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The problem of predicting crystal structures is discussed in the context of artificial intelligence
systems. The steps of creation of an expert system are considered as applied to crystal design,

where the crucial step is invention of new structure descriptors. A number of such descriptors
proposed quite recently are listed; most of them characterize local coordination or overall
topology of the structure network. An important part of the expert system is the knowledge
database that contains correlations between the descriptors; it is used by a computer analyzer,
the inference machine, to make a conclusion about possibility of obtaining a particular
structure motif. All the steps of developing the expert system are illustrated with the analysis
of 811 cyanide complexes and examples of the structure prediction are given.

Introduction

At present, expert systems are the most typical implementation
of artificial intelligence; they are used in various areas of
science and technology. Banks apply artificial intelligence
systems in the insurance business (Actuarial Mathematics), in
the games on exchange and management of the property, etc.'
Specialized expert systems are widely used in optical and
acoustic recognition (including text and speech), medical
diagnostics, spam filters, air defense systems, as well as for
solving a number of other problems in national security.
An important feature of expert systems is their ability to self-
learning that is associated with the continuous process of
knowledge discovery and data mining. That is why the first
component of expert system to be created is the knowledge
database. In general, the process of developing knowledge
database consists of the following steps:

— data sampling to select the information that is relevant to the
problem;

— data cleaning to remove errors and unreliable information
from the sample;

— data transformation to translate the information to a
computer language;

— data mining to perform a statistical analysis that includes
searching for association rules as well as clustering,
classification and regression of the data;

— interpretation and evaluation of the data mining results to
extract correlations (knowledge).

This journal is © The Royal Society of Chemistry 2013

At the next step one can try to generate a new knowledge
resting upon the correlations and rules from the knowledge
database. For this purpose, a data analyzer, the so-called
inference machine, should be created.

In chemistry, both general knowledge databases and more
special datasets as well as full-functioned expert systems have
been created in the near past.’ However, despite long history of
developing  computer-based  knowledge  systems in
crystallography and crystal chemistry, no full-fledged
inference machines have been created that could provide an
expert conclusion on the possibility and methods of
manufacturing new crystalline materials. At the same time,
quantum mechanical packages have emerged, which inherently
provide some predictive options of expert systems for solid
state design.’ Obviously, dramatically growing structural
information has reached the level, at which its systematization
and rationalization become crucial, and expert systems could be
an important tool to solve these tasks. In this paper, we outline
a possible route to develop expert systems in structural science
and provide some examples of how it could work.

Artificial intelligence in crystal design: the problem
statement

Huge amount of experimental crystallographic data, most of
which are obtained with a high precision, should contain many
general laws or more specific regularities that could be used in
crystal structure prediction. Following Motherwell,’ one can
say that the crystallographic databases contain a lot of answers,
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but the problem is to ask correct questions. Expert systems
should solve this problem. They should be able to extract the
knowledge from the experimental data and apply it for
elucidation of the existing crystal structures as well as for
prediction of new ones.

When a human expert has been asked what coordination
polymer can be obtained from a given set of complexing metal
atoms and ligands, or what molecular packing can be formed by
a given kind of molecule, he first asks about details, then
addresses to his memory and handbooks for the supplementary
information and finally to his experience for delivery of the
recommendation. He would never say anything definitely, but
will use phrases like ‘I suppose...’, ‘most likely...’, etc.

The expert system follows the same way (Fig. 1). It is a
computer program that asks the user about the experiment
details, recognizes structure descriptors in the information, and
uses the correlations from the built-in knowledge database to
output a conclusion by means of a special tool, the inference
machine. The advantages compared to the human are that the
number of correlations can be as large as needed, and the
conclusion is made with a definite probability. Of course, the
expert system cannot replace the human but can essentially help
him in making decision.

Initial data on the crystal
(composition, anticipated
properties)

(}:" User’s interface

Inference machine

Knowledge

Expert conclusion about ( databaze
T structure data,
possublllty and method to e et

obtain the crystal correlation:

Figure 1. General scheme of the expert system.

Below we consider the main steps on the route to the expert
system in crystal design. Some of them have been already
passed and hence will be examplified, while others can be
merely outlined.

Steps to create an expert system

In this part, we consider how to create an expert system for
crystal design. The key steps of this procedure are shown in
Fig. 2. The examples considered below mainly concern analysis
of topological properties of a crystal structure because it is the
field where sufficient progress has been achieved in the last
years. Nonetheless the general scheme remains the same for
prediction of any type of structural parameters.
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Figure 2. The main steps in creation of an expert system in crystal design.

Inventing new structure descriptors

Any structure correlation exists between some parameters that
can either be numerical or in general have a symbolic
expression. Any parameter can be considered as a value of
some structure descriptor; that is why the more diverse the set
of robust descriptors is built, the more possibilities exist to find
important correlations between the parameters. By the word
‘robust’” we mean that the descriptor should adequately (i.e.
acceptably at a given precision level) reflect some structure
property and should be adjusted for the computer analysis. Any
descriptor can be derived either from experimentally available
data or from concepts proved by mathematical modeling.
Obviously, the former group of descriptors is the most reliable,
large and well known, although the ab initio descriptors
become more and more popular thanks to the progress of
quantum mechanical and other computational methods in the
last 20 years.

Probably the first well known and crystallochemically inherent
descriptor was atomic radius; many efforts in the 20" century
were undertaken to find the best system of atomic radii to be
applicable to different classes of compounds. Another famous
characteristic, bond strength, also has almost century-long
history. These examples show how difficult is to find a robust
universal descriptor.

The first structure descriptors like the mentioned above
characterized the local environment of atoms and allowed to
find many stereochemical correlations that have formed the
basis of modern crystal chemistry. At the same time, local
parameters cannot unambiguously characterize the whole
structure architecture; to fit the requirements of crystal design
one needs a set of global descriptors that are related to overall
structure features. It is noteworthy that again a long time passed

This journal is © The Royal Society of Chemistry 2012
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since the pioneer works,” where the overall structure topology
had been considered, until the first global descriptors were
proposed. Wells introduced into crystal chemistry the notion of
periodic net and even used the descriptors’® that are now called
point symbols® to characterize the net topology, but he did not
propose any method for strict discrimination of nets. Almost in
the same time, Kitaigorodskii’ attracted the attention to the
topology of molecular packings, although characterizing them
by molecular coordination number, i.e. by a local descriptor.
Packings of atoms as well as ion arrays'® were explored since
the very beginning of the crystallographic era, but again the
main classification descriptors were atomic coordination
number and coordination polyhedron. As a result, the nets as
well as atomic and molecular packings were ordinarily
discriminated by visual analysis until the end of the 20"
century. The visual analysis being subjective often resulted in
mistakes; moreover, complicated topologies could not be
recognized in this way.

In the 2000s, new descriptors'' were invented to characterize
the overall network topology that immediately led to a series of
reviews devoted to classification of coordination networks,''™!2
molecular packings,'® and ion arrays.'* An important tendency
should be noted: the descriptors become less human-oriented
and more adjusted for computer processing. Thus such network

"2 or vertex symbol®

topology characteristics as Systre key
cannot be used manually for any more or less complicated
structure due to their intricacy.

Invention of new local and overall topological descriptors is the
crucial problem for the task under consideration. Any novel
robust descriptor allows us to find a lot of new correlations. For
the

coordination formula,

example, recently,15 we successfully used ligand

coordination mode symbol, and
molecular connection type symbol as efficient descriptors of
local connection of ligands or molecules. Another recently
1216 till needs

proposed local descriptor, coordination figure,
formalization as at the moment it is applied only in the visual
analysis. An important further step in this way could be
invention of the descriptors that include information on the
chemical composition of the entire network as well as of

separate structural units.

Creating a database of descriptor values (parameters)

After a set of robust descriptors is determined, the next task is
to compute the parameters (i.e. values of the descriptors) for all
of the
analysis is important: it means that no possible exceptions will

available crystallographic data. The completeness
be lost. This is the most time-consuming step: unfortunately,
crystallographic databases contain many errors, incompletely
determined or highly disordered structures that should be
excluded from the analysis or amended in some way. A method
for automated extraction of reliable data is required that is
directly related to the previous task: robust structure should
have all parameters lying within an appropriate range. Such
checkCIF
procedure,'” which however does not consider any topological

approach is already used in the widespread

parameters.

This journal is © The Royal Society of Chemistry 2012

The values computed should be stored in a database that has to
be flexible enough to deposit any kind of descriptor: number,
string, array, graph, efc. Design of such universal storage is a
separate task that also requires
crystallographic format (CIF) to include topological parameters
into it. In the 2000s, the databases of topological parameters
like RCSR'' or TOPOS collections'® emerged. Recently, we
152 ysing the Excel table

an extension of the

have begun to create such databases
format and even this simple approach allowed us to solve some
tasks on the next level.

Automated search for correlations and forming the knowledge
database

The database of structure parameters can be used to search for
correlations between the parameters and, hence, to rise to the
next level of the data organization. The resulting set of
correlations can be considered as a knowledge database; the
universal storage mentioned in the previous part could be a
technical solution of the problem of developing such database.
We have already proposed prototypes of such knowledge
for coordination polymers'®® and

databases 2-periodic

molecular crystals.'"” The simplest format of a record
(statement) in the knowledge database looks like ‘value Z1 of
descriptor 1 provides value Z2 of descriptor 2 with probability
P’. A more complicated form can include other descriptors that
influence the 1 — 2 correlation: ‘value Z1 of descriptor 1
provides value Z2 of descriptor 2 with probability P if
descriptors 3, 4, 5, ... have values Z3, Z4, 75, ..., respectively’.
In this case, P has the meaning of conditional probability. To be
reliable the statements should be based on rather large samples.
Two standard criteria can be applied for this purpose: support
(S), which is the part of the bins used for establishing the
correlation with respect to the size of the whole sample, and
confidence (C) corresponding to the minimal probability, at
which the correlation is worthy to be written to the database. In
particular, this means that the statement can usually include no
more than 3-4 descriptors since the larger the number of
descriptors is, the smaller the S and C values are.

Developing the inference machine

The knowledge database itself cannot provide an effective
prediction of possible structures. If it is rather large, the
researcher can directly use it only as an electronic manual since
he is not able to comprehend all its content. That is why a
special interface, the inference machine, is required, which
would process the user’s request, transform it into the format of
the universal storage and use the knowledge accumulated to
issue an expert conclusion.

Recently, we presented several examples of how the inference
machine can work for coordination polymers'*® or molecular
° We used the following descriptors: (i) ligand
coordination mode symbol or molecular connection type

crystals.'

symbol, (ii) coordination formula, (iii) molecular and atomic
coordination number, (iv) coordination figure, (v) overall
network topology. Significant correlations between the first
four local topological descriptors and the last one composed a

J. Name., 2012, 00, 1-3 | 3
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knowledge database. The test examples, also with specially
synthesized ‘random’ compounds showed that the inference
machine can successfully predict the topological properties of
these classes of compounds resting upon the initial data on their
chemical composition.

How it works: more examples

To illustrate the main ideas of developing the expert system
the Cambridge Structural
Database* (CSD, version 5.35) and Inorganic Crystal Structure
Database*® (ICSD, release 2014/1), which had totally contained
about 850,000 records, the comprehensive list of crystal

approach we extracted from

structures of coordination compounds with only one type of
ligand, namely, cyanide anion CN™. The choice was caused by a
high popularity and large structural diversity of the cyanide
complexes, broad variety of their physical properties as well as
their importance as potential functional materials.' All steps of
the analysis were performed with the ToposPro program
package.'®

Data sampling and cleaning

We have searched for the relevant information following the
step sequence presented in Table 1. The resulting sample
contains the crystallographic information on the crystal
structures of 811 cyanide-containing complex compounds,
including three structures of zinc dicyanoaurates found in the

literature.?®

Table 1. Algorithm for selection of crystallographic information on crystal
structure of cyanide-containing complex compounds

CrystEngComm

with a set of topological invariants in accordance with the
reference topological types stored in the ToposPro TTD
collection.'"® In general, a preliminary simplification of the
network is required: the structural groups (ligands, polynuclear
complex groups, clusters) are replaced by their centers of mass
and the resulting underlying net’' represents the method of
connection of the groups in the initial network. The values of
all these descriptors for all 811 crystal structures were

automatically calculated and stored in a database.

Table 2. Levels and descriptors of the structure organization to be analyzed

Step Filtering conditions Number of
entries
I The name of the compound must contain the 23110
“cyano” or “cyanid” fragments
I Metal atoms must exist 14738
I Metal atoms must coordinate C or N atoms. 2050
Coordination of alkali and alkaline earth
metals is ignored except simple cyanides
v Metal atoms coordinate only cyanide ions. 811

Structures with disordered atoms influencing
the network topology (hydrogen atoms are not
considered) and duplicated structure
determinations are removed.

Descriptors and their values

On the next step we study geometrical and topological
properties of the 811 crystal structures and for this purpose we
have to determine the list of robust descriptors. We analyze the
compounds on six levels of their structure organization
(Table 2).

Most of the descriptors from Table 2 are either well-known in
crystal chemistry or described above. Maximal size of the
network ring corresponds to a particular method of selecting
secondary building units (‘clusters’) in the crystal structure;*'
this is one of the strict topological criteria for separating
which are into

polynuclear atomic groups, implemented

ToposPro. The overall topology of the network was classified

4| J. Name., 2012, 00, 1-3

Level Descriptors
Local coordination of Chemical sort (Me), coordination number (Cn),
metal atom oxidation state (OxS), composition (CCp) and

type (Cp) of coordination polyhedron of the
metal atom

Coordination mode symbol of the ligand,

coordination figure of the metal atom,
coordination formula (CF)

Composition, nuclearity, dimensionality,

maximal ring size corresponding to the
building unit

Mutual coordination of
metal atoms and ligands

Topology of secondary
building unit

Opverall topology of Point symbol, vertex symbol, coordination
coordination network sequence for all atoms in the network
Topology of entangled Types of the entanglement (Enf)
motifs

Existence or absence of the extraframework
atoms or molecules

Influence of
extraframework species

Search for correlations between parameters

To extract knowledge from the set of parameters a variety of
one-dimensional or multi-dimensional distributions should be
analyzed. Below we consider some important correlations,
which can be retrieved from the set of parameters computed at
the previous step. We should remember that strictly speaking
the number of parameters in all correlations is larger than is
mentioned: all the distributions are built with the conditions
from Table 1.

LOCAL COORDINATION OF METAL ATOM. Table 3 shows the
occurrence of metal atoms (Me), their coordination numbers
(Cn), type (Cp) and composition (CCp) of their coordination
polyhedra. These four one-dimensional distributions allow us to
explore 12 pairwise correlations, namely, Me-Cn, Cn-Me, Me-
Cp, Cp-Me, Me-CCp, CCp-Me, Cn-Cp, Cp-Cn, Cn-CCp, CCp-
Cn, Cp-CCp, CCp-Cp. In the correlation sequences, for
simplicity we do not specify oxidation state (OxS) as a separate
descriptor and include it into the Me descriptor if needed. The
number of triplewise correlations is even larger (24): for each
of the four triples Me-Cn-Cp, Me-Cn-CCp, Me-Cp-CCp, and
Cn-Cp-CCp all six permutations should be considered. At last,
there are 4! = 24 quadruple-wise correlations. Here we face
with a crucial problem of the process of creating the knowledge
database. Which of these correlations should be analyzed and
which of them should be stored in the knowledge database? The
answers are different for the human expert and the computer.
The human expert will analyze only those correspondences that
seem reasonable and most interesting; he rests upon his
experience. In particular, he will not consider the correlation

This journal is © The Royal Society of Chemistry 2012
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Cp-Cn because it is trivial: coordination polyhedron determines
coordination number unambiguously as the number of its
vertices. Another trivial correlation is CCp-Cn because the
number of atoms in coordination polyhedron is equal to
coordination number.

Table 3. One-dimensional distributions for metal atoms (Me), their
coordination numbers (Cn), type (Cp) and composition (CCp) of their
coordination polyhedral

Some other pairs could not be considered if they seem
chemically or physically unreasonable. Thus, the correlation
Cn-Cp seems unreasonable if the metal atom (Me) is not
The
remaining nine pairs are useful for analysis (Table S4);

considered; no chemistry is contained in this pair.

however, the human expert could say that he knows the result
in many cases, for example he is aware of typical coordination
numbers of metal atoms, i.e. of the Me-Cn correlation.

The computer (a prototype of the expert system) as usual will

P t N % P t N % . .. . .
arameter v 2 arameter LRl work more straightforward and this is both its advantage and its
Me CCp . g . . £
Fe 206 16.72 Cs 354 2873 disadvantage. If we consider creation of the knowledge
Cu 159 12.91 G 330 2679  database from scratch, the computer knows nothing about
Cd 122 9.9 G 185 15.02 reasonability of the distributions. This means that it will build
Pt 120 9.74 Ns 116 9.42 : i cans Hat | _
Au 118 9.58 N, 43 349 all possible distributions. However, it will immediately
Ag 93 7.55 CN 37 3.00  understand which of them are trivial — they will have the 100%
(IEI(') g? ;;2 C(i\? ?; ?(5)2 correlation, like Cp-Cn. Moreover, as opposite to the human,
Mn 48 3.90 C32 18 146 the computer will analyze seemingly uninteresting correlations
Zn 42 3.41 CiN 14 1.14  that nonetheless can implicitly contain important knowledge.
ﬁr gg ?% %211\1\12 ﬁ égg All found correlations fitting the support (S) and confidence (C)
P(;) 21 171 N: 10 0g] Pparameters will be written to the universal storage and will
w 19 1.54 CN 10 0.81  form the experience base of the expert system.
Hg 18 1.46 G 8 0.65  In our example, we use S=0.01 (1% level), i.e. any subsample
Rh 8 065 CaNi 6 049 sed for searching correlations must be larger than 1% of the
Ru 8 0.65 N, 5 0.41 & arg e
V4 4 033 Cs 4 033 whole sample, and C=3, i.e. the correlations are written in the
Re 4 0.33 Nz 3 024 knowledge database if they are found for at least three bins.
(Els g 833 Cf\ICO g 812 Totally there are 1232 non-equivalent metal atoms in the 811
Tl 2 016 NZE 1 008 cyanides, but we have considered only 1137 atoms (Table 4)
Ir 2 0.16 CoNy 1 0.08  that corresponds to the chosen values of S and C; the lowest
Nb 2 0.16 CiMo 1 008 jevel fitting the support value corresponds to Mo with an
Be 1 0.08 C4N 1 0.08 o .
Mg 1 0.08 CsN 1 008 occurrence of 1.2%. All subsamples in columns Crn and Cp
Al 1 0.08 Cn have N>3 bins that corresponds to the confidence value.
Sn 1 0.08 6 474 3847 Complete data with all exceptions excluded from Tables 4-6 are
Er 1 0.08 4 417 33.85 . in the ESI
In 1 0.08 2 199 l6.15 ~ Stvenmihe £l . .
Ga 1 0.08 3 84 6.82 Table 4 shows just two of 60 possible correlations: Me-Cn and
Ti 1 0.08 8 37 3.00  Me-Cn-CCp, but even from this information many rules can be
Lu ! 0.08 ; 183 (1)22 derived. For example, in general, metal atoms prefer a C-end
Cp ' coordination of CN™ ligands with a 90%-probability, but the Me
octahedron 470 38.15 oxidation state can strongly influence this correlation. In
slquare %g; 12‘1‘2 particular, bivalent manganese with coordination number six
inear . . .
tetrahedron 190 1542 has an N-environment, but for atoms of trivalent manganese, C-
triangular 84 6.82  environment is more typical. This information can be written
Square down to the knowledge database as the following rules:
antiprism 27 2.19 A SNT £
rigonal IF (Me='"Mn") AND (OxS=2) AND (Cn=6) THEN CCp="N6
dodecahedr with P=71.9%
on 10 081  IF (Me='Mn') AND (OxS=3) AND (Cn=6) THEN CCp="C6’
square s P o
pyramid 3 0.65 with P=90.0% . .
pentagonal To reveal other correlations a lot of tables like Table 4 should
bipyramid 7 0.57  be built and analyzed (see Table S4). Of course, only computer
trigonal can do such a tedious job!
bipyramid 5 0.41
trigonal METAL ATOM AND LIGAND COORDINATION MODES. Now we
prism 4 033  extend our knowledge beyond the coordination shell of metal
Smgle('i atom and consider mutual coordination of metal atoms and
cappe . . . .
trig))nal ligands. New descriptors are required for this purpose; some of
prism 1 0.08 them were mentioned above (see also Table 2). Coordination

This journal is © The Royal Society of Chemistry 2012

properties of CN™ ligand (Fig. 3) are restricted with a narrow
range of possible modes: M' (561 from 811 complexes, 63.2

J. Name., 2012, 00, 1-3 | 5

Page 6 of 13



Page 7 of 13

%), B? (303, 34.2 %), B* (21, 2.4 %), B* (1 compound), and M?
(1 compound). Combination of most common central atoms Me
(Fe, Au, Pt, Cu) and CN~ ligand coordination modes (M', B
predetermine the abundance of coordination formulas AM's
(206 complexes, 25.4 %), AM', (183, 22.6 %), AM', (98, 12.1
%), AB% (87, 10.7 %), and AB%, (51, 6.3 %). These formulas
present the most well-studied molecular ([Me(CN)4]™,
[Me(CN)4]™, [Me(CN),]™) and polymer cyanides, among which
the Prussian blue analogues™ and the diamonded-like
frameworks?* are most typical.

Table 4. Correlations between type of the metal atom (Me), its oxidation
state (OxS), coordination number (Cr), and composition of its coordination
polyhedron (CCp) (S=0.01, C=3)

Me OxS Cn CCp N w, %
Fe 3 6 Cs 128 95.5
Ng 6 4.5
2 6 Cs 70 97.2
Pt 2 4 Cy 119 100
Au 1 2 C, 87 97.8
3 4 Cs 29 100
Ag 1 2 C, 80 93.0
CN 3 35
3 C,N 3 60.0
Co 3 6 Cs 67 98.5
2 6 Ne 8 72.7
4 N, 3 60.0
Cd 2 4 Cy 66 86.8
N, 5 6.6
C3N 4 53
6 Ns 40 97.6
5 CiN, 5 100
Ni 2 4 Cy 49 100
6 Ne 16 100
1 4 C;3Ni 6 100
Cr 3 6 Cs 35 100
Cu 1 3 CN 34 46.6
CN, 19 26.0
GC; 13 17.8
N; 7 9.6
Cu 1 4 Cy 17 32.7
C,N, 12 23.1
C3N 10 19.2
CN; 8 13.5
Ny 5 9.6
2 C, 7 53.8
CN 6 46.2
2 6 Ng 14 933
Zn 2 4 N, 25 67.6
Cs 12 324
6 Ng 3 75.0
Mn 2 6 Ng 23 71.9
Ce 9 28.1
4 Cy 3 60.0
3 6 Cs 9 90.0
Pd 2 4 Cy 20 100
w 4 8 Cg 11 100
5 8 Cg 8 100
Hg 2 2 C 11 100
4 Cy 7 100
Mo 4 8 Cg 10 100
5 8 Cs 5 100

Obviously, the local topology of a coordination compound
[Me,(CN),]” depends on coordination modes of the metal atom

6 | J. Name., 2012, 00, 1-3
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and the ligand as well as on the ratio = y/x. Table 5 collects the
values of these descriptors for the 209 three-periodic cyanides.
There is a number of strong correlations »-CF’; in most cases,
the ratio ligand/metal predetermines the local coordination
(coordination formula, CF) with a high probability.

fo
\

Figure 3. Coordination types of the cyanide group and coordination formulas of
the networks: M* and B? in the chain structure of [(ptp)Cu(CN)s] (ptp = 2,2'-(1,4-
phenylene)(bis-3,4,5,6-tetrahydropyrimidin-1-ium)) (CSD code CEXWAF)*# (top
left); B and B in the 3D structure of [Cu'zCu"z(CN)e]~(TEA)z (TEA = triethylamine)
(CSD code EDAPEG)ZZh (top right); B> and M? in the layered structure of
[(pami)Cu(CN),] (pami = (1,4-phenylene)bis(aminomethaniminium)) (CSD code
CEXVIM)** (bottom left), B? and B* in the 3D structure of Li(CN) (ICSD code
77321)** (bottom right).

OVERALL TOPOLOGY OF COORDINATION NETWORK. Further,
important correlations can be found on the next level of the
structure organization that is the underlying topology (UT) of
coordination network. Recently we revealed many strong
relationships, both direct CF-UT and reverse UT-CF, between
local and overall topologies in coordination networks'>® and
molecular crystals.>® In Tables 5 and 6, these two correlation
types are considered for the cyanide sample and the following
significant rules can be established (Fig. 4):

IF CF='AB?' THEN UT='peu’ with P=97.7%;

IF UT="peu’ THEN CF='AB?' with P=91.2%;

IF CF='AB?%' THEN UT='dia' with P=82.6%;

IF UT='dia' THEN CF='AB?,' with P=95.0%.

IF CF='AsB’},' THEN UT='"cor' with P=58.3%;

IF UT='"cor' THEN CFs='AsB*,' with P=100%.

An ‘unusual’ =M:CN ratio 5:12 in the last two rules can be
easily explained if one considers the assembling of the
corundum (Al,O3) cor-type topology from octahedral AB%; and
tetrahedral AB?, units in the ‘corundum’ (2:3) ratio: AsB?;, =
2AB%; + 3AB?, (Fig. 4).

There are many other rules that can be derived from Tables 5
and 6 but their confidence is much less because they are based
on much smaller samples.

The shape of building unit can influence the overall topology
even if the structural units have the same coordination numbers,
but differ by the coordination figures. A well-known example'?
is the pair of underlying nets pts and dia with a 4-coordination

This journal is © The Royal Society of Chemistry 2012
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and an AB,? coordination formula (Table 6). The coordination
figures of the dia and pts highest-symmetry embeddings are
tetrahedron and a combination of tetrahedron and square,
respectively.

P=58.3%
AsB%; —="cor
P=100%

AB2; P=91.7% heu

P'91 2%

o P=82.6%
2 5ot 09
P=95.0%

AB2%; == dia

Figure 4. Fragments of the coordination networks with underlying topology pcu
(left), dia (right) and cor the corresponding local coordination AB?; and AB? in
the crystal structures of MnCs,[Fe(CN)s] (ICSD code 151695), 22
(NMe4)[CuZn(CN),] (CSD code KEGZOL),?® and Zns[Fe(CN)g], (ICSD code 157850),
¢ respectively.
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INFLUENCE OF EXTRAFRAMEWORK SPECIES. A great majority
(210 out of 253) of 2-periodic or 3-periodic polymeric cyanides
contain extraframework cations, solvate or clathrate molecules.
Obviously, they influence the network topology; in particular,
they promote unusual underlying topologies that become
exceptions in the corresponding distributions. For example, six
cyanide structures®® with 7 = 3:2 exhibit rare 3-periodic network
topologies 3,3,3,3,4T11, 3,3,4T101, 3,3,4T12, 3,3,4T20,
3,3,4T36, and 3,3,4T72 instead of more common for this ratio
2-periodic heb topology (Table S1). All these structures contain
large extraframework cations like (i-Pr),NH," or (n-Bt),;N".

Table 5. Relations between ligand/metal ratio (r), coordination formula (CF),
and underlying topology (UT) for the 209 three-periodic cyanides (S=0.01,
C=1). Hereafter the RCSR bold three-letter symbols''® and TOPOS NDk-n

15b
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The coordination and shape of the building unit can be tailored
to provide a particular overall topology; this is the subject of
reticular design.'>?® The expert system can separate such units
using topological criteria?' and recognize a particular unit in a
network of any complexity?’ to deposit the information about
the Thus,
polynuclear complex groups were determined only in 19
cyanides. In most cases (15), they are dimers {Cu,C,}, which
have an octahedral coordination.

TOPOLOGY OF ENTANGLED MOTIFS. The next level of the
structure organization of coordination polymers is entanglement
The
phenomenon being quite rare even in the 1990s, now becomes

the wunit occurrence in knowledge database.

of several coordination networks. entanglement
ordinary.”""*® There is a clear correlation between the overall
topology of the coordination network and its ability to
interweave. In particular, such underlying topologies as dia or
srs are suitable for interpenetration, while many others never
form entangled arrays.”' Another common regularity is
existence of elongated bridging structural units; in the cyanides,
those are linear complex groups like [Ag(CN),]” or [Au(CN),]".

Such information can also be stored in the knowledge database.

This journal is © The Royal Society of Chemistry 2012

symbols "’ are used to designate the underlying topology
r N w% CF N w, % ur N w, %
3 87 412 AB% 86  98.9 peu 84 977
nia 2 2.3
AB»M 1 115 pts 1 100
2 53 251 AB% 46  86.8 dia 38 826
pts 6 13.0
lon 2 4.5
AB%, 7 13.2 3,6,6T20 7 10v
15 18 85 AB% 10 556 peu 7 700
bes 1 10.0
noe 1 10.0
3,3,3,3,3T1 1 10.0
A,B°B%, 5 278 3,3,4T101 1 20.0
3,3,4T12 1 200
3,3,4T20 1 200
3,3,4T36 1 200
3,3,4T72 1 200
A4B’B% 1 5.56 3,3,3,3,4T11 1 100
24 12 57 AsB%, 12 100 cor 7 583
4,5,6T1 3 254
4,5,6T2 2 167
233 21 100 A;B% 21 100 fsk 5 238
xat 5 23.8
4,6T52 3 14.3
4,4,6T62 3 14.3
fsh 3 14.3
fsn 1 4.8
fsm 1 4.2
133 11 52 A;B% 11 100 qtz 4 36"
4,4T44 3273
dia 2 182
mok 1 9.1
ths 1 9.1
175 4 19  AB%B% 4 100 3,4,4T105 2 500
3,3,4,444T10 1 258
3,4,4T78 1 250
167 3 14  AsB%B% 33.3 3,3,4,44T16 1 100
A;B°B%, 1 333 3,3,4,4T80 1 100
AsB% 1 333 33333344472 1 100

Voluminous extraframework species preclude entanglement, as
a rule. In particular, all 30 cyanides Me(CN), (Me = Cd, Cu, Li,
Hg, Zn) that contain ions or molecules like (CH;);N", CCly,
C¢Hg and possess the dia underlying topology, are non-
interpenetrated. To store such correlations in the knowledge
database one has to estimate the size of the molecules that can
be done with molecular Voronoi polyhedra in an automated
mode.*

J. Name., 2012, 00, 1-3 | 7



Page 9 of 13

Table 6. Correlations between underlying topology (UT) and coordination
formula (CF) (5=0.01, C=3)

ur N w, % CF N w, %
pcu 91 43.1 AB?%; 84 92.3
AB% 7 7.6

dia 40 19.0 AB?% 38 95.0
3,6,6T20 7 33 AB%, 7 100
cor 7 33 AsB?1, 7 100
pts 7 33 AB?%, 6 85.7
fsk 5 24 A;B% 5 100
xat 5 2.4 AsB% 5 100
qtz 4 1.9 AsBY 4 100
4,4T44 3 1.4 A;B% 3 100
4,6T52 3 14 AsB%, 3 100
4,5,6T1 3 14 AsB?), 3 100
44,6762 3 1.4 A;B% 3 100
fsh 3 1.4 AsB% 3 100

How the inference machine can work: examples

Having the knowledge database created at the previous steps
and completely represented in the ESI we can envisage the
work of the inference machine. Although such a tool still has to
be developed, the possible results and restrictions can already
be outlined.

As was recently discussed,'™® an important application of the
inference machine is prediction of the topology of coordination
network. For example, the knowledge database (see the ESI)
contains two topological types, hcb and pcu, as the most
suitable choices for the coordination formula A,B%;, and three
topological types, bes, noe, and 3,3,3,3,3T1, as exceptions
(Table S1, Fig. 5).

The local coordination in the hcb underlying net is
characterized by a trigonal coordination figure so to get this
topology with a 90.0% probability the inference machine would
recommend [Me(CN);]" (Me=Cu, Ag) structural units with a
trigonal geometry (Fig. 6). To obtain a pcu underlying net the
best choice is to use the octahedral building units [Me(CN)g]""
in a combination with 2-coordinated Au" or Ag® ions, or, vice
versa, the linear spacers [Ag(CN),]” or [Au(CN),]” in a
combination with octahedron-coordinated Me"" ions. This
scheme predicts the required result with a probability 87.5%.
Another example demonstrates how the expert system can
restrict the set of possible local and overall topologies of the
coordination polymer (Fig. 7). If we propose Cd as the
complexing atom and CN as the ligand, the expert system
would conclude that most likely the [Cd(CN),]* complex will
be obtained with = 2, 3, 2.33, 2.4, or 4. Depending on the
stoichiometry (r) and coordination numbers 4, 5, or 6, the
corresponding tetrahedral, trigonal bipyramidal, or octahedral
coordination polyhedra can be realized, and their combinations
are strongly predetermined by . Only a few types of the Cd
coordination environment (CCp) are characteristic: pure Cy, Ny,
Ns, and mixed, usually disordered, C;N, C3N,, and C,N;. Some
framework types can be assembled only with participation of
other metal atoms that provide the Cg-type of environment
being unusual for cadmium. Only three ligand coordination
modes, M!, B2, B?, occur in cadmium cyanides, and depending

a
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on r and Cn only six coordination modes are possible (Fig. 7).
Out of them, four (AB,, AB%, AB’, and AM!,) strongly
predetermine the underlying topology (dia, pecu, 3,6,6T20, and
1,AMS5-1, respectively). Two remaining modes (A;B%; and
AsB?,) allow some diversity of the overall topologies
depending on the synthesis conditions (counterion type, solvent
type, clathrate molecules, thermodynamic parameters).
Interpenetration can be realized only in the networks with the
dia topology if extraframework cations, solvent or clathrate
molecules are absent.

3D 3-c noe net

2D 3-c hcb net

Triangular
coordination

3D 6-c pcu net

Coordination formula
A2B%3

!

Octahedral + Linear
coordination

Figure 5. Relations between coordination figure and underlying net topology for
cyano-complexes with coordination formula Aszg.

Using the data from Fig. 7 one can estimate the total probability
(P) of obtaining a particular overall topology as well as other
parameters of the cyanide complexes by simple multiplying the
corresponding conditional probabilities. For example, the pcu
topology can be obtained for a [Cd(CN),]"?~ complex with a
probability P = 0.103-0.857-1-1-1-1 = 0.088; the dia topology
appears in two branches of the scheme (Fig. 7) so the total
probability consists of two summands: P

(0.441-0.800-0.958-1-1-0.957) + (0.441-0.100-1-0.667-1-1)
0.323 +0.029 = 0.352. However, if the user specifies additional
conditions, except metal atom (Cd) and ligand (CN), the
conclusion can be done with a much higher probability. For

This journal is © The Royal Society of Chemistry 2012
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example, if » = 2 is specified, i.e. only the [Cd(CN),]
complexes are considered, then the dia topology is expected
with P = (0.800-0.958-1-1-0.957) + (0.100-1-0.667-1-1) = 0.733

+0.067 = 0.800.

I I v v
| Cu-94.4%
2D -64% ] triangular - 100% heb - 100% Ag-5.6%
m Ni & Au - 28.5%
Ag &Cd - 14.3%

3D - 36% |—>{ octahedron & inear -80% |—{ peu-87.5% |> Fo %58~ 143%

Co & Ag-14.3%
Mn & Ag - 14.3%

—)[ bes - 12.5% H Ni & Au - 100% |
triangular - 20%

33,33,371-50% [->] Cu-100% |

‘Jlnoe-SO%I ‘J|Cu-100%|

Figure 6. Prediction scheme provided by the inference machine for the cyanide
complexes with the coordination formula A,B% specified by the user at the first
() step. The subsequent steps contain the prediction results for the
dimensionality (l1), coordination figure (lll), overall topology (IV) and metal
coordination centers (V) of possible coordination polymers. The probabilities of
realization of the corresponding parameters are given in percentage.

One also can construct a similar scheme for the whole list of the
cyanide complexes with any central atom, and propose some
topologies for design that have not yet been found for cadmium

ARTICLE

cyanides. For example, the 4,6-coordinated cor topology being
abundant for Zn, Fe-cyanides (Table S8), may be suitable also
for cadmium complexes with appropriate extraframework
templating molecules.

Conclusion remarks

Expert systems inevitably appear at a particular stage of science
development, when the experimental information becomes
abundant and versatile enough to derive reliable and predictable
rules. Huge amount of the information invokes electronic
databases like the CSD or ICSD, which should be transformed
to knowledge databases with time. Crystal engineering stands at
this point and the trends of the past 10-15 years let us hope that
first full-fledged knowledge databases will be created soon. The
expert system will use correlations stored in the knowledge
database in combination with ab initio modelling methods to
predict possible structure motifs and to facilitate design of new
materials. To develop such new tools, novel approaches,
models, and methods are required. We believe that formalized
descriptors and strict computer algorithms will gain a crucial
role in exploration of crystal structures; development of these
tools promises to be one of the main trends in crystal chemistry
and design of the near future.

Me r Cn CcCp

Cp CF

4 (80.0%)

C,+N, (95.8%) H Tetrahedron (100%) |->| AB, (100%) I—»

i {2 (a8.1%) 4+4" (10.0%)

Ng+C,* (100%) H Tetrahedron (66.7%) H AB, (100%) l——o

6+6" (10. OA)

Ng+Cs" (100%) H Octahedron (100%) |—->| AB3, (100%) |-->

3 (10.3%) |—->| 6+6" (85.7%) |+

Ne+Cs' (100%) H Octahedron (100%) H AB?; (100%) |-'—>

,: Ng+C3N+C Octahedron+ :
! 49 |-+-| 6+4 (100% |—-- il | ¥ A;B% (100%) £
i 2.33 (29.4%) i (100%) i (100%) N" Tetrahedron o (100%) ‘
: i t * (100%) ‘ ‘
i : Octahedron+ " 3
" 11| Ng+C3N,+C,N,+ | }! B
i ¥ 2.4 (7.4%) H 6+5+4 (100%) |-» o* =Nt CN st L rrigonal bipyramid+ M AB2,, (100%)

i 11| C3N+C, (100%) | ol ;
f \ H Tetrahedron (100%) | : :

C, (100%) H Tetrahedron (100%) H AM!, (100%) |\~

14 (2.9%) l—o—-l 4 (100%)

Figure 7. Prediction scheme provided by the inference machine with $§=0.01 and C=2 for 68 compounds containing [Cd(CN),] complexes with different CN:Cd ratio (r),
coordination number (Cn), coordination polyhedra composition (CCp), coordination polyhedra (Cp), coordination formula (CF), underlying topology (UT) and type of
entanglement (Ent). Additional coordination marked by “*” in the Cn and CCp columns corresponds to non-cadmium metals (Cu, Fe, Os, Pd, Rh, Ru, Zn). The

conditional probabilities are given in parentheses.
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