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Monoorganotin Oxo-Clusters :
Versatile Nanobuilding Blocks for
Hybrid Organic-Inorganic Materials

FRANCOIS O. RIBOT, CHRISTOPHE EYCHENNE-BARON and
CLEMENT SANCHEZ

Chimie de la Matiére Condensée (UMR 7574), Université P. et M. Curie, F-75252
Paris Cedex 05, France

The combination at the nanosize level of inorganic and organic components in a single mate-
rial makes accessible an immense new area of materials science. Among other soft chemistry
processes, sol-gel chemistry offers a versatile access to chemically designed new hybrid
organic-inorganic materials. Yet, it might be inappropriate to prepare “model” hybrid materi-
als, in which the structure of the organic and inorganic domains, together with those of their
interface, are perfectly defined. Such systems, required to understand, optimize, and control
the structure-properties relationship, can be altematively prepared by assembling
well-defined preformed inorganic nanobuilding blocks.

The molecular structures and syntheses of two types of organotin oxo-clusters,
{(RSn)|,04 4(OH)6]2+(X')2 (“Tin-12") and {RSnO(O,CR")}¢ (“Tin-67) are presented. Vari-
ous strategies to assemble them are discussed to illustrate the versatility of such nanobuilding
blocks in the synthesis of hybrid systems with iono-covalent or ionic organic/inorganic inter-
faces.

Keywords: monoorganotin oxo-clusters; hybrid organic-inorganic materials; 1195, NMR;
{(RSn)12014(OH)6] +; {RSnO(OZCR')}6

INTRODUCTION

Combining organic and inorganic components, over a length scale ranging
from a few Angstroms to a few tens of nanometers, the so-called hybrid
organic-inorganic materials have shown great potentialities in many
domains such as optics, protective coatings, microionics, membranes,
catalysis."! Very diverse systems can be considered as hybrid materials :
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organic molecules (e.g. dyes) embedded in inorganic glassy matrices,
siloxanes, interpenetrating organic and metal oxo-polymers, in siru
generated nanometric inorganic fillers in organic polymers, just to mention
few of them ; and therefore scientists of different communities are involved
in such a topic.

The interest for these materials lies in their dual nature which has
already offered improved or new properties."! Indeed, one can expect for
such materials properties which depend not only on their dual chemical
nature, but also on synergetic effects related to the very large and complex
organic/inorganic interface developed in these nanocomposites. The
nature of the interactions taking place at this interface has actually been
used to group in two main classes the very broad spectrum of hybrid
materials.™ Class I corresponds to all the systems where there are no
covalent or iono-covalent bonds between the organic and inorganic
components. In such materials, the various components only exchange
interactions such as van der Waals forces, hydrogen bonding or
electrostatic attraction. On the contrary, in class Il materials, at least part of
the organic and inorganic components are linked through strong chemical
bonds (covalent or iono-covalent).

Several hybrid materials, such as polysilsesquioxanes (T-resins)”,
have been known and used for a long time, yet a tremendous increase in
the variety and complexity of the combinations between organic and
inorganic components has appeared over the last decade."! The synthesis
of most of these new systems has been made possible following "soft
chemistry” approaches such as sol-gel process,”” in which the inorganic
polymerization, initiated by hydrolysis, of molecular precursors, such as
metal alkoxides," in organic solvents and at very moderate temperatures,
allows the synthesis of metal oxo/hydroxo-polymers. Chemical parameters
such as the hydrolysis ratio, the use of complexing ligands or catalysts (H',
nucleophile) allow the control of the reactions involved in inorganic
polymerization. The outcomes can be as different as metal oxo-clusters,
colloidal solutions (sols) or gels.” In this later case, the three-dimensional
extension of some of the metal oxo-polymers reaches a macroscopic size
trapping the solvent and smaller inorganic polymers, what results in highly
visco-elastic systems.™” Originally this process was, and still is, used to
prepare purely inorganic materials, such as glasses or multi-component
ceramics, by firing dried sols or gels.** Yet, the fairly mild chemical and
thermal conditions under which a mineral framework can be generated up
to the sol or gel state make the all process compatible with most of the
organic components, from small molecules to polymers."”! Inorganic and
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organic polymerizations can even be performed at the same time, allowing,
when both components exhibit a good affinity, interpenetration of both
polymers at an almost molecular level™*™ The rheology of sols or gels is
also a definite advantage as it generally allows one to shape hybrid systems
into fibers, films or monolithic pieces, what clearly gives a status of
materials.®™ In this solution process, the final drying, during which the
solvent is removed, should also be paid much attention as chemical
reactions are generally not fully completed at this stage™ and stresses
induced by capillary pressure can result in the formation of cracks in the
final materials.”

Despite the clear advantages of sol-gel process to design new hybrid
materials, some drawbacks can be mentioned. These materials generally
exhibit rather ill-defined nanostructures which likely arise from size
polydispersity and composition fluctuations in the components. Moreover,
the control of the interactions taking place at the organic/inorganic
interface can be difficult to achieve, especially in class I materials. Alf this
has of course not limited the preparation of many hybrid materials relevant
to specific applications, yet, the understanding of the structure-properties
relationship might have suffered from it. Model hybrid materials of fairly
well-defined composition and nanostructure are therefore of academic
importance.

One way to achieve some contro} over the growth and morphology
of inorganic materials, obtained from molecular precursors, is the use of
organic templates which self organize into complex structures.” An other
possible approach can be found in a two steps process where perfectly
well-defined inorganic or already hybrid entities, named building blocks,
are first prepared and then assembled in a controlled way.” For this goal,
metal oxo-clusters represent versatile building blocks in the nanometric
size domain, as exemplified by the materials build from the [RSiO, ],
cubane type derivatives.” Two important points should be kept in mind in
this approach : i) the existence on the building blocks of at least one
function which will allow one to assemble, or even better self assemble,
these discrete species into a material, ii) the structural stability of the
building blocks all along the process. Actually, this strategy is somehow
closely related to the approach classically used in polymer science: the
synthesis of complex monomers, from basic chemicals, followed by a
controlled polymerization step.

On an academic point of view, tin based compounds are interesting
for hybrid organic-inorganic materials as tin gathers several chemical
features. Tin and sp’-carbon form fairly stable covalent bonds which allow
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an access to class II materials. Tin shares this feature with silicon which is
the most studied element for hybrid materials. Moreover, tin shares also
with many elements, whose oxides are of great industrial relevance (Ti, Zr,
Al, etc.), some chemical behaviors such an easy expansion of its
coordination number above its valence and a good affinity for many
complexing ligands (carboxylate, B-diketonates, etc.) which are commonly
used to chemically link the organic and inorganic components in class Il
hybrid materials when the metal centers form too ionic bonds’ with carbon
(e.g. transition metals)."® Finally for characterization, tin derivatives can
be efficiently probed by solution or solid state NMR (*Sn or "'Sn
isotope),!""! what is of paramount importance to follow a process all the way
from the precursors to the final materials.

With the concern of a nanobuilding blocks approach to hybrid

" organic-inorganic materials, many monoorganotin clusters of known

molecular structure """ could be used as long as they possess an

assembling function. In this paper, examples based on two oxo-clusters,
the "Tin-12" {(RSn),,0,{OH)}*'(X"), and "Tin-6" {RSnO(O,CR")},, will be
discussed. First, their molecular structure and syntheses will be presented,
then, various strategies to assemble them will be illustrated. It is interesting
to note that the possible use of "Tin-6" clusters to prepare novel materials
was already briefly mentioned 6 years ago by K.C. Kumara Swamy et al.'""

STRUCTURE AND SYNTHESES OF THE NBB

The "Tin-12" Oxo-Hydroxo-Cluster

The first description of a "Tin-12" was made by H. Puff and H. Reuter
when they published the structures of {(Pr'Sn),,0,,(OH)]Cl, L with
L =3H,0. 2DMF and 4H,0-4DMPU."*  Since, the structures of
{(BuSn),,0,,(OH)}Cl, -2H,0,"" {(BuSn),,0,(OH),}(OH), -4HOPr'"" and
{(BuSn),,;0,,(OH)}(PTS), -Diox"* (PTS : 4-(CH;)C(H,SO;) have been
reported. All these compounds are based on the same "Tin-12" oxo-
hydroxo-organotin core which is represented in Figure 1. The cluster core
is almost spherical and contains twelve tin atoms linked by p;-O and p,-OH
bridges. All the organic moieties bound to a tin point toward the outside
of the Sn-O-Sn framework. Six tin atoms are five-coordinate (square
pyramid) and the six others are six-coordinate (distorted octahedra). The
M.-OH bridges are only bound to the latter. This cluster can be described
by considering three subunits. The first one is a hexameric crown,
“[RSn0,)¢", which contains only five-coordinate tin atoms. The two others
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are trimers, "[RSn(OH)},0", based on six-coordinate tin atoms. The
complete oxo-cluster framework is obtained by capping each side of the
crown by a trimer. It is of importance to note that this cluster is a dication.
The hydrogen bonds observed in the all structures, solved by single crystal
X-ray diffraction, between the charge compensating anions and the
bridging hydroxy groups, likely indicates that the 2+ charge is equally
located at both cage poles, formed by the "[RSn(OH)],0" trimers. It is
interesting to note that this molecular structure is also found for other
metal oxo-clusters : {(PrOTi),,0,,(0Pr'),} " and {(VO),,0,,F,(OH)}*.2"

FIGURE 1 - Molecular structure of {{RSn),(i1;-0),4(1,-OH)s}** (only the carbon
atoms directly bound to tin have been drawn).

Different crystalline compounds based on the "Tin-12" cluster have

been studied by solid state "Sn NMR as they represent interesting

references.!™ ¥ Figure 2 presents the '“Sn MAS NMR spectra of
{(BuSn),,0,,(OH);}(OH), -4HOPr' and {(BuSn),;0,(OH),}(PTS), -Diox.
These spectra exhibit many resonances but most of thcm are spinning side
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bands, even at a rotation of 13 kHz on a 300 MHz spectrometer, and can
be fully simulated by only considering chemical shift anisotropy
(Fig. 2).1"1! Moreover, the simulation step allows the relative
quantification  of each site. Thus, '"Sm MAS NMR on
{(BuSn),,0,,(OH),}(OH), -4HOPr' shows only four unequivalent
environments for tin: two at high frequency corresponding to five
coordinate and two at low frequency to six-coordinate.” An equal
amount of each coordination is observed as well as a 2:4 population ratio
inside each coordination, in agreement with the inversion center and
pseudo mirror plane which are present in the crystalline structure.”” The
difference in isotropic chemical shift is larger for the six-coordinate
environments as they are more directly influenced by the localization of
the charge compensating hydroxyl groups which are hydrogen bond to a
unique p,-OH bridge at each pole!'™ For {(BuSn),,0,(OH),}(PTS), - Diox,
"*Sn MAS NMR shows an equal amount of five and six-fold coordination,
but each split in three sites."™ This result agrees again with the only
centrosymmetric character of the structure. In this compound some of the
five-coordinate tin atoms exhibit a donor-acceptor interaction with the
oxygen atoms of the 1,4-dioxane molecules, what makes them more
shielded."™ Here, on the contrary to {(BuSn),,0,,(OH),}(OH), -4HOPY,
each p,-OH bridge at the cage poles is hydrogen bonded to an oxygen
atom of the sulfonate anions, making therefore the environments of the
six-coordinate tin atoms very similar and, thus, the differences of their
isotropic chemical shifts are quite small."™ These two examples show that
"Sn MAS NMR can not only evidence the presence of "Tin-12" clusters,
but also clarify the interactions that these dications exchange with their
charge compensating anions or with other surrounding molecules.

The '"Sn NMR is also very informative on the behavior of "Tin-12"
based compounds in solution."*™®*'  The '""Sn NMR spectra of
{(RSn),,0,(OH),}X, present only two narrow resonances: one for five
coordinate tin atoms at high frequency and one for six-coordinate at low.
frequency. Each resonance is flanked by satellites which arise from g, g,
couplings correlated to the different connection paths existing between two
adjacent tin atoms in the molecular structure of the "Tin-12" dications.
Therefore, '"°Sn NMR indicates that the cluster framework is fully
preserved in solution. Moreover, the presence of only two resonances
indicates that structural constraints of the solid state have been released in
solution, giving to the "Tin-12" clusters a Dy, symmetry.'*"****  Yet, the
species characterized in solution, at least in solvents of low dielectric
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(a) {(BuSn),,0,,(OH), }(OH), -4HOPr* and (b) {(BuSn),,0,,(OH),}(PTS), *Diox, at

111.9 MHz with v,s = 13 kHz (isotropic resonances are pointed with arrows).
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constant, are not free dications but ions triplets {(BuSn),0,,(OH)}X,.
Indeed, different charge compensating anions can lead to different
chemical shifts, especially for the six-coordinate tin atoms which are closer
to the cage poles.'*"™ "% The '"Sn chemical shifts in solution are also in
very good agreement with the averages of the isotropic chemical shifts
measured in the solid state, where the anions are known to be hydrogen
bond to the cage poles.!"™™**  Finally, a 2D *P-'H HOESY NMR
experiment performed on {(BuSn),,0,(OH),}(O,PPh); has shown that, in
CD,Cl,, the diphenylphosphinates were almost as close as they could come
to the cage poles.”™

Several syntheses of the "Tin-12" cluster have been described. They
are of two types: hydrolysis-condensation of organotin molecular
precursors (eq. 1-2) "*'*"* or condensation of oxo-hydroxo-organotin

polymers in the presence of sulfonic acid (eq. 3).1"**"
RSnCl, —LOKOM , 1(RSn),,0,,(OH))CI, (1)
RSnX; —122 5 {(RSn),;0,4(OH)4}(OH), (2)

X = OR' or C=C-R'
RSnO(OH) —H%SR_, ((RSn);,0,4(OH)4}(O;5SR'), (3)

The two first reactions are fast and take place at room temperature,
while the third one has to be performed at the reflux of toluene for two
days. These differences arise from the higher reactivity of soluble
molecular precursors compared to almost insoluble polymer species. The
yield and the charge compensating anions depend on the precursor and
reaction involved. The simple characterization of the crude reaction
products by solution '°Sn NMR generally seems to indicate that the "Tin-
12" cluster is always the only formed species. Yet, quantitative solution
"Sn NMR, solid state '""Sn MAS NMR, size exclusion chromatography
and crystallization yields are all in agreement with the simultaneous
formation of ill-defined soluble organotin oxo-polymers."***#! These
latter species have not been yet clearly characterized but they seem mostly
based on six-coordinate tin atoms. Therefore, the preparation of pure
"Tin-12" based compounds by the reactions described above always
required a crystallization step to eliminate these oxo-polymers.

Exchanging the charge compensating anions can also offer an access
to other "Tin-12" compounds.”*** The various studies performed on
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butyltin derivatives show that hydroxyl are the more versatile starting
anions (eq. 4).

{(BuSn),;0,4(OH)4 }(OH), + 2HY

—2H0 , {(BuSn);,0,,(OH)}Y, @

for Y =RSO;, CI', RCO,, R,PO;”

This reaction is total, yet with the more complexing anions (RCO;, R,PO,)
the stoichiometry has to be carefully controlled as an excess of acid results
in the formation of other clusters such as [BuSnO(O,CR)], or
{[BuSnOH(O,PR,)};,0}(0O,PR,).!"***!  On the contrary, when "Tin-12"
compounds with anions related to strong acids are used as starting
materials (X = CI” or R'SOy"), two equivalents of a weaker acid do not allow
exchange but already lead to the partial cleavage of the cluster by
nucleophilic complexing ligands (eq. 5-5')./2%"

{(BuSn)nON(OH)(,}Xz + 2H02CR

—— 4 {BuSnO(0,CR)},
+ 7 {(BuSn);;0,,(OH)4}X, +3HX ©)

{(BuSn)nO”(OH)(,}Xz + ZHOZPRZ
' ——  3{[BuSnOH(O,PR,)];0}(0,PR,)
+ 2{(BuSn);; 0, (OH)}X, + IHX (5"

Interestingly, as {(BuSn),,0,(OH).}(PTS), is easily prepared in large
quantities,”"" exchanging the p-toluenesulfonates by hydroxyl anions is

possible upon reaction with tetramethylammonium hydroxyde (eg. 6).*"
{(BuSn),,0,4(OH)G}(PTS), + 2 (CH;)NOH
—HOP , ((BuSn),,0,,(OH)}(OH), (6)

Exchange reactions can also allow the association of "Tin-12"
clusters with inorganic polyanions (e.g. vanadates). Insoluble amorphous
solids were obtained by reacting, in a dichloromethane/water two phases
system, {(BuSn),0,(OH)}Cl, with MVO; (M: Na", K’, NH,"). These
solids in which the clusters framework is fully preserved correspond to the
formula {(BuSn),,0,,(0OH),}V,0,.""

The "Tin-12" based compounds exhibit enough physical and
chemical stability in many organic solvents to be considered as possible
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nanobuilding blocks. Their functionalization, needed for their assembling,
will be discussed along with the assembling strategies (vide infra).

The "Tin-6" Oxo-Carboxylate-Cluster

The “Tin-6" compounds are among the many organotin oxo-clusters
where complexing ligands are directly bound to tint'¥  The first
description of this molecular structure was made on a phenyltin derivative,
{PhSnO(0,CC.H,))}s, obtained serendipitously.”  Since, several other
monoorganotin derivatives, mainly butyltin, have been proved to adopt the
same oxo-carboxylato framework which is presented in Figure 3."*" This
molecular structure, where all tin atoms are six-coordinate (distorted
octahedra), exhibits a hexagonal prismatic or "drum" arrangement made of
two interconnected "[Sn-O}," rings in which all the oxygen atoms are triply
bridging. The carboxylate groups are located on the six side square faces
of the "drum”, each bridging two tin atoms. This results in a fairly
anisotropic overall shape as the six carbons atoms of the carboxylates are
almost coplanar, while the organic moieties bound to tin point outside the
top or bottom hexagonal faces of the "drum". More recently, this "drum"
structure was reported for two oxo-carboxylato-alkoxides, one of tin and
one of titanium : {(BuOSn)0(0,CCH,)}:," and {(PrOTI)O(0,CH)},.

Sn (CN=6)

FIGURE 3 - Molecular structure of {RSn(p;-O)(1,-O,CR") )¢ (only the carbon atoms
bound to a tin or a carboxylate group have been drawn).
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The molecular structure of {RSnO(O,CR")}, is preserved in solution
as easily evidenced by '"Sn NMR experiments."***! These clusters are
characterized by a single chemical shift, around -485 ppm for butyltin
derivatives, flanked by coupling satellites which mainly consist in two pairs.
The two different *Jg, s, couplings arise from two different connection paths
in the cluster: inside a "[Sn-O);" hexagonal face and inside a "[Sn-O),"
square face. As for the "Tin-12" clusters, the solution state releases, likely
through the “breathing” of the Sn-O-Sn framework, the structural
constraints of the solid state and gives to the "Tin-6" clusters a Dy
symmetry.

Two main syntheses of "Tin-6" clusters have been reported : the
condensation of oxo-hydroxo-organotin polymers (organostannonic
acids) with carboxylic acids (eq. 7) """ and the condensation of "Tin-12"
clusters also with carboxylic acids (eq. 8).1'%**

6 RSnO(OH) + 6 R"CO,H —— {RSnO(0,CR')}, €))]

{(RSn);,0,4(OH)¢}X, + 12R'CO,H
— > 2{RSnO(0,CR")}¢ + 10H,0 + 2HX  (8)
X = OH, CI', R"SO;”

The first reaction is usually performed at the reflux of a non-polar solvent
for several hours, while the second takes place within few minutes at room
temperature. This difference is likely not related to the oxolation degree
which is equal to 1 in RSnO(OH) and {RSnO(O,CR")}, and to 6/7 in the
"Tin-12" clusters but to the much higher solubility of these latter compared
to organostannonic acids.

In reaction 8, when the anions are chlorides or hydroxyls the by-
products (HCl and/or H,0) are easily eliminated allowing one to recover
quantitatively the "Tin-6" cluster. Yet, in some cases, such as R =Bu,
X = OH" and R' = C(CH,)=CH, or 4-(CH,=CH)CH,, this reaction produces
only an insoluble compound which exhibits the same chemical
composition but is characterized by a single '’Sn isotropic chemical shift
of -515 ppm. The structure of this compound is so far unknown nor what
orients the outcome of reaction 8.

"Tin-6" clusters represent an other type of nanobuilding blocks, in
which the carboxylate groups could be used to provide the assembling
functions (vide infra).
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STRATEGIES TO ASSEMBLE THE NBB

Several strategies can be considered to assemble monoorganotin oxo-
clusters into hybrid materials. This variety illustrates the versatility of tin in
such an approach. They will be presented according to the way the
assembling functions can be bound to the nanobuilding blocks.

Sn-C Bond

As for silicon, the stability of the Sn-C(sp’) bonds offers a direct access to
class II hybrid materials. Yet, for the nanobuilding blocks approach, the
organic moiety bound to tin should exhibit an assembling function which
can be subsequently triggered to chemically connect the NBB with
themselves or through additional spacers.  Unfortunately, very few
functional monoorganotin compounds are known so far.”**

Such a case was partially achieved with a 3-butenyltin (BySn)
functionalized NBB, {By,Bu,,,Sn,,0,(OH)}X,, prepared by co-
hydrolysing BySn(OAm'"), and BuSn(OAm'),.*" Yet, and contrary to what
was previously reported, no sign of homopolymerization was clearly
evidenced under free radical initiation. This result is likely due to the poor
reactivity of alkenes under such conditions. More efficient polymerization
processes for alkenes, such as a Ziegler-Natta type catalysis, might however
be incompatible with the chemical nature of "Tin-12" clusters.

Assembling these 3-butenyl functionalized "Tin-12" clusters by
hydrosylilation with a poly(methylhydrosiloxane) spacer was also
unsuccessful as side reactions between Si-H and Sn-O-Sn or Sn-OH-Sn
results in the destruction of the "Tin-12" based-nanobuilding blocks.™

This strategy remains very attractive but -requires more reaclive
assembling functions. "Tin-12", "Tin-6" or any other monoorganotin
based nanobuilding blocks deriving from 4-(H,C=CH)CH,(CH,),Sn= or
CH,;HC=CHCO,(CH,),Sn= moieties should meet these criteria.**!

Complexing Ligand
The good affinity of tin for various complexing ligands provides an other
possible organic/inorganic interface. This type of connections is typically
achieved in "Tin-6" clusters."”

{BuSnO(O,CC,H,NH,)}, can be prepared by using p-aminobenzoic
acid in reaction 7 or 8.""" This "Tin-6" cluster exhibits on its periphery 6
amino functions amenable to subsequent reactions. For further
functionalization or connection of the clusters, one possible choice is the
clean and efficient formation of a urea bridge upon reaction with an
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isocyanate (eq. 9)."® This reaction was shown perfectly compatible with the
cluster.”””

{BuSn(0,CC4H,NH,)} + 60=C=N-R
THF/Reflax_, {BuSn(0,CC4H,NHCONHR)}, 9)

The reaction with OCN(CH,),Si(OEt), affords in quantitative yield a "Tin-
6" oxo core with 18 peripheral ethoxy functions amenable hydrolysis-
condensation.”” This functionalized nanobuilding block could be used to
prepared, by sol-gel process, silica based materials in which the pore size
could be controlled by a templating effect."**”

Assembling was also evidenced by the formation of insoluble
systems, within a few hours, upon reacting {BuSnO(0,CCH,NH,)}, with
commercial diisocyanates, 1,4-(OCN),CiH, or OCN(CH,)NCO.”" The
resulting urea bridges were clearly evidenced by “C CP MAS and '*Sn
MAS NMR (Fig. 4) shows that the "Tin-6" oxo-cores are fully preserved in
the solid. The hexa functionality of the nanobuilding blocks results in an
important cross-linking, likely responsible of the insolubility, even though
some amino groups might have not reacted because of steric constraints.

The simultaneous synthesis and assembling of "Tin-6" oxo-cores was
also  attempted, unsuccessfully, using a  poly(ethyleneglycol)
bis(carboxymethyl) ether, HO,CCH,(OCH,CH,),OCH,CO,H (<n>=2.75;
M,=250 g/mol) in reaction 8.  The addition of 6 -equivalents
(-CO,H/8n=1) of diacid on {(BuSn),,0,,(OH),}{OH), yielded an insoluble
system, but "Tin-6" oxo-cores were not evidenced by '"Sn MAS NMR.
Instead, the unknown species characterized by an isotropic chemical shift
of -515 ppm was observed (vide supra). This result likely arose from the’
impossibility of the "Tin-6" oxo-cores to be formed when telechelic
complexing ligands reduce the mobility of the species. Moreover, it
illustrates the need of a step by step process in the nanobuilding blocks
approach.

Cation-Anion_Interaction

In addition to a possible use of the organic groups covalently bound to tin
(vide supra), the charged cage-poles in "Tin-12" clusters represent two
intrinsic assembling or functionalization points. Indeed in solution, its
charge compensating anions remain in contact with the cluster (vide supra)
and should allow one to develop hybrid systems with an organic/inorganic
interface based on electrostatic interactions.
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FIGURE 4 - '"Sn MAS NMR spectra of (a) {BuSnO(0,CCH,NH,)},. (b) after
reaction with 3 equivalents of 1,4-(OCN),CH, and (c) after reaction with 3
equivalents of OCN(CH,)(NCO (at 111.9 MHz and v,,,s = 13 kHz, isotropic
resonances are pointed with arrows).

This strategy was used to functionalize {(BuSn),,O,((OH),}*" with
polymerizable anions : methacrylates (Mc) ! or 2-acrylamido-2-methyl-
l-propanesulfonate  (AAMPS)."™  {(BuSn),;0,,(OH),}(Mc), does not
homopolymerize with free radical initiation, but can be co-polymerized
with methylmethacrylate. This latter case yields soluble products indicative
of a substantial absence of cross-linking originated from the difunctional
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hybrid comonomer. Spectroscopic characterizations seem to indicate that
termination of the growing poly(MMA) chains occurs upon the addition
of a {(BuSn),,0,(OH),}(Mc), unit. Thus, linear polymers containing only
one cluster and two poly(MMA) chains are preferentially formed."*"

On the contrary, {(BuSn),;0,(OH),}(AAMPS),, in which the
polymerizable functions are more remote from the oxo-core,
homopolymerizes under free radical initiation.” The characterizations
performed on the insoluble part allow one to describe this hybrid system as
made of short poly(AAMPS) chains cross-linked by "Tin-12" clusters via
electrostatic interactions.

This cation-anion interaction can also be used to directly assemble
"Tin-12" dications with polyanionic spacers. Such an approach has been
exemplified by reacting, in THF, {(BuSn),,0,,(OH),}(OH), with only one
equivalent of a a,w-dicarboxylic acid (eq. 4).****" Elimination of the water
upon drying results in hybrid co-polymers which correspond to the
formula [{(BuSn),,0,(OH),}(0,C-R-CO,)], and exhibit a beads structure.
Depending on the nature of the spacer, insoluble (R : (CH,),, (CH,),, 1.4-
C.H,) or soluble (R : CH,(OCH,CH,),0CH, with <n>=2.75 or 11.3) systems
were obtained. The soluble ones present a definite advantage for materials
processing and thin films were obtained by classical deposition techniques
such as spin-coating. From the solid state '°Sn MAS NMR and IR spectra
of these systems, and by comparison with the crystalline structure of
{[BuSn(OH)(O,PPh,)1,0}*(0,PPh,),"" whose cationic trimeric unit is
almost identical to a "Tin-12" cage pole, a geometry was proposed for the
interaction taking place between the "Tin-12" clusters and the
carboxylates : one oxygen of the carboxylate interacts with one bridging
hydroxy, while the other oxygen interacts with the two other bridging
hydroxy present at the cage pole.'

CONCLUSION

Several functionalization and assembling strategies have been illustrated
with two monoorganotin oxo-clusters, a "Tin-12" and a "Tin-6". These
different examples likely show the versatility of tin clusters to prepare, by
the nanobuilding blocks approach, model hybrid materials with various
organic/inorganic interfaces : iono-covalent (Sn-C or Sn-Carboxylate) and
purely ionic (cluster’&anion).

Work remains to be done to indeed make materials out of these
systems and study their properties. Moreover, the polyfunctional nature of
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these clusters generally leads to highly cross-linked systems which can be
difficult to process. Preparative routes in which the functionality of the
clusters could be perfectly adjusted, while avoiding the mixture of several
species, represent a future challenge.

ACKNOWLEDGMENTS

The authors wish to acknowledge many people for their participation in
this work: N. Desgardin, G.Kehr, T.Lalot, J. Maquet, S. de Moredon,
C. Parussolo, E.Sabbah, N. Steunou, J. Vaiserman, A. Vielliard. The
authors (F.R., C.S.) are indebted to the European Union Program "Human
Capital and Mobility" for financial support (contract ERBCHRX-CT-94-
0610).

References

[11 (a) B.M. Novak, Adv. Mater. 5,422 (1993). (b) Proceeding of the First European Work-
shop on Hybrid Organic-Inorganic Materials, (Eds.: C. Sanchez, F. Ribot), New J.
Chem. 18 (1994). (c) U. Schubert, N. Hising, A. Lorenz, Chem. Mater. 7,2010 (1995).
(d) D.A. Loy, K.J. Shea, Chent. Rev. 95, 1431 (1995). (e) J. Sol-Gel Sci. Tech. 5(2)
(1995). (f) P. Judenstein, C. Sanchez, J. Mater. Chem. 6, 511 (1996). (g) Matériaux
Hybrides, Serie Arago 17, Masson, Paris (1996). (h) C. Sanchez, F. Ribot, New J.
Chem. 18, 1007 (1994). (i) U. Schubert, J. Chem. Soc., Dalton Trans. 3343 (1996). ()
Hybrid Organic-Inorganic Composites, (Eds.: LE. Mark, C.Y.C, Lee, P.A. Bianconi),
American Chemical Society, Washington, DC (1995). (k) Better Ceramics Through
Chemistry VII : Organic/Inorganic Hybrid Materials, (Eds.: B.K. Coltrain, C. Sanchez,
D.W. Schaefer, G.L. Wilkes), Mater. Res. Soc. Symp. Proc. 433, Materials Research
Society, Pittsburgh, PA (1996). (1) Sol-Gel Optics Processing and Applications, (Eds.:
L.C. Klein), Kluwer Academic, Boston, MA (1994). (m) Y. Chujo, T. Saegusa, Adv.
Polym. Sci. 100, 11 (1992). (n) A. Morikawa, Y. Iyoku, M. Kakimoto, Y. Imai J. Mater.
Chem. 2, 679 (1992). (o) Organic/Inorganic Hybrid Materials, (Eds.: RM. Laine, C.
Sanchez, C.J. Brinker, E. Giannelis), Mater. Res. Soc. Symp. Proc. 519, Materials
Research Society, Warrendale, PA (1998). (p) Sol-Gel Optics 11l (Eds.: 1.D. Macken-
zie), Proc. SPIE 2288, Washington, DC (1994).

[2] (a) L.H. Vogt, I.E Brown, Inorg. Chem. 2, 189 (1963). (b) J.F. Brown, L.H. Vogt, P.I.
Prescott, J. Am. Chem. Soc. 86, 1120 (1964). (c) R.H. Baney, M. Itoh, A. Sakakibara, T.
Suzuki, Chem. Rev. 95, 1409 (1995).

{31 (a) C.J. Brinker, G.W. Scherrer, Sol-Gel Science, The Physics and Chemistry of Sol-Gel
Processing, Academic Press, San-Diego, CA (1990). (b) J. Livage, M. Henry, C.
Sanchez, Prog. Solid State Chem. 18, 259 (1988). (c) C. Sanchez, F. Ribot, S. Doeuff,

" Inorganic and Qrganometallic Polymers with Special Properties, (Eds.: R.M. Laine),
NATO ASI Serie 206, Kluwer, New York, NY (1992), p.267.

[4] (a) D.C. Bradley, R.C. Mehrotra, D.P. Gaur, Metal Alkoxides, Academic Press, London
(1978). (b) L.G. Hubert-Pfalzgraf, New J. Chem. 11, 663 (1987). (d) Polyhedron 17(5-
6), 623 (1998).

[5] (a) P. Audebert, P. Hapiot, P. Griesmar, C. Sanchez, J.Mater. Chem. 1, 699 (1991). (b)
B. Cabane, M. Dubois, R. Duplessix, J. Phys. 48,2131 (1987).

[6) J. Sol-Gel Sci. Tech. 8(1/2/3)(1997).

[7]1 p.453inref. 3a.



14: 22 28 January 2011

Downl oaded At:

[8]

91

[10]

[11]

[12]
[13]
(14]
[15]
{16]

(17]
(18]

{19]
[20]
[21]

(22]
(23]

[24)
(251
[26]

MONOORGANOTIN OXO-CLUSTERS FOR HYBRID MATERIALS 57

(a) S. Mann, S.L. Burkett, S.A. Davis, C.E. Fowler, N.H. Mendelson, S.D. Sims, D.
Walsh, N.T. Whilton, Chem. Mater. 9, 2300 (1997). (b) S. Mann, G.A. Ozin, Nature
382, 313 (1997). (¢) Q. Huo, D.I. Margolese, U. Ciesla, D.G. Demuth, P. Feng, T.E.
Gier, P. Sieger, A. Firouzi, B. Chmelka, F. Schiith, G.D. Stucky, Chem. Mater. 6, 1176
(1994). (d) M. Antonietti, C. Goltner, Angew. Chem. Int. Ed. Engl, 36,910 (1997).

(a) F. Ribot, C. Sanchez, Comm. Inorg. Chem. (1998) in press. (b) 1.D. Lichtenhan,
Comm. Inorg. Chem. 17, 115 (1195). (c) A. Sellinger, R.M. Laine, Chem. Mater. 8,
1592 (1996). (d) D. Hoebbel, K. Endres, T. Reinert, H. Schmidt, Mater. Res Soc. Symp.
Proc. 346, 863 (1994). () I. Hasegawa, J. Sol-Gel Sci. Tech. 5,93 (1995). (f) P. Judein-
stein, Chem. Mater, 4, 4 (1992).

(a) R.C. Mehrotra, R. Bohra, D.P. Gaur, Metal -diketonates and Allied Derivatives,
Academic Press, London (1978). (b) R. Na8, H. Schmidt, Sol-Gel Optics I, (Eds.: J.D.
Mackenzie, D.R. Ulrich), SPIE 1328, Washington, DC (1990), p.258. (c) A.L.
Surovov, S.S. Spasskii, Proc. Acad. Sci. USSR 127,615 (1959). (d) 1. Valente, C.
Sanchez, M. Henry, J. Livage, Industrie Céramique 836, 193 (1989). (e) C. Sanchez,
M. In, J. Non-Cryst. Solids 147-148, 1 (1992). (f) M. In, C. Gérardin, J. Lambart, C.
Sanchez, J. Sol-Gel Sci. Tech. 5,101 (1995). (g) U. Schubert, E. Arpac, W. Glaubitt, A.
Helmerich, C. Chau, Chem. Mater. 4, 291 (1992). (h) C. Barglik-Chory, U. Schubert, J.
Sol-Gel Sci. Tech. 5, 135 (1995). (i) M. Chatry, M. Henry, M. In, C. Sanchez, . Livage,
J. Sol-Gel Sci. Tech. 1, 233 (1994). (j) C. Sanchez, M. In, P. Tolédano, P. Griesmar,
Mater. Res. Soc. Symp. Proc. 271, 669 (1992). (k) L.G. Hubert-Pfalzgraf, N. Pajot, R,
Papiemik, S. Parraud, Mater. Res. Soc. Symp. Proc. 435, 137 (1996). (1) D. Hoebbel, T.
Reinert, H. Schmidt, Mater. Res. Soc. Symp. Proc. 433, 461 (1996).

(a) F. Kayser, M. Biesemans, M. Gielen, R. Willem, Advanced Applications of NMR to
Organometallic Chemistry (Eds.: M. Gielen, R. Willem, B. Wrackmeyer), Wiley
(1996), p.45. (b) B. Wrackmeyer, Advanced Applications of NMR 10 Organometallic
Chemistry (Eds.: M. Gielen, R. Willem, B. Wrackmeyer) , Wiley (1996), p.87. (c) A.
Sebald, Advanced Applications of NMR to Organometallic Chemistry (Eds.: M. Gielen,
R. Willem, B. Wrackmeyer), Wiley (1996), p.123. (d) R.K. Harris, S.E. Lawrence,
S.-W. Oh, J. Molec. Struct. 347, 309 (1993). (¢) F. Ribot, C. Sanchez, A. Meddour, M.
Gielen, ER.T. Tiekink, M. Biesemans, R. Willem, J. Organomet. Chem. 552, 177
(1998).

R.R. Holmes, Acc. Chem. Res. 22, 190 (1989).

H. Puff, H. Reuter, J. Organomet. Chem. 368, 173 (1989).

H. Puff, H. Reuter, J. Organomet. Chem. 373, 173 (1989).

H. Reuter, Angew. Chem. 103, 1487 (1991).

D. Daktemieks, H. Zhu, E.R.T. Tiekink, R.J. Colton, J. Organomet. Chem. 476, 33
(1994).

F. Banse, E Ribot, P. Tolédano, J. Maquet, C. Sanchez, Inorg. Chem. 34,6371 (1995).
C. Eychenne-Baron, F. Ribot, N. Steunou, C. Sanchez, F. Robert, M. Biesemans, R.
Willem, Organomet. (submitted).

K.C. Kumara Swamy, S. Nagabrahmanadaraci, Phosphorus Sulfur 65,9 (1992).

(a) V.W. Day, T.A. Eberspacher, W.G. Klemperer, C.W. Park, J. Am. Chem. Soc. 115,
8469 (1993). (b) N. Steunou, F. Robert, K. Boubeker, F. Ribot, C. Sanchez, Inorg.
Chem. Acta 279, 144 (1998).

A. Miiller, R. Rohlfing, E. Krickemeyer, H. Bogge, Angew. Chem. Int. Ed. Engl. 32,
909 (1993).

H. Reuter, A. Sebald, Z. Naturforsch. 48b, 195 (1992).

F. Ribot, C. Sanchez, R. Willem, J.C. Martins, M. Biesemans, Inorg. Chem. 37, 911
(1998).

C. Eychenne-Baron, F. Ribot, C. Sanchez, J. Organomet. Chem. 567, 137 (1998).

F. Ribot, F Banse, F. Diter, C. Sanchez, New J. Chem. 19, 1145 (1995).

P. Jaumier, B. Jousseaume, M. Lahcini, FE. Ribot, C. Sanchez, Chem. Commun, 369
(1998).



14: 22 28 January 2011

Downl oaded At:

58

[27]
[28]

(29]
[30]
(31]

[32]
[33]

[34]
{35]

[36)
(37]

[38)

(39]

[40]

[41]

FRANCOIS O.RIBOT et al.

F. Ribot, C. Eychenne-Baron, G. Kehr, unpublished results.

F. Ribot, C. Eychenne-Baron, C. Sanchez, Organic/Inorganic Hybrid Materials, (Eds.:
R.M. Laine, C. Sanchez, C.J. Brinker, E. Giannelis), AMater. Res. Soc. Symp. Proc. 519,
Materials Research Society, Warrendale, PA (1998), p.29.

V. Chandrasekhar, R.O. Day, R.R. Holmes., Inorg. Chem. 24, 1970 (1985).

E.R.T. Tiekink, Appl. Organomet. Chem. 5,1 (1991).

J. Caruso, M. Hampden-Smith, A. Rheingold, G. Yap, J. Chem. Soc., Chem. Commun.
157 (1995).

T.J. Boyle, T.M. Alam, C.). Tafoya, B.L. Scott, Inorg. Chem. 37, 5588 (1998).

B. Jousseaume, M. Lahcini, M.-C. Rascle, F. Ribot, C. Sanchez, Organomer. 14, 685
(1995).

E Ribot, F. Banse, C. Sanchez, Mater. Res. Soc. Symp. Proc. 346, 121 (1994).

F. Banse, PhD Thesis, P. and M. Curie University (1995).

D.P.N. Satchell, R.S. Satchell, Chem. Soc. Rev. 4,231 (1975).

(a) R.J.P. Corriu, J.J.E. Moreau, P. Thepot, M. Wong Chi Man, Chem. Mater. 8, 100
(1996). (b) R.J.P. Corriu, J.J.E. Moreau, P. Thepot, M. Wong Chi Man, Chem. Mater. 4,
1217 (1992). (c) P.M. Chevalier, R.J.P. Corriu, J.E. Moreau, M. Wong Chi Man, J.
Sol-Gel Sci. Tech. 8, 603 (1997). (d) J.E. Moreau, M. Wong Chi Man, Organic/Inor-
ganic Hybrid Materials,(Eds.: RM. Laine, C. Sanchez, C.J. Brinker, E. Giannelis),
Mater. Res. Soc. Symp. Proc. 519, Materials Research Society, Warrendale, PA (1998),
p4l.

F Ribot, C. Eychenne-Baron, F. Banse, C. Sanchez, Better Ceramics Through Chemis-
try VII : Organic/Inorganic Hybrid Materials, (Eds.: B.K. Coltrain, C. Sanchez, D.W.
Schaefer, G.L. Wilkes), Mater. Res. Soc. Symp. Proc, 435, Materials Research Society,
Pittsburgh, PA (1996), p.43.

F. Ribot, F. Banse, C. Sanchez, M. Lahcini, B. Jousseaume, J. Sol-Gel Sci. Tech. 8,529
(1996).

L. Angiolini, D. Caretti, C. Carlini, R. De Vito, F.T. Niesel, E. Salatelli, F, Ribot, C.
Sanchez, J. Inorg. Organomet. Polym. 7, 151 (1998).

R.O. Day, J:M. Holmes, V. Chandrasekhar, R.R. Holmes, J. Am. Chem. Soc. 109, 940
(1987).



