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Abstract: Optimized structural parameters, framework energies relative to a-quartz, and volumes accessible
to sorption have been calculated for the systematically enumerated hypothetical uninodal zeolitic structures
(structures in which all tetrahedral sites are equivalent). The structures were treated as silica polymorphs,
and their energies were minimized using the GULP program with the Sanders—Catlow silica potential.
Results are given for 164 structures, which include all 21 known uninodal zeolites, two known minerals
(tridymite and cristobalite), and 78 unknown zeolite topologies. Twenty-three hypothetical structures were
identified as chemically feasible. Complete structural information is provided, and several structures are
discussed in detail. The results will assist in the design of new synthetic routes and in the identification of

newly synthesized materials.

Introduction

Given the wide amount of industrial applications of zeolites

as molecular sieves, ion exchangers, catalysts, and catalyst
supports, as well as their intrinsic academic interest, a great

amount of work has been done on the characterization of zeolitic
structures, of which 152 distinct structural types have now been
identified! The design of new zeolite frameworks is a matter
of considerable practical importance for two reasons. First, a
list of chemically feasible hypothetical structures will permit

design strategies leading to their synthesis. Second, X-ray and

neutron diffraction patterns generated for such hypothetical
structures will be of great help in determining the structures of
new zeolitic materials.

Enumeration of hypothetical zeolitic structutds closely
related to the work of Welfson three-dimensional nets and
polyhedra. Smith and collaboratdr&lberti,> Sato® Sherman
and Bennett, Barrer and Villiger? O’Keeffe and collabora-
tors?19 and Akporiaye and Priéé found many possible new
structures by linking together structural subunits. More recent
work involves computer search algorithAs2:13In particular,
Treacy et al? used a combinatorial method to enumerate over
6000 uninodal structures. While the full list probably contains
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many duplicates, the authors considered 150 of these structures
as the “most favorable” and refined them using simulated

annealing.

We have used a completely new approach to the problem of

systematic enumeration, based on advances in the mathematical
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tiling theory* While almost all uninodal networks have been plices. Anyn + 1 points inn-space which do not lie in am(
enumerated (but not chemically evaluated) previously, we — 1) dimensional space are the vertices ofradimensional
believe that most of our binodal and trinodal networks are simplex. A simplex in two dimensions is thus a triangle, and in
completely new. However, this statement is difficult to quantify three dimensions it is a tetrahedron. The Delaney symbol is
because of the absence of an accessible collection of hypotheticabbtained from the resulting adjacency graph by labeling the
structures and of a reliable method for the unique identification vertices and “coloring” the edges and can be written as a string
of different topologies. The recently developed topological of characters unique to the given tiling, forming an “inorganic
identifier SYSTRE (symmetry structure recognition), which gene”. The classification of all periodic tilings then reduces to
unambiguously distinguishes different nétsyill soon make the enumeration of the Delaney symbols. This purely algebraic
it possible to cross-reference structures derived using the variousproblem is solved using a computer program that considers all
enumeration methods. permissible permutations of the gene and then generates the
Only a fraction of the mathematically enumerated structures corresponding tiling.
are likely to be chemically feasible (many have “strained”  The configuration of edges, faces, and tiles around a given
frameworks requiring unrealistic bond lengths and bond angles), vertex can be described by a 2D Delaney symbol via the so-
so that an effective selection process is needed to identify thecalled vertex figure, obtained by placing the center of a small
most plausible frameworks. To assist the selection process, wenotational sphere at the vertex and considering the tiling of that
have used a computational chemistry approach to calculate thesphere formed by the intersections with the different tiles
structure, lattice energy, framework density, and other structural touching that vertex. To enumerate all possible tilings on the
parameters of the hypothetical frameworks enumerated in thishasis of a given vertex figure, we must consider all possible
way. Each framework was assumed to have the empirical “3D extensions” of its 2D symbol, while making sure that the

formula SiQ and was optimized using a lattice energy
minimization program GULP® to derive simulated lattice
energies of the structures relativedequartz. This method of
predicting the lattice energy was effective with ionic com-
pounds’ and silicated819 and the results of the calculations
agree well with thermochemical measureméhfits.

Apart from identifying chemically feasible structures using

resulting 3D symbols give rise to Euclidean tilifsThe
computer program used for this task is available from the authors
upon request (delgado@informatik.uni-tuebingen.de).

The tilings were derived as follows: first, all feasible vertex
figures (in the case of uninodal nets, tetrahedra with possible
double edges) were enumerated and encoded by Delaney
symbols (for uninodal nets, tetrahedra with possible double

the energetic Criteria, we have identified structures of pOtentia' edges were also inc|udem]’hese were then extended to three
practical interest, that is, those containing channels and/or voids.dimensions in all possible way3The extension process itself
The crucial parameters here are the amount of void volume andis a simple matter of combinatorial enumeration, in which three
its accessibility (whether a molecule can enter the structure from steps are crucial. The first, and the most important, is to select,
the outside), which we have calculated for all of the hypothetical from a large collection of candidate symbols, those which
structures. The accessible volume for known zeolites is in the ac‘[ua”y encode '[|||ngs of ordinary space, using methods from

range of 0-28 A3 per Si atom, witha-quartz, as a compact
material, having no accessible volume.

Enumeration of Structures. The essence of the tiling method
of enumeration is as follows. A tiling is a periodic subdivision
of space into connected regions, which we call tiles. If two tiles

combinatorial group theory and topologySecond, multiple
occurrences of the same structure must be eliminated from the
list. In our case, this may include multiple tilings giving rise to
topologically identical networks. Using recent advances in
network identification'.® we were able to establish that, except

meet along a surface, the surface is called a face. If three orfor the well-known examples of structure types LTA-RHO and
more faces meet along a curve, we call the curve an edge. If &lATN-ABW, all pairs of structures from our list with identical
least three edges meet at a point, we call that point a vertex. Acoordination sequences (see below) did indeed give rise to

network is formed by the vertices and edges. Periodic tilings
of the Euclidean plane have been classifie¢and all possible
topological types of tilings for each two-dimensional symmetry
group with 1, 2, 3, etc. kinds of inequivalent vertices have been
enumerated? We call these uninodal, binodal, trinodal, etc.
tilings. Each periodic tiling is associated with a unique “Delaney
symbol”21.23 obtained by breaking the tiling down into sim-
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topologically identical networks. Finally, initial cell parameters
and node positions were generated to serve as initial crystal-
lographic parameters for subsequent refinement. A simple way
of doing this is by barycentric division, that is, positioning every
node in the unweighted center of gravity of its neighbors,
followed by basic refinement which equalizes edge lengths while
maximizing volumes.

Chemical Evaluation. The systematically enumerated riéts
were first converted into atomistic models. This was done by
inserting a Si atom at each vertex point in the network and by
placing a bridging oxygen between each pair of adjacent Si
atoms. Each net was scaled such that the vertices were separated
by about 3.1 A, a typical SiSi distance. The resulting structure
was then preoptimized using the DLS (distance least squares)
method?® which performs geometric refinement of the structure

(24) Delgado Friedrichs, iscret. Comput. Geon2001, 26, 549-571.

(25) Delgado Friedrichs, O.; Huson, D. Biscret. Comput. Geon1999 21,
299-315. Delgado Friedrichs, O.; Huson, D. Hiscret. Comput. Geom.
200Q 24, 279-292.

(26) Meier, W. M.; Villiger, H.Z. Kristallogr. 1969 128 352—370.



Evaluation of Hypothetical Uninodal Zeolites ARTICLES

by fitting bond lengths and angles to the prescribed values and The “available volume”, defined as the difference between
reduces the amount of computer time needed for the subsequenthe volume of the unit cell and the effective volume of all of
minimization of lattice energy. Its use was found to have no the atoms, depends on the van der Waals radii used for each
influence on the final result: using lattice energy minimization atom. “Occupiable volume” is the volume which can be
from the outset gives the same structure, but at greateroccupied by a probe molecule with a given radius as it probes
computational expense. the surface of the structure. The “accessible volume” is
The GULP framework energy minimization subroutines used determined by tracing out the volume by the center of the probe
the SandersCatlow silica potentidP (see Supporting Informa-  molecule as it follows the structure contours, but with the extra
tion) with the modified oxygen shell charge described by requirement that the probe must enter the unit cell from the
Schraer?” The potential set used by Kramer et %lwhich outside via sufficiently wide pores or channels. The calculations
does not incorporate a shell model and uses partial, rather tharof the accessible volume were performed using the Free Volume
formal, ionic charges, was used for comparison. In all cases, module of the Cerit)spackage. This applies the Connolly
the DLS optimization was carried out assuming the highest method?® consisting of “rolling” a probe molecule with a given
possible space group symmetry for the topology under consid- radius over the van der Waals surface of the framework atoms.
eration, while for the lattice energy minimization the full We have used a probe molecule with a radius of 1.4 A (such as
primitive unit cell was generated and minimized under constant water) and 1.32 and 0.9 A for the radii of O and Si atoms,
pressure conditions. After minimization, the symmetry of the respectively. The void volume, enclosed within the Connolly
fully optimized structure was again determined. The interatomic surface, was calculated first. The accessible volume was then
potential methods are fast, reliable, and effectively reproduce calculated by requiring the probe molecule to enter the unit cell
known structure® and experimental lattice enthalpy trerfdg° from the outside.
In addition, we have calculated the structural properties of the
initial and optimized frameworks, such as density, volume, Results and Discussion

framework densityKp, in units of the number of Si atoms per . L
1000 A3), coordination sequences (CS), and internal volume. A total of 294 uninodal frameworks were originally enumer-
The concept of “coordination sequence’ identification of ated!* This set included quasi-simple tilings with tetrahedral

structured! is as follows. In a four-connected network, each vertex figures With_ up tO_SiX double edges (as _explained ?n ref
vertex is connected to N= 4 neighboring vertices. These are 14), and also the nine uninodal frameworks derived from simple

then linked to N vertices in the next shell, in turn connected to  11iNgS- After the removal of duplicates, together with tilings

N3 vertices etc., including each vertex only once. Although the which could not be refined to within a sufficiently narrow range
coordination sequence for each kind of vertex is not unique to of Si—Si distances, 166 uninodal structures were available for

a given structure, it is a useful numerical guide, because evaluati_on. We were able to carry out an energy minimization
structures with different coordination sequences are necessarilycalculation on the structures of all but two of them. Among the
different. Brunne® correlated the CS with framework density 164 minimized structures were all 21 known uninodal zeolites

and found that density decreases with the decreasing size ofStructure types ABW, ACO, AFI, ANA, ATN, ATO, BCT,
the smallest ring in the framework. In simple terms, the CAN, CHA, DFT, FAU, GIS, GME, KFI, LTA, MER, MON,

coordination sequence reflects the “growth” and “branching” NPO. RHO, RWY, and SOD)two known minerals (tridymite
of the tetrahedra tree. When no branches turn back onand cristobalite), and 78 unknown zeolite structures. The

themselves and form rings, the sequence is the series with N remaining structures comprised duplicate topologies, which, in
=4 x 3133 most cases, arise from different tilings (but with the same
The Ceriud software suit¥ was used for visualizing and framework topology) and min_imi_ze to i(_ientical structures. In
manipulating the structures and for calculating free volumes, Several cases, however, qualitatively different structures were
space group symmetry, and other parameters. In addition toOPtained with the same topology, because different unit cell
calculating the energetics of the hypothetical structures, it is definitions can result in minimized structures with different
important to compare the calculated values with the values for SYmmetries. For example, several low and high symmetry forms
all known zeolite frameworks. Thus, all procedures for calculat- ©f Poth cristobalite and trydimite were generated. While most
ing properties were also performed on the siliceous forms of Of the structures have previously been found by other enumera-
the known zeolite topologies. Quartz was used as a referencelion methods, our enumeration is systematic, and ranking by
for all calculations, and we quote lattice energies with respect Simulated lattice energies gives a different “order of preference”

to that of a-quartz, the most stable form of the mineral at &s compared to those of Boisen et®&who used a calculated
ambient temperature. force field) and Treacy et &P.(who relied on an empirical cost

function based on geometries of known silicate zeolites), thus

(27) Schider, K. P.; Sauer, J.; Leslie, M.; Catlow, C. R. A.; Thomas, J. M.  arriving at a different set of chemically feasible structures.
Chem. Phys. Lett1992 188 320-325.

(28) Kramer, G. J.; de Man, A. J. M.; van Santen, R.JAAm. Chem. Soc. The reason our enumeration did not find quartz is that this
199], 113 6435-6441. compact structure requires a quasi-simple tiling with a tetra-

(29) Bell, R. G.; Jackson, R. A.; Catlow, C. R. A.Chem. Soc., Chem. Commun. P R q q p. 9
199Q 782-783. hedral vertex figure with more than the six double edges that

(30) Akporiaye, D. E.; Price, G. Zeolites1989 9, 321-328. H ili

(31) Brunner, G. O.; Laves, Wiss. Z. Technol. Unersity Dresderl971, 20, we have _cor_13|dered. In the most natural “"hg for q_uéfrta,
387-390. Meier, W. M.; Moeck, H. J. Solid State Chem979 27, 349— relatively intricate structure, as many as four different tiles meet.
355.

(32) Brunner, G. OSolid State Chen979 29, 41.

(33) Grosse-Kunstleve, R. W.; Brunner, G. O.; Sloane, N. Ada Crystallogr. (35) Connolly, M. L.J. Am. Chem. S0d.985 107, 1118-1124.
1996 A52 879-889. (36) Delgado Friedrichs, O.; O'Keeffe, M.; Yaghi, O. i8olid State Sck003

(34) Ceriug v. 4.0 Molecular Simulations Inc.: San Diego, CA, 1999. 5, 73-78.
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Figure 1. Framework energyEr (kJ/mol), with respect ta--quartz, versus Figure 2. Accessible volume (Aper Si atom) versus framework density
framework density (Si atoms per 1008)4or (a) all known zeolitic structure  for (&) all known zeolitic structure types; (b) hypothetical uninodal zeolitic
types; (b) hypothetical uninodal zeolitic structures with framework energies Structures with accessible volumes below 8dpkr Si atom.

below 35 kJ mot?.

derived from calorimetric measuremeftswe note that the
purely siliceous counterparts of structures BCT (magnesiosili-
- cate) and DFT (cobaltophosphate) have energies similar to those
f|gures._ o ) of other known structures of similar framework density.
Relative Energy and Framework Density.Figure 1a gives Relative framework energies of the hypothetical zeolitic
the plot of framewor.k energy relative mqugrtz,EF, versus frameworks range from 3.38 to as much as 609 kJ fand
the framework densityfp, for all known zeolites. Instead of  j jq cjear that the structures with high framework energies will
considering only zeolites that exist in thg purely siliceous form, be highly strained and not chemically viable. Figure 1b shows
we have treaF(_ad all of the known topologies as though they were plot of the framework energy versus the framework density
realized as silica polymorphs. The four structures that substan-g,, the hypothetical uninodal structures with energies below 30
tially deviate from the rest are all non-silicate structure types, | j mor? the range considered as the most “desirable”, and
WEI (calcium beryllophosphate), CZP (sodium zincophosphate), \yi framework densities typical of the known zeolites. There

OSO (potassium berylosilicate), and RWY (gallium germanium .0 53 hypothetical uninodal structures in this range: 11, 14,
sulfide). OSO, RWY, and WEI are frameworks containing three- -1 73 g9 120 121 122 177 178 195 196. 219 220 221

membered rings, and the higher energy of these structures in224, 235, 270, 271, 272, 278, 279, and 280.
the siliceous form indicates a strained framework.

Using regressional analysis, we fitted a straight line through
all of the data points of relative framework energy versus the
framework density for all known zeolites. Figure la contains

147 data points (146 for zeolites and one farquartz), (37) Henson, N. J.: Cheetham, A. K.; Gale, J.@hem. Mater1996 8, 664—
excluding structures—CHI, —CLO, —PAR, —RON, and 670

We note, however, that enumeration of all known uninodal
zeolitic structures never requires such complicated vertex

The deviation of the relative lattice energy from the best fit
in Figure 1a can be easily quantified. If the equation of the
regression line is written as+ ax+ ¢ = 0 (wherey = Er and

(38) Petfovic, I.; Navrotsky, A.; Davis, M. E.; Zones, SChem. Mater1993

—WEN, which have interrupted frameworks and cannot be 5, 1805-1813. Piccione, P. M.; Laberty, C.; Yang, S. Y.; Camblor, M.
i i H ; A.; Navrotsky, A.; Davis, M. EJ. Phys. Chem. R00Q 104, 10001~
treated as Si@ The straight line shows the fit for all data except 16011, Hu. Y. T.. Navroteky, A.- Chen, C. - Davis, M. Ehem. Mater.
those for CZP, RWY, WEI, and OSO. The fi{= —1.441x 1995 7, 1816-1823. Piccione, P. M.; Woodfield, B. F.; Boerio-Goates,
; 2 — B P J.; Navrotsky, A.; Davis, M. EJ. Phys. Chem2001, B105 6025-6030.
Fp + 40.323, withR 0'33_51) 1S Slmllar_ to those reported by Piccione, P. M.; Yang, S. Y.; Navrotsky, A.; Davis, M. E.Phys. Chem.
Henson et at%3” and Aporiaye and PricE;%° and to those 2002 B106 3629-3638.
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Figure 3. Framework energy with respect toquartz versus accessible
volume (A8 per Si atom) for all hypothetical uninodal zeolitic structures.
The inset identifies the chemically feasible structures.

x = Fp), then the distance of a point with coordinatesg {)
from that line is® = |(axx + y1 + c)/al, wherev is a
dimensionless deviation parameter.

To identify chemically feasible structures, Akporiaye and
Price20plottedFp versus the number of Si atoms in the fourth
coordination shell (4. The framework density increases with
decreasing N because structures with low framework density
must contain large cavities and/or channels outlined by large
rings, which can only occur for low degrees of branching of
the framework. These plots provide information similar to that
given here, but are significantly easier to perform, as the
calculation of N does not involve high-computing-cost lattice
minimization.

Accessible Free VolumeThe accessible free volume deter-
mined by a probe molecule gives an indication of the space
available within each structure for applications in molecular
sieving and catalysis. Figure 2a gives the plot of accessible
volume (& per Si atom) versus framework density for all known
zeolitic structure types. There are structures, such as AST, MSO,
and NON, with zero accessible volume for the given size of
the probe molecule. Known zeotype OSO has the highest
accessible volume, closely followed by FAU, EMT, and SBT.
All of them contain large cavities.

Figure 2b gives the plot of accessible volume versus
framework density for the hypothetical uninodal zeolites with
accessible volumes below 8 fier Si atom. Low framework
density structures are of particular interest, as they have very
high accessible free volumes. Of the structures with framework
densities below 18 Si atoms/1006,Atructures 11, 14, 71, 73,
and 79 are energetically stable (Figure 1b). We note that
structure 11 is one of the nine enumerated using simple tilings
and six of the others in that group are known zeolites. Most of
the hypothetical uninodal structures have dense frameworks,
which are largely inaccessible. However, as many known zeolite

topologies have low accessible volumes (Figure 2a), a structure

cannot be ruled out as a feasible topology on the basis of the
low accessible free volume, even though it may not be of interest
to sorption, ion exchange, or catalysis. A plot of framework
density for known zeolites and for dense silicate frameworks
against the size of the smallest ring in the strucUshows

(39) Brunner, G. O.; Meier, W. MNature 1989 337, 146-147.

Figure 4. Structure 120 contains a one-dimensional channel system of
eight-membered rings (4.8 4.4 A) along (001), built up from chains of
edge-sharing four-membered rindgs & 12.79;Fp = 18.54 Si atoms/1000
A3; accessible volume= 7.11 A3 per Si atom).

I b g 12

Figure 5. Structure 121 contains two kinds of one-dimensional channels
(3.9 x 3.9 and 3.1x 3.1 A) of eight-membered rings along (001), built up

by chains of edge-sharing four-membered rings€ 11.91;Fp = 18.63
Si atoms/1000 A accessible volume= 7.80 A3 per Si atom).

4

that very open frameworks with lofs have the largest number

of four- and three-membered rings and that there is a clear gap
in Fp between compact minerals, such as quartz and tridymite,
and the zeolite frameworks. The lower boundaryFef for
known zeolites is from about 11 tetrahedral atoms per 1000 A
in materials with four-membered rings to about 17 tetrahedral
atoms in materials with-5 rings, where the plus sign signifies
that some tetrahedral atoms are associated only with the larger

rings.
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Figure 6. Structure 122 contains a one-dimensional ring channel system, with channels outlined by eight-membered rin§s3(A%(Er = 11.64;Fp
= 19.13 Si atoms/1000 & accessible volume= 5.79 A3 per Si atom).

Although some of the known frameworks exist only as
aluminum phosphates or other compounds which do not have
silicate counterparts, evaluation of the topologies with the AIPO
composition shows that their stability is similar to that of the
SiO, composition®® and that the correlation between energy
and density for purely siliceous systems is also valid for the
AIPOs37 This is not unexpected, given the similarity of the
atomic radii of silicon and aluminufi, but new calculations
would have to be made for materials with other chemical
compositions. One way forward might be to perform simulations
using “virtual” atoms, that is, atoms with properties not based
on a specific element but with variable radius, bond length, and
bond angles.

Using the tiling method, it is possible to enumerate every
possible periodic three-dimensional network, subject only to the
availability of computer resources. It can be readily extended
not only to six-coordinated and mixed six-/four-coordinated
structures, but to any arbitrarily prescribed coordination. For
six-coordinated structures, the starting point would be a list of
six-faced generalized polyhedra instead of the tetrahedra used

Figure 7. Structure 195 has a one-dimensional channel system along (001)

of elongated eight-membered rings (27 5.8 A) in a “propeller’ for four-coordinated structuréd,and the number of resulting
arrangement around four-membered rings € 10.35; Fp = 20.16 Si structures would be much larger. The advantage of the tiling
atoms/1000 A accessible volume= 4.39 A3 per Si atom). method of enumeration as compared to other approaches is that

it is systematic and that certain aspects of the enumerated
Figure 3 plots the framework energy with respeatitquartz  topologies, such as ring size and cage topology, can be
for all hypothetical uninodal zeolitic structures versus the prescribed in advance.
accessible volume, thus combining information contained in The synthesis of microporous materials is facilitated by the
Figures 1b and 2b. Structures of the greatest practical interestyse of structure-directing agents (templates), which are typically
are those with low energies and large volumes (see inset).organic bases. Template molecules are incorporated in the
Figures 4-8 show the structures of five selected hypothetical synthesis mixture, with the resulting framework of the product
uninodal zeolites, while full details of all of the structures reflecting the shape of the template. A given microporous
together with the crystallographic CIF files (from which powder
X-ray diffraction patterns can be easily calculated) are given in (40) Simperler, A.; Foster, M. D.; Bell, R. G.; Klinowski, J. Phys. Chem. B

) ) 2004 108 869-879.
Supporting Information. (41) Shannon, R. DActa Crystallogr.1976 A34, 751-767.
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Figure 8. The compact framework of structure 271 consists of five- and six-membered Bags11.54;Fp = 19.24 Si atoms/1000Aaccessible volume
= 6.43 A3 per Si atom).

structure may thus be targeted by adroit choice of the templatethem with respect to calculated lattice energies and other
using ZEBEDDE?? a computational method of de novo design structural properties. Among the minimized structures were 21
of template molecules which are “grown” within the desired known zeolites, two known minerals (tridymite and cristobalite),
inorganic framework. ZEBEDDE suggests the optimum shape and 78 unknown zeolite topologies. We have calculated
of a template molecule suitable for the synthesis of this optimized lattice energies relative ta-quartz, framework
framework and has generated templates used for the synthesigjensities, coordination sequences, and volumes accessible to a
of known microporous materials. ZEBEDDE will soon be used probe molecule 1.4 A in diameter, and we established correla-
to assist in the synthesis of the zeolitic structures that we haveijons petween these quantities. We identified 23 hypothetical

identified as chemically plausible. o structures as chemically feasible.
Finally, we note that a zeolite-like material with a framework
composed of phosphorus, nitrogen, and oxygen, and the structure
corresponding to our net 88, has recently been repdfted. AﬁknEWIedamlem' ¥Ve ar$ grateful to the(;EPSRhC (g'K') and
Complete structural information on all of the enumerated to the _ever ume_ rust for support, and to the Portuguese
Foundation for Science and Technology (FCT) for the Ph.D.

structures is currently being placed on a webgite. )
scholarship No. SFRH/BD/3024/2000 to F.A.A.P.

Summary

We have considered 164 systematically enumerated uninodal

hypothetical four-connected as silica polymorphs and evaluated Supporting Information Available: - Potentials used in the

calculations, structural information for all optimized structures,

(42) Lewis, D. W.; Willock, D. J.; Catlow, C. R. A.; Thomas, J. M.; Hutchings, ~ crystallographic CIF files for all optimized structures, and
G. J.Nature1996 382 604-606. Lewis, D. W.; Sankar, G.; Wyles, J. K.; : ; : :
Thomas, J. M.; Catlow, C. R. A.; Willock, D. Angew. Chem., Int. Ed. Strl_JCtural |r?for_mat|on_ on the structures shown in Flgure§'4
Engl. 1997, 36, 2675-2677. Willock, D. J.; Lewis, D. W.; Catlow, C. R.  This material is available free of charge via the Internet at
A.; Hutchings, G. J.; Thomas, J. NI. Mol. Catal.1997, A119 415-424. htto:

(43) Correll, S.; Oeckler, O.; Stock, N.; Schnick, Wngew. Chem., Int. Ed. ttp://pubs.acs.org.
2003 42, 3549-3552.

(44) Klinowski, J http://www-klinowski.ch.cam.ac.uk, 2004. JA037334J
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