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Simulations of the crystal structures and of the properties of
solids are topical and were recognized early in materials
science as a challenging task. Several computational ap-
proaches to predicting crystal structures have been described,
such as:

1) Local optimization of approximate, preconstructed models
by potential or first principles methods.[" 2

2) Monte Carlo or genetic algorithm based sampling of
packing arrangements of molecular crystals.P!

3) Assembly of atoms or ions assuming unit cell and
symmetry by, for example, simulated annealing!* or a
genetic algorithm.[%]

4) Operations for combining two-dimensional periodic
sheets.'!]

5) Enumeration of framework structures!>4 given defined
symmetry and connectivity constraints.['”]

The motivation for these efforts is to aid the often difficult
process of crystal structure determination, to help rationalize
different but related structure types, or to help limit the
domain of structures that are possible to a given system.F! In
certain cases, combination with other desired structural
attributes, for example microporosity, can allow these struc-
ture prediction methods to be applied in a genuine design
sense.

In general, we lack an ability to develop viable synthesis
routes based solely on a knowledge of the crystal structure.
Inspired by molecular chemistry, for which rational synthesis
routes are almost invariably developed, it is interesting to
consider how rational approaches might be developed for the
synthesis of inorganic structures, for example, zeolites!'® 7 or
larger pore materials.'52!1 The desire to develop virtual
libraries that might be accessible by rational synthesis is made
more pressing by the recent emergence of combinatorial and
high-throughput experimentation approaches to inorganic
chemistry (see [22, 23] and references therein).

The prediction of periodic inorganic structures is a difficult
task involving many degrees of freedom, which are related to
the chemical and structural diversity of inorganic structures.
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Any means to reduce the number of degrees of freedom
is potentially valuable. Assuming, where appropriate, the
occurrence of specific secondary building units (SBUs) is
one such means. Many periodic inorganic structures can
be regarded as elementary units, and, more generally, as
SBUs assembled in one, two, or three dimensions. Related
structures may be differentiated by the mode of inter-
connection between the SBUs. However, while SBUs have
been used widely for descriptive and characterization pur-
poses,l'21624] the exploitation of SBUs in a computational
means of constructing models has not been developed until
now.

Here, we describe a general computational methodology
(automated assembly of secondary building blocks, AASBU)
for producing virtual libraries of viable inorganic structures
based on secondary building units (SBUs), implemented
according to the following design criteria: 1) no explicit
constraints on the nature or size of the SBUs involved, 2) no
explicit constraints on unit cell dimensions but, optionally, on
space group symmetry, 3) an ability to accommodate one or
more types of SBUs, with the possible inclusion also of
occludates, such as template molecules, 4) accommodation of
differing modes of inter-SBU connection, allowing, for
example, corner-, edge-, and face-sharing modes, and 5) broad
flexibility in the definition of the linkage points. This use of
SBUs reduces dramatically the number of possible structure
types, relative to a ‘free atom’l*'% or even ‘free tetrahedron’
approach;P! the huge number of generated structures has
been a major hindrance to the broader application of previous
structure prediction methods.”] Perhaps more importantly,
however, we consider that the virtual libraries of inorganic
structures developed by this method will, at least for certain
structural families, prove more amenable to rational synthesis.
The building unit comprising two octahedra and two tetrahe-
dra in a corner-shared configuration (see Figure 1), for
example, is known to form under synthesis conditions®! that
can be adjusted to yield two different periodic assemblages,
the three-dimensional structure AIPO-CJ22% and its layered
form isotype with the minyulite structure.?”

Apart from the SBU itself, the two assumptions in a given
simulation are the number of SBUs per unit cell and the space
group symmetry. For the most general case a search can be
performed in the space group P1. A final determination of the
symmetry of the generated structures is systematically per-
formed with a “Find_Symmetry” analysis. The simulations
provide a list of candidate structures, sorted by cost, with their
final space group, cell parameters, and atomic positions that
can then be compared with existing structures by using any of
a portfolio of crystallographic tools.

The preliminary step in the AASBU method consists of
elaborating a suitable library of SBUs, for example in the
subsequent discussion, M,L, (M: central metal atom; L:
coordinating or ‘ligand’ atoms). Figure 1 shows illustrative
examples of SBUs extracted from known families of inorganic
structures. The next step consists of defining the rules that
control the possible assembly of the SBUs during the
subsequent simulation stages. These rules are encapsulated
in a forcefield that includes ‘sticky-atom’ pairs. The SBUs are
treated as rigid bodies, with the inter-SBU interactions
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parameterized on an atom-—atom basis by a simple Len-
nard-Jones expression for the energy of interaction between
pairs of atoms i and j, as defined in Equation (1). The ‘sticky

Ey=g;[(rf ry )2 =20 ry )] )

atom’ pairs are those that, when combined, form the inter-
SBU linkages; these are parameterized as a highly attractive
potential well with a minimum at a very short L;---L,
separation. This potential function has no direct physical
meaning. It serves simply to ‘glue’ together the SBUs at the
linkage points during subsequent simulation steps.

A repulsive potential between M; -+ M; pairs prevents SBUs
from overlapping with each other, and this repulsive potential
is also tuned in order to favor either corner-, edge-, or face-
sharing during the assembly process. This tuning provides a
bias in favor of the target mode of linkage, but does not
exclude other connection modes, which can then occur also as
local minima in the sampled configurational space. A
repulsive potential between M-+ M; pairs discourages unde-
sirable local minima corresponding to proximate, but uncon-
nected SBUs. For example, typical values of the various
atom—atom potential parameters in the Lennard-Jones
expression for a corner-shared target configuration in the
case of octahedra-based and tetrahedra-based building units
is given in Table 1. The total cost or “energy” of a given

Table 1. Typical Lennard-Jones potential parameters used in developing the
cumulative cost function® favoring corner-shared configurations.

Octahedra-based building units ~ Tetrahedra-based building units

&; [kealmol™] ri[A] &; [kcalmol!] r[A]
LL; 400 0.20 400 0.2
M, M; 1.00 4.40) 1.00 3.9
M;-L; 1.00 2.24 1.00 1.9

1 7

[a] Charge terms are not included in this implementation of the AASBU
methodology. [b] A reduction of the 7} parameter for the M;--- M; pairs (3.5 A,
for example) favors edge-sharing configurations of octahedra-based building
units.

configuration of SBUs in a unit cell, E,,;, is then computed as
the sum over the set of unique SBUs of the Lennard-Jones
terms involving dissimilar L---L, M---L, and M --- M pairs, as
defined in Equation (2). The magnitude of this cost function

Emmlzz (EL‘-»LJ" B+ EM-»M) (2)
SBUs

provides an estimate of the degree of connectivity of a given
arrangement of SBUs. Since a given SBU is defined by its
geometry and its set of potential connection points, specific
connection modes are easily favored or discouraged by
assigning each ligand atom L with attractive or repulsive
parameters. The simulations will then typically yield struc-
tures with different degrees of connectivity, their final ranking
by cost being dependent on the initial parameter choices.
Differing modes of interconnection, such as corner-, edge-,
face-sharing, can be promoted, not only through the tuning of
the M; --- M, repulsive potential, but also by direct inclusion of
corner-, edge-, face-sharing polyhedra within the SBUs
themselves (Figure 1).
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Figure 1. Examples of building units used in the AASBU method (green:
tetrahedra, blue: octahedra). Simple polyhedra, including specimens with
corner-, edge-, and face-sharing polyhedra, are shown together with a more
complex SBU made of both octahedra and tetrahedra.

With the set of SBUs and potentials defined, the candidate
periodic structures are generated by using a cascade of
simulations/®! that entails five major steps:

1) Periodic SBUs trial arrangements are randomly generated
by a simulated annealing procedure.! The angular degrees
of freedom of each unique SBU are sampled by a
Metropolis Monte Carlo algorithm.?’) At each such step,
both the cell size and the distances between SBUs are
adjusted to relieve close interatomic contacts, leading to
successive phases of cell contractions and expansions. As
the simulated annealing proceeds configurations of lower
cost are stored;>° a typical simulation run within a
10000-300 K ‘temperature’ range, yields a final set of
some 10* trial periodic configurations of SBUs.

2) The trial arrangements are reduced to a set of unique
arrangements, corresponding to unique local minima;
redundancies are removed through the comparison of
radial distribution functions and simulated diffraction
patterns.P!

3) The resulting set, which contains typically some 10° unique
arrangements, is minimized with respect to the cost
(energy).

4) After the structure optimization, the redundant arrange-
ments are removed. At this stage, the simulation yields
typically a few hundred possible SBUs configurations,
which are ranked by cost or degree of connectivity.

5) For each such configuration, the sets of ‘sticky atoms’ at
short separations (typically pairs) are reduced to single
atoms, and the space group symmetry of the arrangement
determined automatically by the Find_Symmetry algo-
rithm.B% 31
The result is a list of predicted structures sorted according

to space group and cost, with cell parameters and atomic

positions suitable for direct comparison with other libraries of
inorganic crystal structures, or based on corresponding
crystallographic data. The computing time depends on
the number of atoms in the SBU, the stipulated number of
SBUs per unit cell, and the details of the simulated annealing
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schedule. A typical run for an SBU composed of a trimer
of octahedra (Figure 1) requires some three hours CPU
time on an Octane SGI R12000 workstation operating at
300 MHz.

To demonstrate the viability of the AASBU method in
structure prediction, we use simple building units extracted
from known families of inorganic structures. First, to explore
structure types based on corner-sharing octahedra, such as the
perovskite, bronze, and pyrochlore families, SBUs composed
of a discrete octahedron, ML, and of the trimer M;L s, the
tetramer M,L5, and the pentamer M;L,, were built according
to the known geometry of TiO, in rutile (M—L= 2 A)
(Figure 1). Using a corner-sharing oriented forcefield (Ta-
ble 1), we generated candidate structures with one SBU per
asymmetric unit, either in P1 or using various space group
symmetry constraints.

The known three-dimensional structure types based on
corner-sharing octahedra were sucessfully generated (Ta-
ble 2). For example, a simulation with ML, as the SBU in the
space group C2/c, yields the cubic perovskite-type structure
(space group Pm3 —m). The other well-known tilted perov-

Table 2. Examples of existing structures based on octahedra as predicted
by the AASBU method, using various SBUs and space groups.

SBU

Space group  Predicted structure

used

Symmetry
analysis of the
predicted struc-
ture

three-dimensional structures based on corner-sharing octahedra

ML, C2/c (15) cubic perovskite Pm3m (221)
ML, P2,2,2, (19) tilted perovskite P2.2.2, (19)
M;L;s  P1(1) hexagonal tungsten bronze P6/mmm (191)
ML, P1(1) pyrochlore Fd3m (230)
MsL,, P1(1) Ba,CoTa,,0;, Cmmm (65)
MsL,, C2(5) intergrowth tungsten bronze  Fmm2 (42)
M;sL,,  P4/m (83) tetragonal tungsten bronze P4/m (83)
other structures

ML C2/c (15) NaCl Cmca (64)
ML, C2/c (15) V,0s C2/c (15)
ML, P2.2.2, (19) rutile (TiO,) PA2,m (113)
ML, P2.2.2, (19) ramsdellite (y-MnO,) Pnma (62)

skite arrangements were also obtained in other space
groups.l?l The pyrochlore structure type (Fd3m) was gener-
ated in P1 using the tetrameric SBU, M L5, appearing ranked
as the lowest cost structure among a list of 50 candidates. The
AASBU simulations generated all known three-dimensional
structure types based on corner-sharing arrangements of the
pentameric SBU, M;L,,, namely the Ba,CoTa,,O;, type
structure, the intergrowth tungsten bronze and the tetragonal
tungsten bronze (Figure 2A), demonstrating the ability of the
AASBU method to highlight topological affiliations within
related materials.

Using an elementary octahedron as SBU with a corner-
sharing oriented forcefield (Table 1), generates a series of
known structure types containing both edge- and corner-
sharing octahedra in addition to rutile (TiO,), such as
ramsdelite (y MnQO,), V,0s, and NaCl (see Table 2). Combin-
ing the use of an edge-shared dimer, M,0,,, as SBU with a
corner-sharing oriented forcefield (Table 1) leads to a series of
structure types, including both known types such as CaTa,Oq
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Figure 2. A) Topologic filiation between existing inorganic structures based on the pentameric SBU,
M;L,,, as predicted by the AASBU method. Left: Ba,CoTa;(O5, center: intergrowth tungsten bronze
(TICa,Tas0y5), right: tetragonal tungsten bronze. B) New framework topology of a porous oxide (MO;)
as predicted by the AASBU method, using an edge-shared dimer, M,0,.

and PbSb,O¢, as well as apparently novel microporous
frameworks (Figure 2B). New metal oxides with structures
based on interlinked octahedral units are topical; for example,
several manganese oxide structures show interesting ion-
exchange, adsorptive, magnetic, and electrochemical proper-
ties.[3 The present simulation results demonstrate the feasi-
bility of the AASBU approach, and suggest possibilities for
the a posteriori synthesis of multifunctional microporous
oxides.

Continued progress in the synthesis and characterization of
zeolites and related crystalline microporous solids has led to
an expanding family of more than 100 observed framework
structure types;l'9 libraries containing many thousands of
hypothetical framework structures have already been devel-
oped by several authors. Given this history of differing
approaches to framework structure prediction, we have
applied the AASBU method using a corner-sharing oriented
forcefield to the case of an elementary tetrahedron, ML,
(M—L=1.65 A), as SBU (Table 1). The number of structural
possibilities is known to be large,> ] so we restricted the
simulations to the illustrative cases of one or two SBUs per
asymmetric unit, and a selected set of space groups. In each
case the anticipated, known structure types were predicted,
for example the GME-, FAU-, RHO-, and LTL-frame-
works.'®) New frameworks were also produced (Figure 3).
Of the two structures ((a) and (b) in Figure 3) that were
identified for space group P6/mmm, and related to the LTL-
framework, the first structure (Figure 3 A) is composed of a
3D arrangement of gmelinite cages!'?l interconnected through
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their 6-rings, in contrast to the can-
crinite cages!'? in the LTL-framework,
but has a similar 12-ring channel
system. The second structure (Fig-
ure 3B, Table 3) also contains gmelin-
ite cages and has channels that run in
the (001) direction circumscribed by
24 tetrahedra, with free aperture di-
mensions of 172 x 19.4 A. Each 24-
ring channel connects with its six
neighbors through gmelinite cages
and through six double 8-rings. The
pore volume of this hypothetical struc-
ture is large; grand canonical Monte
Carlo simulations of N, adsorption at
1 bar and 298 K, indicate an adsorp-
tion capacity of 0.25 mmolg~!. Lattice
energy calculations of the LTL-frame-
work and of these two hypothetical
frameworks, both with pure silicate
compositions, were performed by us-
ing the GULP software and default
potentials.’* Relatively small internal
energy differences (with —77.10 eV
per formula unit, SiO,, for the LTL-
framework, —77.09 eV for structure
(a) and —77.05 eV for structure (b))
suggest similar framework stabilities.
These results underscore the vast
known scope of structural possibilities
for microporous framework structures composed of corner-
shared tetrahedra, and highlight one advantage of the
AASBU method, compared to other approaches, in its being
able to accommodate SBUs substantially larger than individ-
ual tetrahedra.

In a simple, yet illustrative application of the AASBU
method to structures with more than one type of SBU, a series
of simulations was performed by using a 1:1 combination of an
octahedron and a tetrahedron per asymmetric unit. Figure 4
illustrates a selection of the corresponding structures thus
generated.

To conclude, the AASBU method offers a useful means of
developing virtual libraries of viable, periodic structures for
inorganic solids than can be constructed from predefined
secondary building units. The use of a simple cost function
developed from atom-atom Lennard-Jones potentials sup-
ports both conventional nonbonded interactions and ‘sticky
atom’ pairs parameterized to form the SBU interlinkages
during the simulated annealing and minimization procedures.
Tailoring of the atom-atom potential parameters allows
differing modes of interconnection to be promoted or
disfavored. The AASBU method accommodates SBUs of
varying complexity and size and its general applicability is
demonstrated through generation of both known and appa-
rently novel structures in various families of materials,
including bronzes and zeolites. The AASBU approach
provides a new de novo methodology for developing virtual
libraries of viable structures, a means of rationalizing existing
structures in terms of topologic affiliations, and a potential aid
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Structure a

Figure 3. A) Comparison between the LTL-
framework and a hypothetical 12-ring chan-
nel zeotype-structure (a) as predicted by the
AASBU method. B) A second zeotype
structure (b) was predicted. The simulated
X-ray pattern is shown for its SiigOg form.
The associated atomic coordinates as ob-
tained from the simulations are listed in
Table 3 (cell volume: 5604.15 A3; channels:
24 x 8 x 8; simulated N, adsorption capacity
at 1bar and 298 K: 0.25 mmolg™'; frame-
work density: 8.56 tetrahedra (T) per
1000 A3).

Table 3. Atomic coordinates of the hypothetical zeotype
structure given in Figure 3B for the pure silicate form,
which was generated by the AASBU method (P6/mmm
symmetry, a=b=24.73, ¢=10.58 A); two elementary
tetrahedra served as building units.

Atom X y z
Si(1) 0.530 0.333 0.336
: Si(2) 0.466 0.393 0.153
i e iy o(1) 0.604 0.396 0.297
| . 0(2) 0.476 0.341 0.264
S 0@3) 0.526 0.263 0.293
5 0(4) 0.521 0.333 0.500
0o(5) 0.403 0.403 0.192
0(6) 0.455 0.363 0.000
o(7) 0.535 0.465 0.157

in the solution of crystal structures that cannot be
solved with conventional methods and for which
- some insight into the nature of SBUs is available.
"- ,q i 5"--‘ - i While not yet proved in practice, it is also
'y ‘_ "y "‘ considered likely that this SBU-based approach
‘-— L '... l. will yield virtual libraries whose members prove
_:' " '_ ‘ “ | more amenable to directed synthesis: this ap-
& & e proach opens the field to the a posteriori syn-
.-l ‘, ‘ -,, thesis of inorganic structures, that is the search
T h" -h L "" i:- for a chemical match between a new predicted
il - “ il '__'_ . P g topology and adequate framework elements. In
| il | addition to more exhaustive studies of tetrahe-
dral, octahedral, and mixed tetrahedral-octahe-
“TW dral frameworks, it will be interesting now to
-“ ‘ i i apply the AASBU method to other areas such as
the prediction of combined framework plus
j ‘ ""‘ ‘ lu‘ template structures,'’l the ‘design’ step in the
design-make-test-model high-throughput exper-
imentation cycle, and to the aggregation of larger
motifs as SBUs, such as polyhedra, cages, or local
structures described in noncrystalline solids.

Figure 4. Examples of structures made of two independent SBUs (tetrahedra and octahedra) Received: July 26, 1999 [Z13781]
as predicted by the AASBU method. Revised: March 17, 2000
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Template-Induced, Stereoselective Cyclizations
in the Cyclopolymerization of TADDOL-
Dimethacrylate**

Gilinter Wulff,* Anja Matussek, Christian Hanf,
Stefan Gladow, Christian Lehmann, and
Richard Goddard

In the context of the synthesis of main-chain chiral
copolymers, Kakuchi et al.ll cyclo-copolymerized®? 2,3-O-
isopropylidine-p-threitol-1,4-(dimethacrylate), derived from
D-tartaric acid, with styrene. After removal of the 2,3-O-
isopropylidine-D-threitol template, the resulting copolymers
containing methylmethacrylate and styrene units showed
relatively small optical rotations, in contrast to copolymers
prepared from D-mannitol derivatives previously obtained by
us.”l In order to obtain increased asymmetric induction, we
used (R,R)-TADDOL, introduced by Seebach et al.,l instead
of the threitol derivative, and prepared for the first time the
dimethacrylate M (see Scheme 1).31 Surprisingly, copoly-
merization with styrene followed by removal of the template
resulted in a copolymer with a significantly smaller optical
activity. This can only be explained if the methacrylate units
are arranged as meso diads to one another. Homopolymeri-
zation should lead to an isotactic arrangement in the chain,
and this was indeed the case. After anionic polymerization,
removal of the template, and esterification, the polymeth-
acrylate obtained was completely isotactic, but it exhibited a
small but distinct optical rotation, which decreased with
increasing molecular weight.

Independent of our work, Sogah, Okamoto, and co-work-
ersl® T also prepared the monomer M and homopolymerized it
by radical, anionic, and group-transfer polymerization. They
obtained a homopolymer with a large optical rotation, from
which they assumed that it exists as an atropisomeric single-
handed helix, as found for tritylmethacrylate. After removal
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