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A series of silicate based “building block” (bb) materials has been synthesized via the reaction of the
cubic, spherosilicate &D,o(SnMes)s with the chlorosilanes HSigl Me;SiCl,, and SiCl. The resulting
materials are amorphous, porous, high surface area matrices composed of y@acb@lding blocks
that are cross-linked together through a series of siloxane linkages formed from the reaction of trimethyltin
groups on the spherosilicate precursor and the silyl chloride groups. These siloxane-based linkages provide
chemically robust, covalent connections between building blocks. The distribution of chemically distinct
linking groups may be influenced by manipulating initial stoichiometries, changing solvents, varying
temperature, and using different linking silyl chlorides. General procedures for preparing silicate platforms
having linking groups with specific connectivities to surrounding building blocks in the matrix are
described. The synthetic strategy for preparing the building block matrices described here forms the
basis for preparing a wide range of nanostructured solids in which the identity and distribution of linking
groups can be controlled by design. Applications to heterogeneous catalysts are discussed.

Introduction currently of great interest because of their applicability in

g the areas of separations and solid-state science and as catalyst

The notion of nanostructuring in solid-state chemistry an 4921222730

materials science refers to different aspects or properties ofSUPPOr
a material depending on the context or intended application. The use of nanostructured porous materials in catalysis
Nanometer sized balfs3 dots#—© tubes’~12 and wire$318 relies upon control of surface structure or the ability to create
are examples of discrete objects that exhibit different forms a well defined array of identical sites on their surfaces. This
of nanostructuring. Zeolites, templated sol-gels, and porousposes the challenge of developing a simple, well understood
carbons are other examples of materials that exhibit nano-synthetic methodology which can be used to prepare targeted
structuring based on their porosiy?® These materials are  nanostructured architectures on the internal and external
surfaces of solid-state materials. The dispersion and structure
of the catalytically active sites are important because high
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Current challenges in the field of heterogeneous catalysis hydrothermal or setgel technologies, the linking reaction
involve the development of novel synthetic methodologies must be conducted with the complete exclusion of water to
to prepare next generation, “ultraselecti#€? catalysts in prevent the formation of hydroxides and complicating
the areas of oxidatioareduction and acid catalysid3*The condensation reactions. Avoiding these reactions is of great
main requirements for producing such catalysts are aimportance because of the well-known problem of phase
knowledge of what the active catalyst is, a method of segregation in mixed metal hydrolysis systef¥.Comple-
selectvely preparing the active catalyst on a support, and mentary functional groups on each condensing entity (SnMe
the ability to prepare high densities of the active catalyst on the bb; chlorine on the linker) also ensure that linking
while maintaining site isolation and open access to substratesentities remain atomically dispersed throughout the solid
We are currently developing a new synthetic methodology because self-condensation cannot occur. Finally, nonaqueous,
to address these goals which does not begin with a preexistbb syntheses of metal oxide materials represent a novel but
ing support surface. In this approach, the different parts of simple approach to materials synthesis which has not been
what will ultimately become the catalytically active site studied in great detatf>5!
should be present and take on a structure-directing role as Herein we report on model studies of the reactions between
the matrix is formed. This strategy is similar to molecular the octa(trimethyltin) cubooctomeric spherosilicateCgai-
imprinting technique®-3*¢that have been developed recently (SnMe)g (herein referred to as the “tin cube”) and several
in the fields of molecular recognitidfr** and chromatog-  silane chloride reagents. We will describe and illustrate a
raphy#2 However, in the methods described here, templates simple synthetic strategy to place specific linking groups into
are not utilized and thus solvent extraction or high-temper- a silicate matrix made up of &, bb’s. Chlorosilane linking
ature treatments are not necessary to remove structureeagents represent models for the reactions of other transition
directing agents to open up the binding site for substrate metal chlorides as well as robust connecting groups that
recognition. Second, rather than build the matrix atom-by- stabilize the matrix. The silane linking groups are, however,
atom, rigid, preformed, molecular building blocks (bb’s) will easily characterized in these matrices via solid stége
make up the majority of the matrix. Rigid bb’s help in  NMR. This approach to preparing “nanostructured” solids
developing procedures to predict and control how the matrix is applicable to a wide variety of other metals and thus
grows while bb’s greater than or equal to 1 nm make it easier addresses one of the fundamental current challenges in
to ensure that catalysis sites remain chemically isolated fromcatalysis science.
one another and noninteracting. This synthetic paradigm of ) )
linking groups that become catalyst sites surrounded by Experimental Section
nanometer sized bb’s also requires that a convenient chemical General Details.As a result of the moisture sensitivity of the
linking chemistry exist to put the matrix together. We have chlorosilane reagents several steps were taken to exclude all sources

chosen a simple metathesis reaction (eq 1) first reported byof water from reactants and solvents as well as any hydroxyl groups
Feher et af344 as the critical linking reaction to build our  presenton glassware used in reactions. All Schlenk reaction vessels

solids. were treated with chlorotrimethylsilane/triethylamine prior to use.
Hexanes and toluene (Fisher Scientific) were dried using sodium
_OSNR, _owmcl, potassium alloy and distilled. &.0(SnMey)s, was heated overnight
@i + MOl —— S +CISNR, (1) at 100°C under vacuum to remove waters of hydration in the
" crystal®2 Caution: Trimethyltin containing compounds can be

extremely toxic and should be handled properly toid contact
From the perspective of materials synthesis, this type of while manipulating themAll silyl chlorides were distilled, degassed,
reaction has several advantages over traditional synthesegnd stored under vacuum in Schilenk vessels equipped with high
of mixed metal oxides. It is broadly applicable to high valent vacuum Teflon stop cocks. All solvents and silanes were delivered

metal and main group chloride complexes including those '”tggsr?if)tl'izns‘t’aetsesﬂiﬂ;S'(r;gs\’(la'\ﬁg) t;i;sefﬁrrn;nneéhs\?:ré acquired at
e . ) pe -
containing Al, Si, P, Ti, V, Fe, W, and Sft*In contrast to 79.43 MHz at spin rates of 3.56.56 kHz on a Varian Inova

spectrometer. Samples were placed in 5 mm pencil rotors ip a N
dry box and sealed using paraffin wax. Normal one pulse magic
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BET nitrogen adsorptiondesorption surface area analyses were
performed using a Quanta Chrome Nova 1000 instrument.

General Procedure for the Preparation of Cross-Linked
Solids. In a typical reaction, 1.00 g (0.539 mmol) of S
(OSnMe)g in a Schlenk vessel was heated at 2@0overnight to
remove waters of hydration in the crystalThe dry tin cube was
dissolved in 40 mL of solvent, and 0.732 g (4.31 mmol) of SiCl
(8:1 SiCl/Sig012(0OSnNMe)g; 4:1 Cl/SnMe) was vapor transferred
into the reaction at-78 °C. The solution was refluxed under static
vacuum for~2 days whereupon all volatiles were removed under
dynamic vacuum.

Tailoring the Matrix: The Method of Sequential Additions.
In a typical reaction to synthesize silicate matrices containing silyl
linking units having no residual chloride groups, an initial dose of
0.051 g (0.373 mmol) of HSiG| for example, was added to
approximatef 1 g (0.539 mmol) of SO,o(SnMe)s dissolved in
40 mL of solvent and allowed to stir for 2 days while refluxing
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Figure 1. 2°Si SSNMR chemical shift ranges for the linking groups involved
in the bb matrices described in these investigations.

under static vacuum. A second cross-linking dose of 0.458 g (2.69 amorphous, porous glasses as a result of inexact fitting of

mmol) of SiCl, was added, and the reaction was refluxed for 2

additional days under static vacuum after which a clear gel was

bb’s in the matrix3>*
The amorphous nature of these materials makes traditional

observed. All volatiles were removed, and an off-white powder was jffraction methods inapplicable for structural characteriza-

obtained. This powder was then exposed to an excess of fBiCl

the gas phase. All volatiles were removed, and the resulting white

powder was heated overnight at 18D under dynamic vacuum. A

similar procedure was used to synthesize analogous materials

containing dimethylsilyl linking units.

A slightly different synthetic approach was utilized to obtain a
bb platform having singly connected (capping) dichlorohydridosilyl
or chlorodimethylsilyl groups on the surface of the cross-linked
silicate matrix. A solid bb matrix was synthesized by dissolving
1.00 g of S§0,¢(SNMe)g in toluene and adding 0.274 g (1.62 mmol)
SiCl, at —78 °C. This mixture was refluxed under static vacuum
for 2 days. All volatiles were removed, and the remaining white
powder was exposed to 0.458 g (2.70 mmol) of HSiGpor
overnight. All volatiles were removed, and the final product was
heated under dynamic vacuum at 100 overnight. A similar

procedure was used to synthesize an analogous material containing

chlorodimethylsilyl groups.

Results and Discussion

tion. However,?°Si SSNMR provides a powerful tool to
obtain information about the structure of these materials via
chemical shift and CP behavior. Figure 1 summarizes the
chemical shift ranges that have been reported in the literature
for 2°Si nuclei in silicates as well as empirically derived
chemical shift ranges found for silyl chloride linking groups
described in this studsp.

The ease with which information can be obtained from
chemical shift analysis oSi SSNMR spectra makes silyl
chloride linkers good candidates for model studies to develop
the methods ultimately needed to produce single site
heterogeneous catalysts by design (vide infra). Few metals
having potential catalytic properties can be as easily observed
using SSNMRe8:57
Despite the information gained from SSNMR, there are
limitations to its application in this setting. Deeply embedded
Si(OSE), Q* silicon nuclei in silicates have few effective
spin—lattice relaxation mechanisms available to them, and

The synthesis and characterization of nanostructured,Nus relaxation of these nuclei can be extremely [gng.

silicate materials having centers with identical immediate

environments was achieved for a series of reactionss0b:Si
(SnMey)s with SiCly, HSICls, and MeSiCl,. These reactions
involve linking together S0, silicate building units via

metathesis reactions where silyl chloride groups replace the

trimethyltin groups around the tin cube to form new siloxane

linkages and trimethyltin chloride. Under the nonaqueous

conditions utilized for these reactions, the silylchloride linkers
will only react with functional groups on the bb (eq 1)
preventing the formation of domains of interconnected
linking groups within the resulting solid matrices. This

linking together of preformed molecular precursors is referred

to as a “building block” approach to materials synthesis.
The conditions utilized to produce cross-linked bb materi-

Consequently, quantitative information obtained from inte-
grated signal intensities is generally not reliable because of
variable saturation of NMR transitions. Attempts to address
this problem with long relaxation delays (60 s) to obtain
guantitative relative integrations were unsuccessful in our
studies given the instrument time available to us.

Another experiment available in SSNMR spectroscopy
utilizes the dipolar interactions &1Si nuclei with hydrogen
nuclei present in the matrix. This interaction can be exploited
to observe and assign signals using CP pulse sequénces.
CP enhancements can also be used advantageously to observe
signals from?°Si nuclei close to hydrogen atoms that are
not prominent in MAS experiments because of low concen-

(53) Eckert, HNMR Basic Principles Progl994 33, 125.

als are generally mild enough such that disruption of the (54) Baldus, H.-P.; Jansen, Mingew. Chem., Int. EA.997, 36, 328.

SigO20 bb does not occur. Under these conditions, the linking
reactions are also irreversible and lead to random substitution

(55) Engelhardt, G.; Michel, D. General aspect$%&i and?’Al NMR of
the silicate and aluminosilicate framework solitigh Resolution
SSNMR of Silicates and Zeolitéa/iley: New York, 1987; p 106.

patterns of links around the eight positions on the cubic (56) Smith, M. E.Nucl. Magn. Resor200Q 29, 251.

spherosilicate bb and random distributions of linking groups

(57) Gervais, C.; Smith, M. E.; Pottier, A.; Jolivet, J. P.; Babonneau, F.
Chem. Mater2001, 13, 462.

in the matrix. Thus, these materials are expected to be(58) Larsen, F. H.; Farnan, Chem. Phys. LetR002 357, 403.
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295i SSNMR (MAS) - 225i SSNMR (MAS)
(sio)sici, SiCla + SigO(SnMe), in toluene Sit0si=), SiCl, + Sig0,5(SnMe,); in hexane |\ siosiz),
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i stoichiometric
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, : S e . 40 60  -80 ppm <100 120 -140
-40 -60 80 pom -100 120 -140 ppm

) 0 . . o Figure 3. 2°Si SSNMR traces for the glasses isolated starting with different
Figure 2. #°Si SSNMR traces for the glasses isolated starting with different - stoichiometric ratios of SiGland SiO.o(SnMey)s in hexane. Conditions:
stoichiometric ratios of SiGland S§O.o(SnMey)g in toluene. Conditions: 60—70 °C, 1-2 days.

80—90 °C, 1-2 days.

groups (68 ppm) connecting two bb’s and possibly a small

trations. Examples o¥Si signals that are expected to show signal assigned to three-connected-SI(O-cube) groups
large enhancements for linking species used in these(—gg ppm) are observed (traces ¢ and d). The absence of a
investigations are dimethylsilyXSiMe;) and hydrido silyl  sijgnal between-99 and—104 ppm in spectrum a indicates
(=SiH) groups. S0z cage silicon atoms bearing these that all trimethyltin groups have been lost from the matrix
linking groups as well as cage silicon bearing trimethyltin i, this sample. X-ray fluorescence analyses of these materials
groups are also expected to show small signal enhancementgonfirm that virtually all tin (<0.1 wt %) is removed by this
due to longer range dipolar interactions in CPMAS experi- procedure. The complete removal of trimethyltin groups in
ments but, as will be shown below, not nearly as large as this and other samples containing excess linking reagent is
for the two groups mentioned above. important in that it indicates that all Snigroups remain

Constructing Cross-Linked Building Block Networks— accessible to reaction throughout the various phases of matrix
General Synthetic ConsiderationsAs a preface to prepar-  growth. NMR analyses of the tin byproducts indicate that
ing tailored solids, we briefly explored several of the trimethyltin chloride is the only volatile compound formed
basic synthesis parameters which affect how cross-linking in the reaction.
occurs and the properties of the final resulting bb matrices As the stoichiometric amount of SiCis decreased, the
that were formed. These parameters were (1) the ratio of distribution of linking groups shifts toward higher cross-
linker to bb; (2) the specific type of chlorosilane reagent |inking and an increase in the number of residual trimethyltin
used to cross-link bb’s; (3) the solvent; and (4) the temper- groups is observed. At the lowest stoichiometric ratio of SiCl
ature used for cross-linking. The growth of these materials to cube (trace d), only siloxane signals assignable to linkages
is expected to occur by first forming small, soluble oligo- connecting three and four bb’s are observed along with a
meric species consisting of only a few linked bb’s. As the |arge signal assigned to residual trimethyltin groups in the
reaction proceeds, these oligomeric species should alsomatrix. The2°Si MAS NMR spectrum of this highly cross-
become linked to one another until they reach a critical linked material also shows a broadening of thesfgnal in

molecular weight which causes phase separation. the spectrum assigned to both four-connected linking silicon
The first chlorosilane reagent studied to monitor this atoms and cage silicon atoms. These two distinct types of
process was silicon tetrachloride. Four ratios of igkr silicon environments cannot be distinguished via their

trimethyltin group on SO.(SnMe)s were used to investi-  2°Sj signals because both are of the same general form,
gate the effects of initial stoichiometry on the extent of cross- Si(OSi)4. The broadening of this signal is consistent with
linking that is present in the solid products. The range of the development of an increasing number of local environ-
stoichiometric ratios studied ranged from one-6i per ments around pseudo-tetrahedrdl t@pe silicon atoms in
trimethyltin group (2 SiClcube) to four Si-Cl per tri- the sample which results from extensive cross-linking. When
methyltin group (8 SiCGlcube). If all S=Cl groups present  a similar set of reactions were run in hexane at’60) the
in silicon tetrachloride remain active throughout the cross- degree of cross-linking again increases as the concentration
linking process, then a maximum of fourgSho cubes can  of SiCl, decreases (Figure 3). However, when the same initial
become connected to the linking silicon (i.e., a four- stoichiometries are compared, the spectra from the reactions
connected center). run in toluene at higher temperatures generally display a
Figure 2 shows th&®Si MAS SSNMR for the products of  greater degree of cross-linking than those run in hexane.
this series of reactions run in toluene at-8 °C. When Furthermore, in the lower temperature reactions, residual
an excess of SiGlis reacted with the tin cube, the presence SnMe; groups are present in all instances. These observations
of capping groups {45 ppm) and dichlorosilyl linking are consistent with the rate of reaction of individuat-&i
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Table 1. BET Surface Area Analysis of the Solids Resulting from the

development of chlorosiloxane groups in the matrix is
Reaction of SiCl + SigO20(SnMes)s under the Conditions Giver?

chlorine transfer from the linker to silicon atoms associated

surface total pore  average with the cube core as illustrated in eq 2.
area volume pore
conditions CliSn (m?g)  (cmf/g)  radius (A) hd

toluene, 86-90°C, 2 days  4:1 203 0.165 17 (O‘Si/o\Si’oH Cl-Si-H A 6| cl
toluene, 86-90°C, 2days  3:1 258 0.180 14 SO i &si” §i (2)
toluene, 86-90°C, 2 days 2:1 570 0.385 13 edge of S0, Ly g0
toluene, 86-90°C, 2 days 1:1 590 0.423 14 cube
hexanes, 50C, overnight 4:1 low low low
EZ?:QZ; ggg: gxgm:gm o :g£ :ga :ga This is the only case where evidence for attack on the
hexanes, 50C, overnight ~ 1:1 oW low low cube has been observed in our investigations. Spectrum d in

Figure 4 shows that when lower stoichiometric amounts of
the linker are used, no evidence for disruption of the cube is
observed. Finally, parallel experiments with trichlorosilane
using hexane as the solvent at lower temperature showed
no evidence for disruption of the cube for any of the

a Absorption Gas: nitrogen. Pore size distributions calculated using
standard BJH equationgSurface area estimated to & n?/g.

298] SSNMR (MAS)

HSICl; + Sig0,,(SnMe;); in toluene (=5i0),si0SnMe,

4Cl:18n overall surface area in these bb matrices is a sensitive

function of the cross-linking that develops. When large
excesses of linker are used initially, the major product in
the reaction with trimethyltin groups is the one-connected,
capping group. Matrices that have mostly capping groups

(=Si0)SHCI, S0, 5HC (=Si0),SiCl SioSia), o S . . ’
: =Si0), - stoichiometries investigated (Supporting Information).
grease ] "Si°”sy stolchlometrc Comparison of surface area measurements for different
ratio linkers and different stoichiometric ratios shows that the
a

Ve

\

<
<
0CC

c /\ /u N\ 2Cl:1Sn and low numbers of multiply connected linkers give rise to
products with low surface areas. The average connectivity
of linkers in a matrix may be increased by decreasing the

: stoichiometric ratio of linking reagent to bb. These condi-

d A — 1Cl:1Sn _ tio of .

™ = = \70/—7) o e 5 tions, together with higher reaction temperatures, generally
ppm yield porous solids with high surface area that are divided

Figure 4. 2%Si SSNMR traces for the glasses isolated starting with different petween micro- and a broad distribution of mesopores
Zgorg"%r!fg)gié?“l?z(ijfacss.leland SkO20(SnMey)g in toluene. Condi- (Supporting Information). - -
Another noteworthy observation from these experiments
groups present on the linker decreasing as each subsequems that even at intermediate linker-to-bb ratios (Cl/SaMe
silylchloride group reacts. 0.5-1.5), significant numbers of unreacted SnMgoups
Comparison of BET surface area measurements for theremain in the solid products. This fact, together with the
products of the SiGlreactions described above clearly shows previous discussion, allows us to present a qualitative picture
that products from reactions in hexane are not high surfaceof the microstructure of these bb matrices as they evolve
area materials (Table 1). The dramatic difference in surface and grow into macromolecular solids. The high numbers of
area between the two families of samples is consistent with capping groups that develop with excess linking reagent and
the initial formation of small oligomeric species in hexane presence of residual tin groups at intermediate ratios of
made up of only a few cross-linkedsSho bb’s while higher linker-to-bb indicate that the rate of reaction of a chloride
surface area samples result from the formation of extended,containing linker slows as it cross-links more cubes. This
cross-linked silicate matrices with open pores. Precipitation can arise from a number of factors. Electronically, more
of the oligomers at an earlier stage of matrix growth when highly oxygenated silicon linking centers are expected to
hexane is used as the solvent appears to inhibit further crosshave lower reactivity than polychloro centers. Furthermore,
linking. as linking centers become “embedded” in the matrix, steric
Similar correlations were observed between the initial access to them for further reaction is expected to be more
reaction stoichiometry and the degree of cross-linking in hindered and thus slower. Finally, as the(sp matrix

reactions involving HSiGl or Me&,SiCl, with the tin cube
(Supporting Information). In the case of trichlorosilane
HSICls, however, evidence for disruption of thesSjo core

becomes more highly cross-linked, it also becomes more
rigid. Residual trimethyltin groups should become spacially
isolated from one another and react with additional linking

was observed in one instance. When large excesses of HSiClreagent to form capping siloxane groups.

are heated with the tin cube at high temperature in toluene,

a significant signal at~—90 ppm is observed in th&Si
SSNMR (Figure 4, traces—&). On the basis of chemical

The simultaneous observation of both-&ll and—SnMe;
groups in several of the final products is also important.
Depending on the solubility of the oligomers that develop,

shift and no observable enhancement in CPMAS spectraphase separation of these intermediates impacts the rate at

relative to signals assigned to groups containing theHsi
moiety (vide infra), we assign this peak to chlorosiloxane
groups of the form £SiO)SICl. An explanation for the

which SnMe groups react. If phase separation occurs too
soon (i.e., at the stage of small oligomers), then low surface
area products are obtained which contain a significant
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number of trimethyltin groups. Additionally, as bb’s become  ¢,¢aiyst Nanostructuring Strategy
locked into the developing matrix, unreacted trimethyltin
. . . vct, A r& sicl,
groups will become spatially isolated from-SCI groups B UMCH T 2
and thus unable to react.
. . . . catalyst ensembles

This model relating microstructure and macroscopic colloidal particles
properties of bb solids may be reconstituted into a methodol-
ogy by which tailored, silicate materials can be prepared by
design. Tailoring in this context refers to preparing cross- A building block

linked bb matrices containing specific, unique types of
linking groups. For example, we would like to be able to
sicl,

“embedded”
catalyst sites

porous, supported
catalyst particles

prepare samples that contain only embedded, dimethylsilyl
linking groups connecting two bb’s and no other group
derived from CiSiMe,.

Nanostructured Solids. We refer to the strategy intro-
f:luce_d above as thmethod of sequential add_itiorhrecause rigid building block platform  “capping” catalyst sites
't_ relies on bOt_h t_he Sequence_ a”‘?' the Size ‘?f d.OSG_‘S OfFigure 5. Schematic illustration of sequential addition strategy leading to
different cross-linking reagents in tailoring the distribution nanostructured bb matrices
of such groups in the matrix. The two types of groups that 51 MAS.CPMAS NMR
we focus on here are “embedded” cross-linking groups grease of nanostructured solid containing only
wherein maximum connectivity to the matrix is achieved and (sio)sicl,  ‘“embedded” HSi(OSi=), groups
“surface” groups which do not cross-link bb’s at all but are
singly connected to isolated corners of immobilized building (<SiO),CISH HS/(=Si0);
blocks in the matrix. (=8i0),STC,

To obtain embedded silyl units within a silicate bb matrix, v Y/
a limiting initial dose of a linking reagent is added to a
solution of the tin cube. This should result in complete
reaction of silyl chloride groups and thus 100% cross-linking
around these linking moieties. The reaction mixture at this

mCl,
—

@ = SiCl, links

Si(0Si=),

(=Si0)CL,SiH

CISi(OSis);

point should contain a number of small, oligomeric species ? CPMAS
and possibly unreacted bb’s. Exposure of this mixture to a ,_\,/\f\/,\/

second dose of a different linking reagent will serve to link  rerrrmrrEE——— ——————————————————— -
oligomers and reduce the number of unreacted trimethyltin " e e ppmM 0 e e

groups on the bb’s. The correct amounts of doses could berigure 6. SSNMR experiments (MAS and CPMAS) illustrating a linking
determined analytically via an understanding of the relative group distribution tailored for “embedded” HSi(O$groups in a bb solid.
rates of coupling as a function of connectivity or empirically

through a few trial reactions. not obvious. A second SSNMR spectrum taken combining
To obtain an extended matrix having only “surface” MAS and CP shows a large new peak-¢83 ppm which
groups, the sequence of doses must be reversed and adjusteflay be assigned to the presence of three-connected
to first produce a bb “platform” composed of rigid, cross- (=SiO)Si—H groups in the sample. Just as important is the
linked bb’s in which some unreacted tin groups are still lack of any recognizable signals in the CPMAS spectrum at
present. If the bb’s are indeed rigidly held in the matrix, chemical shifts which could be assigned to either two-
then few trimethyltin groups will be close enough together connected or capping SH-containing groups. This sample
on the platform to form additional cross-links when a second represents the successful synthesis of a tailored matrix of
reagent is delivered, regardless of the size of the dose.cross-linked SiO. bb’s containing only three-connected
Reaction with tin groups then leads to isolated, one-connectedSi—H linking groups interspersed with a distribution of
surface groups derived from the second linking reagent. Thelinking groups derived from silicon tetrachloride. The total
main elements of the sequential addition strategy are il- surface area measured for this sample was 5%§.m
lustrated schematically in Figure 5. Following a similar procedure but using a combination of
Matrices Containing Embedded Cross-Linking Groups. dichlorodimethylsilane and silicon tetrachloride gives rise
The first example of this strategy involved preparing a matrix to the MAS and CPMAS®Si SSNMR spectra (Supporting
that has only three-connected trichlorosilane derived linking Information) which clearly confirms the presence of the two-
groups. A limiting dose of HSiGladded to the tin cube in  connected dimethylsiloxane linker while showing no sign
toluene (see Experimental Section) followed by several dosesof the analogous capping group. The surface area for this
of silicon tetrachloride gave rise to a white, water sensitive sample was found to be 740%y.
solid whose?°Si SSNMR (MAS) is shown in Figure 6. On Matrices Containing Surface or Capping Silane Groups.
the basis of our previous assignments, signals for a distribu-Reversing the addition sequence leads to materials wherein
tion of capping and cross-linking groups derived from $iCl the trichloro- and dimethylsilane linking precursors end up
are readily seen as well as the expectédsificate signal. exclusively as “capping” groups connected to the matrix by
Signals for any groups containing the3$i= moiety are only one Si+O-silane bond. Figure 7 shows the MAS and



3218 Chem. Mater., Vol. 19, No. 13, 2007

2°Si MAS-CPMAS NMR
of nanostructured solid containing only
“capping” HSiCl,(OSi=) groups

Si(=Si0),

(=Si0)SiHCI, (=Si0),SiHCI HSi(OSi=);

(=Si0)SiCl,

grease \ \Clz/Sl(OSi)z \

(=Si0),SiCl

ppm

Figure 7. SSNMR experiments (MAS and CPMAS) illustrating a linking
group distribution tailored for “surface” HSIgDSi) groups in a bb solid.

29Si SSNMR spectra for a support in which initial cross-
linking with SiCl, created a platform gD,o cubes containing
some unreacted SnMé&ft on the surface. Consistent with
the rigidity of the matrix, when the matrix is exposed to an
excess of HSiG| only one-connected “capping” groups are
seen in the NMR. A similar result is obtained for a sequence
of SiCl, followed by MeSiCl, wherein only one-connected
Me,SiCl groups are observed in the NMR (Supporting
Information)

Summary and Conclusions

The reactions of the trimethyltin substituted cubic sphero-
silicate, S§01(OSnNMe)s, with several silyl chloride linking
reagents to form bb solids are described. An initial round of
investigations probing the effects of initial stoichiometry,

solvent, and temperature gave rise to a model for how these

matrices grow and evolve as a function of cross-linking. The

major steps in constructing porous, high surface area cross

linked solid materials are the following: (1) Initial fast
reaction of Si-Cl and trimethyltin groups forms capping
siloxane moieties on the corners of the cube with loss of
ClSnMes. (2) Subsequent reactions of-STl groups are

Clark and Barnes

however, tin groups become spatially isolated from one
another on the rigid matrix such that reactions with silyl

chloride reagents at the later stages of matrix growth yield
only capping groups.

This model for cross-linking and evolution of these
matrices can be used to prepare nanostructured bb solids by
design. The method of sequential additions involves exposing
solutions of the tin cube to measured doses of linking
reagents at prescribed time intervals. The basic premise is
simply that a limiting amount of cross-linking reagent will
form links subject to the factors discussed above until a
maximum connectivity is achieved. The collection of oli-
gomers formed will be uniform from the standpoint of all
linking units having the same connectivity. Subsequent doses
of other linking reagents will serve to continue cross-linking
until @ macromolecular solid is formed. This sequence of
additions yields a specific type of “embedded” site in the
matrix. Reversing the order of linking reagents and adjusting
the dose equivalents will ultimately give rise to a matrix of
cross-linked cubes in which a silane group can be placed
exclusively in “surface” positions connected to cubes in the
matrix by only one siloxane bond. This methodology is
demonstrated here for trichlorosilane and dimethyldichlo-
rosilane linking reagents in which either can be inserted into
the growing matrix either in embedded or in surface
positions.

The method of sequential additions is quite general and
can be applied to numerous metal and main group chloride
reagents such as AIgISnCl, TiCls, VOCIs, VCl,, and
WCls. All of these reagents have been tested in our
laboratories and found to react with the tin cube in a manner
similar to that of the silyl chlorides reported on here. This
methodology thus appears to address a long standing
challenge in the fields of catalysis and materials science of
preparing site isolated, atomically dispersed metals in and

on metal oxide matrices in which all the metal sites are
identical. Studies with the linking reagents listed above will
be described in the near future.
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