiomieu oyl uro1y pajoenxd _fe0ogIvis] 1asnd
[9POIA (q) "eIpayenal "QIg Fureys-1ouiod jo Fuu T'QPIg ouawend YL (B) DF'OMISAEIVTeN andmBn jo a1mjonns [e3sAI o3 Jo SISAyIUASONdY v1 Sig

)




1144 M. Henry | Coordination Chemistry Reviews 178—180 (1998) 1109-1163

Fig. 15. Silicate structures containing insular Si O, rings of corner-sharing tetrahedra for which we were
unable to perform retrosynthesis owing to missing hydrogen atom coordinates and/or cationic disorder.
(a) Tetrameric ring in papagoite CaCuAlSi,Os. (b) Tetrameric ring in synthetic K ,(HSiO,),. (c) Tetrameric
ring in CsSbO,8i0;.

5.3. Silicate structures containing the [SigO,]'*~ ring
To the best of our knowledge, there are no examples of crystal structures contain-

ing an [SisOs]'®” ring. This confirms the instability of a linear chain-like
[SisO;6]'2~ species whose cyclization would lead to such a pentameric ring. However,



M. Henry | Coordination Chemistry Reviews 178-180 ( 1998 1109-1163 1145

hexameric [SigO,g]'2~ rings have been observed in the crystal structure of numerous
precious minerals, raising the question of the mechanism of the formation of such
rings. The most symmetrical and planar hexameric ring is found in the crystal
structure of beryl Al,Be,(SiO;)s (space group P6/mce, Z=2, PEB=—-303 ¢V, I=
48%) [66]. The crystalline charge distribution is g(Be)=+1.99, g(Al)=+1.97,
g(Si)= +1.24, g[p,-O1(Si,)]= —0.69 and gq[p;-O2(SiBeAl)]= —1.10. Surprisingly
enough, extraction of the hexameric [SigO,g)'?” ring (PEB= +134¢V) does not
lead to huge charge variations: Agq/q(01)=6% and Aq/q(02)=8% [Fig. 16(a)].
Association of 12 BeQ, tetrahedra to this ring is of no help, as this leads to a
[Be,Si0,]8° cluster with Ag/q(01)=11% and Aq/q(02)=16%. Association of 12
AlOg octahedra to the ring is more favorable as it leads to a [A1,Si0,3]2° cluster,
where Ag/q (02)=8% but Ag/q(O1)=13%. Finally, association of 12 BeO, tetrahe-
dra and 12 AlQ¢ octahedra leading to a [Be,Al,Si0,5])*” cluster gives the best
charge invariance with Aq/q(01)=4% and Aq/q(O2)=7%. The most invariant
oxygen atom is then found to be Ol, which is common to two SiO, tetrahedra
within the hexameric ring. As the simultaneous association of BeO, tetrahedra and
AlQg octahedra leads to a better charge invariance, and as the formation of a

(b)

Fig. 16. Retrosynthesis of the crystal structure of beryl Al,Be;(SiO;)s. () The hexameric SicO,4 ring of
corner sharing SiO, tetrahedra. (b) Model cluster [Be,Al,8i0,;]7*~ extracted from the network. (c) The
tetrameric linear Be,Si,O; tecton acting as a double bidentate ligand towards aluminum atoms.
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hexameric [SigO,5]** ™ ring from the cyclization of a linear [SigO;o]'~ oligomer is
very unlikely, the most plausible retrosynthetic pathway should be the hexagonal
packing of monomeric aluminum atoms complexed by tetrameric species
[0,Be0Si0,5i0,Be0;]**~ acting as double bidentate ligands through the beryllium
ends [Fig. 16(c)].

A ditrigonal distortion of the hexameric ring [Fig. 17(a)] is found in the
crystal structure of tourmaline NaMg;B,AlSicO3,(OH) [67] and buergerite
NaFe;B;AlSis050F (space group R3m, Z=3, PEB=—352eV, 1=40.7%) [68].
Table 10 gives the whole crystalline charge distribution for this very beautiful crystal
structure. Obviously, the hexameric [SigO,g]**>~ ring (PEB = + 144 V) cannot be
considered as a tecton for this structure in view of the large Ag/gq ratios. Some
counter-cations should then be associated with the hexameric ring, and the following
retrosynthetic sequence was applied:

(1) generation of a [Si¢O,s]**~ ring by considering only silicon or oxygen atoms;
(2) addition of Al and Fe atoms directly bonded to oxygen atoms; and
(3) addition of oxygen and fluorine atoms directly bonded to Fe and Al atoms.

Fig. 17. Retrosynthesis of the crystal structure of buergerite NaFe,B,Al¢SicO;F. (a) The hexameric
Sig0,; ring of corner sharing SiQ, tetrahedra. (b) Model [FC3Al,4Si¢05,F 1%~ cluster extracted from the
network. (c) The octahedral edge-sharing Al,O,, dimers complexed by a linear Si,0,, trimer. (d) The
octahedral corner-sharing Fe;FO,, trimer which can be associated to boron atoms and aluminosilicate
tectons of (c) to form the buergerite framework.
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Table 10

Crystalline partial charges distribution in buergerite NaFe,B,Al¢8i;0;,F and Ag/q ratios (%) after extrac-
tion of the hexameric [SizO,5)'2~ non-planar ring (middle column) or of a [Fe;Al,4Sis05,F]% ~ cluster
(last column)

Crystalline site Atomic partial charge ¢ Aq/q in [Fe;Al5gSi,05,F 1% (%)
1:-O(BAL) 08=—1.06 1
13-O(SiAly) 07 = —0.86 (32%) 5
pa-O(FeAly) 03=-0.79 41
15-O(SiAlFe) 06=—0.70 (17%) 14
1,-O(NaBFe,) 02=—0.70 1
1:-O(NaSi,) 04=—0.62 (13%) 5
1s-O(NaSi,) 05=—0.59 (17%) 5
us-F(Fes) F=-0.52 5
FeO,F Fe=+0.71 -
NaO, Na=+0.99 -
Si0, Si=+1.00 -
BO, B=+1.25 -
AlO, Al= 1192 -

The resulting cluster has [Fe;Al;SicOg,F 18~ stoichiometry [Fig. 17(b)] with the
associated Ag/q ratios given in Table 10. Obvious corner stones are found to be
oxygen atoms O2 and O8, which both belong to the coordination sphere of trigonal
BO; groups. Starting from atom O2 we can reach a boron atom, two iron atoms or
a sodium atom. As boron and sodium atoms have not been included in the generation
sequence, this means that the tecton should involve the two remaining iron atoms
which are bonded to atoms O3 (194 pm), O6 (two at 199 pm) and F (211 pm). As
can be seen from Table 10, these three atoms have Ag/q ratios of higher than 10%.
Consequently, by limiting our investigations to atom 02, a cyclic trimer
[(O3Fe);FO;] of three corner-sharing FeOsF octahedra having the fluorine atom in
common emerges from the structure. It is rather pleasant to find that such a
topological arrangment of three octahedra is a basic feature of many iron-based
polyanions [69]. Having identified a first tecton, let us now have a look at the second
invariant oxygen atom, i.e. O8. From here we can again reach a boron atom or two
aluminum atoms. As before, we may ignore this boron atom and look at the
coordination sphere of AlOg octahedra. Here we find two O7 atoms (189 and
198 pmy), two O8 atoms (189 and 193 pm), one O3 atom (190 pm) and one O6 atom
(192 pm). As before, discarding these last two atoms, an edge-sharing octahedral
[(O4A1),0,] dimer emerges as atoms O7 display rather low Ag/q ratios. Again, it is
satisfactory to find that this structural unit may be found in many oxide-based
aluminum compounds. From Table 10, only atoms O4 and OS remain which have
Ag/q lower than 10%. Starting from these two atoms, a linear [Si;O,,) tecton emerges
which is linked to the [(O,4Al),0,] tecton through atom O7 and to the
[(O;Fe);FO;] tecton through atom O6. The planar trigonal coordination sphere of
the remaining boron atom atom then appears to involve two edge-sharing octahedral
[(04A1),0,] tectons and one corner-sharing octahedral [(O;Fe);FO,] tecton. In
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Table 11
Distribution of crystalline partial charges in dioptase CuSiO;.H,0O or CuSiO, and Ag/q ratios (%) after
extraction of hexameric [SigO,4)'? ™ non-planar rings

Crystalline site Partial charge in CuSiO;.H,0 Partial charge in CuSiO;
13-O(SiCuy) 02=—1.03 (0%) 03=-1.09 (12%)
ps3-O(SiCuy) 03=-1.01 (5%) 02=-1.07 (5%)
n-O(Hy) 04=-0.57 _

1,-O(Si,) O1=-0.54 (17%) O1=-0.61 (7%)

H Hl=H2= +0.10 -

Si0, Si=+0.97 Si=+0.94

CuO, Cu=+1.98 Cu=+1.83

tourmaline, iron and fluorine atoms are replaced by magnesium atoms and a
hydroxyl group, forming a [(O;Mg);(OH)O;] tecton. As hydrogen atoms have not
yet been localized in this structure, it is not possible to check this point further.

Another kind of hexameric [SigO,g]'*~ ring is found in the crystal structures of
dioptase minerals CuSiO;.H,O (blue hydrated form) [70] and CuSiO; (black anhy-
drous form) [71]. Table 11 compares the distribution of crystalline partial charges
in the hydrated form (space group R3, Z=18, PEB= —44 eV, I=41.2%) and in the
anhydrous form (space group R3, Z=18, PEB= —41 eV, I=44.6%). In both phases,
the lowest Ag/q ratios are found for just one of the two unshared oxygen atoms
(02) of the hexameric [SigO,s]'?~ rings (PEB= + 151 eV) [Fig. 18(a) and (b)]. In
the hydrated form, it is the second unshared oxygen atom (O3) which has the lowest
Agq/q ratio, whereas in the anhydrous form it is the corner-sharing oxygen atom
(O1). This sensitivity of shared oxygen atoms to water removal in the hydrated
phase may be attributed to a very particular hydrogen bond pattern. Fig. 18(c)
shows the result of perfoming an iterative search at 2.0 A involving only atoms O1,
04, Hl and H2, which leads to a finite cluster having the stoichiometry
[Os(H,0)6] with d(04-04)=269 pm, d(O1-04)=283 pm, #(04-H1-04)=154°
and 0(O1-H2-04)=172°. In the anhydrous phase, this hydrogen bond pattern does
not exist, and accordingly the Ag/q ratio of oxygen atom O1 becomes of the same
order of magnitude as that of atom O2. Another interesting fact is that association
of square-planar CuQO, polyhedra to the hexameric rings of either hydrated or
anhydrous phases leading to [Cu;SiO]¢®~ clusters [Fig. 18(d)] does not lead to a
better charge invariance. This means that hexameric [SigO,5]'*~ rings should be
considered as valuable tectons for the dioptase phases. Consequently, they should
have been formed prior to crystal growth through condensation of three [Si,O]
dimers or of two [Si;0,0] linear trimers. Owing to the occurrence of just one kind
of corner-sharing oxygen atom in the resulting hexameric ring, it is not possible to
decide which pathway is most likely to occur from the crystal structure. However,
for obvious statistical reasons, i.e. the meeting of two trimers having a much higher
probability than the simultaneous meeting of three dimers, we prefer to explain
the formation of a [SigOys]'?” ring through the dimerization of linear [Si O]
trimers.
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Fig. 18. Retrosynthesis of the crystal structures of blue CuSiO;.H,0 and black CuSiO; dioptase. (a) The
tetrameric SigOg ring of corner-sharing SiO, tetrahedra in blue dioptase. (b) The tetrameric SigO,4 ring
of corner-sharing SiO, tetrahedra in black dioptase. (¢) The hydrogen bond pattern found in blue dioptase.
(d) A [Cu,SiOs]¢8~ cluster extracted from the network showing the stacking of quasi square-planar
CuO, groups with a tetrameric SigO,s ring.

Hexameric [SigO,4]'2~ rings are also found in the crystal structures of lovozerite
Na,Zr,S1;,04,.6H,0.NaOH [Fig. 19(a)] [72] and imandrite Na,,Ca;Fe,(SigO,5),
[Fig. 19(b)] [73]. The non-localization of the hydrogen atoms in lovozerite and
the disordering of calcium atoms in imandrite prevents us from performing the
retrosyntheses of these two rings, which seem ad oculos to be formed from the
condensation of two linear [Si;O,,] trimers. The hexameric ring in the imandrite
structure has a PEB value of + 146 eV, which is very similar to the value found in
buergerite. Still larger silicate rings have been characterized in the solid state. The
minerals of the muirite family Ba,o(Ca,Mn,Ti),Sig0,4(Cl,0H,0),,.4H,0 contain an
octameric [SigO,,]'®" ring with PEB= +256 eV [Fig. 19(c)] [74]. Those of the
eudialyte family Na,,CagFe;Zr;Si,,04,(Cl,OH), are characterized by the occurrence
within the same crystal structure of both nonameric [SiyO,,]**~ (PEB= +302¢V)
and trimeric [Si;0)® " rings (PEB= + 33 eV) [Fig. 19(d)] [75]. Here the non-local-
ization of hydrogen atoms and cationic disorder prevents us from checking whether
the octameric ring of muirite is built from the condensation of four [Si,0-] dimers
or two [Si,O,,] linear tetramers, or whether the nonameric ring of eudialyte comes
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Fig. 19. Silicate structures containing insular Si,O;, rings of corner-sharing tetrahedra for which we were
unable to perform retrosynthesis owing to missing hydrogen atom coordinates and/or cationic disorder.
(a) Hexameric ring in lovozedte Na,Zr,Si;,030.6H,0.NaOH. (b) Hexameric ring in imandrite
Na,,Ca;Fe,(8i0,3), (c) Octameric ring in muirite Ba, o(Ca,Mn, Ti),Si50,,(Cl,OH,0),,.4H,0. (d) Trimeric
and nonameric rings in eudialyte Na,,CagFe,Zr;Si,,046(Cl,OH )q.

from the condensation of three linear {Si;0,] trimers. The answer to these fascinating
questions will have to wait for better crystal structure refinements and the localization
of all atoms. However, Fig. 20 shows that as for linear oligomers, there should also
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Fig. 20. Variation of the PEB of a growing naked silicate ring [Si,03,]*"~ as a function of the number of
corner-sharing tetrahedron within the ring.

be a limit to the formation of larger and larger [Si,0,,]*" rings owing to the huge
increase in PEB values when going from n=3 to n=9.

5.4. Silicate structures containing silicate cages

Condensation of two rings to form a polysilicate cage appears to be a very efficient
way of removing electrostatic pressure. The formation of a hexameric [SigO,5]¢~
cage has been observed in the crystal structure of [Ni(en),] 8i,05.8.7H,0 [Fig. 21(a)]
[76]. The PEB value of this cage is found to be +4 eV, in contrast to that of two
isolated trimeric [Si;Og]°~ rings, which is about +60 eV. Much more interesting is
the negative PEB value of —2 eV found for an octameric [SigO,o]°~ cage extracted
from the crystal structure of [N(CHj;),]sSiz0,,.64.8H,0 [Fig. 21(b)] [77]. This good
electrostatic stability of double four-membered rings relative to other polysilicates
could help to explain the experimental evidence that the frameworks of the lowest
density (zeolite-type tetrahedral nets) are those with a maximum number of four-
membered rings [78]. Finally, the presence of dodecameric [Si;;0;0)'2~ cages with
PEB=+58¢V has been evidenced in the crystal structures of milarite
KCa,(AlBe)Si;;050.H,0 and osumilite (K,Na,Ca)(Mg,Fe),(Al,Fe);Si;,030.H,0
[Fig. 21(c)] [79]. It is highly probable that a much lower PEB value would have
been obtained for these huge cages if the water molecule trapped inside the cages
had been included. Consequently cage compounds, in contrast to chain-like or ring
oligomers, do not have to be heavily solvated to exist as rather stable chemical
species. However, the retrosynthesis of all these structures is not yet possible owing
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Fig. 21. Silicate structures containing insular silicated cages of corner-sharing tetrahedra for which we
were unable to perform retrosynthesis owing to missing hydrogen atom coordinates and/or cationic
disorder. (a) Double three-membered ring in synthetic [ Ni(en);]$i,05.8.7H,0. (b) Double four-membered
ring in synthetic [N(CH,),}88i30,0.64.8H,0. (c) Double six-membered ring in milarite
KCa,(AlBe,)Si;;,0;4.H,0 and osumilite (K, Na,Ca)(Mg,Fe),( Al,Fe);Si1,,0,,.H,0.

to the huge amount of unlocalized molecules or to the presence of disorder in the
unit cell.
6. Conclusion

This paper is a first foray into the domain of the retrosynthesis of inorganic
crystal structures. The choice of 0D nesosilicate or 1D inosilicate structures contain-
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ing chains, rings or cages of SiO, tetrahedra was made in order to check the validity
of the atomic charge invariance upon extraction of a cluster from the crystalline
network. The results obtained are quite satisfactory, as in most cases it is possible
to identify small groups of atoms (tectons) from which the formation of the whole
crystal structure can readily be understood. Uncomplexed SiO, monomers seem to
be responsible for the crystalline growth of akermanite Ca,Si,O, rankinite
Ca,Si,0,, barylite BaBe,Si,0,, RE,Si,0, (RE=Y, Gd, Sm), kilchoanite Ca;Si,0,
diopside CaMgSi,0; and fluortremolite Ca,Mg;Siz0,,F. Uncomplexed Si,0, dimers
are involved in the crystal growth of thortveite Sc,81,0,, RE,Si,0; (RE=Er, Yb),
enstatite MgSiO; and for the synthetic phases LigSi,O,, AgeSi,O, and
BaCu,Si,0,. Uncomplexed linear [SizO,,] trimers are found to be tectons for syn-
thetic Na,Ca;Si;0,, or for P-wollastonite CaSiO; but also for synthetic
Ag,0Si40,; after association with a SiO, monomer. Uncomplexed metasilicate rings
emerges also as tectons from a-wollastonite CaSiO; (Si;Og), synthetic
BaCuSi,O¢ (51,0,,) and dioptase CuSiO; or CuSiO;.H,O (SigOyg). Crystalline
growth could also involve silicate chains or rings acting as ligands towards other
chemical species. Complexed monomers TiSiO,4 or SbSiO, emerge from the retrosyn-
thesis of benitoite BaTiSi;0q4 or synthetic CsSbO(Si0O;),. Both complexed dimers
Mn,Si,0, and linear trimers Mn;Si;0,, are responsible for the growth of rhodonite
MnSiO,, while the growth of pyroxmangite MnSiO, involve complexed linear tri-
mers Mn;Si;0,0. Association of boron atoms with octahedral [Al;0,,] dimers com-
plexed by linear [Si;O,,] trimers and octahedral cyclic [Fe;FO,,] trimers leads to
the beautiful crystal structure of buergerite NaFe;B;AlSic050F. Substitution of
silicon by aluminum or beryllium is possible. Thus, association of NaCl species with
SiBeAlO,, linear trimers was found in tugtupite Na,AlBeSiO,,Cl. Beryl
Al,Be;(Si0;)g is instead formed through complexation of aluminum atoms by linear
Si,Be,0,; tetramers. We have not been able to perform retrosynthesis of the
following phases: ardennite with linear Si;O,, trimers, papagoite and synthetic
CsSb0,Si0; with Si,0,, rings, lovozerite and imandrite with SizO,4 rings, muirite
with SigO,, rings, eudialyte with Si;O,, rings, [Ni(en),]Si,04.8.7H,0 with SicO, 5
cages, [N(CH;),]5Si50,0.64.8H,0 with SigO,, cages, milarite and osumilite with
Si,,0;, cages owing to the non-localization of hydrogen atoms or to the occurence
of cationic disorder. However, the failure to detect any linear oligomer
[$1,03,4+1]%" "2~ with n>4 or huge [Si,05,]*"” rings (#n>9) in solution or in the
solid state is clearly interpreted as the consequence of very unfavorable electrostatic
balances (PEB > + 100 eV') for these species. In all cases, the number of non-oxygen
atoms in the supposed tectons was found to be less than five, and the topological
association of the constituting polyhedra was understandable in terms of the well-
known molecular coordination chemistry of the various central atoms. It is a very
important result that even very complex crystal structures such as those of rhodonite
or buergerite can be readily reduced to the association of very simple tectons obeying
the laws of coordination chemistry. Obviously, we do not pretend to have demon-
strated the real chemical existence of these tectons or elucidated the detailed molecu-
lar mechanisms of crystalline growth, but just to have given some new plausible
synthetic paths which remain to be supported by any future experimental work in
this field.
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Another important point to stress is that all the retrosyntheses described in this
paper have been performed on a very modest 66 MHz personal computer. In trivial
cases such as BaCuSi,Oy, the whole retrosynthesis took a matter of minutes, whereas
for more complex crystal structures (buergerite) it was a matter of a few hours. In
all cases, the most time-consuming task was to look in the crystal structure for a
good model cluster displaying the highest number of invariant atomic charges, and
not the computation of the charge distribution (which was straightforward). This
response time of at most a few hours for performing a full crystalline retrosynthesis
is obviously very encouraging, and allows still more complex crystal structures to
be readily investigated. We have thus started to study by this approach not only the
mechanisms of formation of microporous compounds (zeolites, alumino- or gallo-
phosphates), but also try to find a link between the crystallization of huge organic
or inorganic supramolecular compounds and the physicochemical conditions
imposed on the mother solution. Work is in progress in these directions, but is
currently being hampered by the quality of the available structural data. Most of
these compounds have very large unit cells containing a huge number of solvent
molecules. Consequently, if the topology of the network or of the supramolecular
host is well defined, the guest molecules are very often disordered, or worse, have
not been localized at all. However, missing or ill-placed hydrogen atoms can be
placed individually after a careful examination of the hydrogen bond pattern, while
disorder can be removed by applying adequate symmetry masks during the unit-cell
generation process. All this preliminary work is currently performed by manual trial
and error, which slows down the retrosynthesis of these structures considerably. We
are currently modifying our WinPacha GUI interface to handle these cases automati-
cally rather than manually. Interesting preliminary results have already been obtained
on zeolite networks and isopolyoxometallates, which will be reported in the near
future. Another very promising and exciting development which will considerably
speed up the retrosynthesis of these problematic inorganic crystal structures is the
determination of crystal structures using experimental X-ray and solid-state NMR
data. Having all atoms with integral occupation numbers localized in a correct space
group, solid-state chemists could focus on the retrosynthesis of crystal structures
alone, without having to spend time on guessing missing atomic coordinates or
selecting pertinent symmetry operators.

Appendix

Our theoretical model is based on a functional approach of chemical bonding
using atomic charges ¢ and their associated potentials v, which are both first deriva-
tives of the total energy of the system E:

O0E oFE
goc — and voc —.
ov 0q

For a chemical system, g=2Z— N, where Z is the atomic number and N is the non-
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integral number of electrons around the nucleus, while v is a measure of its electroneg-
ativity . This may be readily understood by looking at a diatomic molecule A-B
constrained to have N=Z, + Zz= N, + Ny [80]. For any electron transfer dN from
B to A (dNy=—dNg=dN>0) at the internuclear distance R, the change in the
total energy should be:

E=f(Na,Ng,Zx,Zp,R)=>dE

JE oE 0E
(3NA Ng.R 5NB Na.R oR Na.Ng

For a given distance R (dR=0) a spontaneous transfer will occur if dE<0 for
dN>0:

()n<a) == (G5 @
= < <ya > =—|—)=|—]=—p. .
ONp i NoNg Jupm TR PTG )T T

The last equalities arise from the fact that electronegativity measures the affinity of
atoms for electrons [81]. Another consequence of Eq. (A.1) is that if R=R,, the
internuclear equilibrium distance, then dE=dR=0, i.e. y, = xg. This is the electro-
negativity equalization principle of Sanderson [82], meaning that electronegativity
should be considered as the opposite of an electronic chemical potential, i.e.
t.=0E/ON [83]. The relation between this electronic chemical potential and the
empirical electronegativity, introduced by Pauling in the 1930s is immediate if we
introduce the hardness #=d2E/0N? of the system (its softness being o =1/5):

E(N)=E*Z)+(N-Z) (0—E>

oN
(N—Z)? <62E) 7
+ - — =EZ)+qx° + —n. A3
5 N, s Z)+qx S (A3)
With y=-0E/0N=x"+#x ¢, and y, = yg=<x> for a diatomic molecule, we have:
0 0
XA —X
XA =X —Naq=1% +Mpq=1p =p)eq=——"—, (A4)
Na +7p

i.e. a stabilization energy 4=(E, —ER)+ (Eg — E3)=q(x3 — x2) + (114 +15)/2:
_Oa-mr TOR-m)° _ 1GA-m)°
Na +1p 2 na+ns 2 natng

in full agreement with the original Pauling definition [81] if 5, + 75 ~const. Eq. (A.5)
also provides a firm theoretical justification of the empirical HSAB principle (hard
and soft acids and bases) introduced empirically by Pearson [84]:

A=

0, (A.5)

na(soft) +ng(soft) <n, (soft) + ny(hard )<= A(soft —soft) < 4(hard —soft).
The other part of the HSAB principle [4(hard —hard ) < A(hard —soft)] comes from
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the contraction of atomic orbitals in response to an increase in the nuclear effective
charge Z* [85], as with dZ*>0 and (JE/0Z")<0=AE=(0E/0Z})dZ
n+(0E/0Zy) dZy <O.

The problem of the quantitative evaluation of the hardness parameter may be solved
by treating an atom as a sphere with a uniformly distributed electric charge q. If this
sphere has a characteristic radius r, then:

aeq? 0E eq OE e?
E(g)= sy =|—|= and y= = . (A.6)
8reyr oq/) Admegr oq* dneyr

The chemical hardness is then known as soon as the atomic radius has been
defined [86].

The link between this functional approach of chemical bonding and the more
conventional molecular orbital theory is as follows:

A

Energy E <> =%x°+nq q=Z-N
‘ Zero energy
Electronic affinity A
] LUMO [¥> = afe> - Bly>
lO—L [p> Hardness 1 x 14
Ng o +afS '

4| -~ Electronegativityx
lonization <y> = SEiGg= -
potential 1 e (sz/«(ﬁ.(]z _Ii? s
: N7 Bl oS

T HOMO 'V = ojo> + Bly>

This comes from the Koopman’s theorem: I~ — Eygyo and A~ —Eyyyo. For a
sphere of charge ¢ and characteristic radius 7, we have I=E(q+1)—E(g) and A=
E(q)—E(g—1):

e*(2g+1) (2g—1) I+4
[: T —— A_—. ::>X:
8neyr 8neyr 2

, n=I1—A4

in full agreement with the Mulliken definition of orbital electronegativity [87].
Consequently, if electronegativity corresponds to the Fermi level of the electrons in
a given chemical system [88,89], its hardness # measures its HOMO-LUMO gap
[90].

From a practical point of view, given any system resulting from the association
of n atoms with a total electrical charge z, it is possible to write its electronegativity
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as [91-95]:

e 1 ) n
==+ — q:+ Z Meq; Vi=1,..,n and ) g¢;=z,
4T[€°r,- 471:60 i=1 i=1

(A7)

where y? are the Mulliken electronegativities of the valence orbitals used for chemical
bonding [96,97] and r, is a set of atomic radii modelling the spatial extent of these
orbitals. M;; is the Madelung contribution to the total potential, which is readily
evaluated as 1/R;; for a molecular compound or computed with an Ewald summation
for a crystalline network [98].

7 exp[2nh(x; —x; 72 |h}?
vy " o) o (B,
V h=ha* + kb* + he* %0 || K 1=ua+vb—we#0
x=xXa+yb+zc x=xa—yb+zc
erfe(Kl +x; —x; 2K
x Kil+x; ~xiD ——=08; with erfc(x)
+x; —x \&i

2 + co
e exp(—t?) dt
Va f .

Here, V is the unit-cell volume and K is an adjustable parameter ruling the con-
vergence speed of this double summation process.

Eq. (A.7) allows us to switch very quickly between a set of chemical parameters
(electronegativities, sizes and atomic spatial positions) and the associated partial
charge distribution ¢;. From this distribution, it is possible to define two electrostatic
balances (EB):

2

EB= Z Z M;;(K)(4,2)i(4:2);

827[60[ 1j=1
= Z 2 M,;(K) [A"Y(¢,2)i(g,2); kI mol 72,

one using the partial charge distribution ¢;, called the PEB (partial EB); and the
other called the FEB (full EB), using integral oxidation states z,. The ratio of these
two balances defines the global ionicity I of the structure: 1(%)=100VPEB/FEB.

The Madelung tensor M;; allows also to get a set of strictly positive numbers
fi=0%E[0q,0v;<>3pyuomoumo/ON, called frontier indexes [99], showing where the
variation of y, should be largest [100]:

e

= ﬁ+_1——ZMUfJ Vi=1,..,n and fjf,:l, (A-8)

47!60" 47{60 j=1
where 7 is the global hardness of the system, i.e. its HOMO-LUMO gap. The
evaluation of these frontier indexes will not be considered in this paper.
The charge distributions reported in this paper have all been computed with the
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following parametrization for oxygen atoms: xg =9.63 eV (electronegativity of 2p
atomic orbitals) and r, =73 pm (single covalent radius). Other electronegativity and
radii values are gathered in Table 12. Sometimes the partial charge ¢ of an atom
may be found to be greater than its maximum oxidation state z. In such a case, the
radius of the atom was reduced (i.e. we have increased its hardness) until the g=z
condition was met. We have not tried to make any further adjustments as we are
mainly interested in relative charge variations Ag/q rather than reproducing charge
distributions obtained by other methods. To obtain the charge distribution from a
crystalline or molecular structure, we have written C+ + software running under
the Microsoft Windows environment. This software is able to perform the following
tasks typically involved in any retrosynthesis:
(1) reading atomic coordinate files coming from crystal structure databases
(Cambridge FDAT, Karlsruhe TXT, Broohaven PDB and Home-made TXT);

Table 12

Electronegativities and atomic sizes used in this work for computing partial charge distributions. For
some atoms it has been necessary to adjust the size according to the crystalline environment in order to
avoid charges higher than the well-known maximum oxidation state of the element

Atom Mulliken electronegativity y (V) Size (pm)
H 7.176 37
Li 3.010 123
Be 2910 117-118
B 4.360 90
0 9.630 73
F 12.202 72
Na 1.640 112-154
Mg 2.310 145
Al 3.990 130
Si 7.295 118
Cl 9.350 99
K 1.620 140
Ca 2.110 163-198
Sc 5.620 144
Ti 5514 136
Mn 6.601 117
Fe 6.878 125
Cu 1.480 138
Y 3.410 162
Zr 4.500 148
Ag 1.340 153
Sb 5.080 138
Cs 1.480 140
Ba 1.810 177-192
Sm 1.960 162
Gd 2.020 162
Er 2.040 158

Yb 1.850 170
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(2) generating atomic fragments (up to 2500 atoms) from the imported crystal
structure and saving the coordinates for visualization;

(3) visualizing and manipulating the fragment on the computer screen, including
all the necessary functions for getting distances, angles and coordination spheres
composition;

(4) computing the Madelung tensor through direct summation (fragments) or using
the Ewald procedure (networks);

(5) solving a linear system of (n+/) equations to obtain the partial charges ¢; and
the mean electronegativity (x», knowing the Madelung tensor, and a set of
electronegativities and atomic radii; and

(6) producing an output file for a ray-tracing software for a good rendering of the
3D topologies of the fragments. All the drawings in this paper were made using
the “Bob” ray-tracing software written by Watkins et al. [101].
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