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Abstract: Modularity is an important construction principle of many inorganic crystal structures
that has been used for the analysis of structural relations, classification, structure description and
structure prediction. The principle of maximal simplicity for modular inorganic crystal structures can
be formulated as follows: in a modular series of inorganic crystal structures, the most common and
abundant in nature and experiments are those arrangements that possess maximal simplicity and
minimal structural information. The latter can be quantitatively estimated using information-based
structural complexity parameters. The principle is applied for the modular series based upon 0D
(lovozerite family), 1D (biopyriboles) and 2D (spinelloids and kurchatovite family) modules. This
principle is empirical and is valid for those cases only, where there are no factors that may lead to
the destabilization of simplest structural arrangements. The physical basis of the principle is in the
relations between structural complexity and configurational entropy sensu stricto (which should be
distinguished from the entropy of mixing). It can also be seen as an analogy of the principle of least
action in physics.

Keywords: inorganic crystal structure; modularity; complexity; structural information; lovozerites;
biopyriboles; kurchatovite; spinelloids

1. Introduction

Modularity is an important property of complex natural and artificial networks,
including biological, social and technological systems [1,2]. Many natural objects can
be decomposed into modules that are recurrent and can be observed as building units
in homologous series of structures. For inorganic crystal structures, it was first used by
Taylor and West [3] for the chondrodite series, and since then, the concept of modular
construction has been used for the analysis of a large variety of structural families [4],
including silicates [5-12], sulfosalts [13-18], chalcogenides [19-21], complex oxides [22-27],
carbonates [28-31], borates [32,33] and sulfates [34-37]. Two crystal structures are usually
considered to belong to the same type of modular (or polysomatic) series if they are
built from similar modules that have different sizes and/or different combinations. The
description of modular components is a useful tool, not only for the analysis of relations
between structure types but also for the prediction of unknown structures based upon the
same structural principles [4]. Theoretically, modules of the same series can be recombined
in an infinite number of ways, leading to an infinite number of possible structures. In this
paper, we suggest that only a few structures of the same modular kind are stable and can
be observed as abundant structures in nature. In contrast to biological systems, inorganic
crystal structures lack functionality and their stability and abundance are governed by
thermodynamic (and sometimes kinetic) factors, including entropic restrictions. It is widely
recognized that more complex structures possess lower entropies compared to their less
complex counterparts. Therefore, in the non-living world of inorganic crystals, which
are governed by thermodynamics, complexity is an important parameter that has strong
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relations to the entropy of the crystal structures. Imposing complexity restrictions upon the
endless sequence of modular structures may shed light upon the abundance of particular
members of a modular series and the rarity or absence of others. This aspect is of particular
importance for minerals, whose origin and sustainability are generally related to large
periods of geological time. In this study, we analyzed modular crystal structures of minerals
relative to the complexity of their modular construction, though the methodology and the
results of our analysis are applicable to synthetic inorganic structures as well.

In order to formulate quantitative restrictions upon the complexity of modular series,
we suggest using methods that are based upon Shannon information theory, which have
been widely applied to the studies of complexity of graphs and networks previously [38—40].
In fact, crystal structures can be considered as networks with atoms and chemical bonds
serving as nodes and edges, respectively. The condition of periodicity that is implied by
the crystalline state means that crystalline networks are three-periodic (we do not consider
the superspace approach for modulated structures and quasicrystals here) and, therefore,
can be characterized by the quotient graphs, which are finite graphs that are associated
with the bonding networks inside reduced crystallographic unit cells [41,42]. The Shannon
information content of quotient graphs reflects their complexity and can be used as a
universal complexity measure for any crystal structure that can be described by its unit
cell content [43]. The information-based measures of structural complexity have been
recognized as useful for a variety of purposes, from formal crystal structure classifications
to the studies of metastable crystallization [44-58]. At least from the theoretical point of
view, these measures are directly related to the configurational entropies of crystals [59,60],
which is important in the context of the present study.

The paper is organized as follows. First, we formulate basic principles of our analysis
of modular series with the procedure of the calculation of structural complexity parameters.
The next three sections are devoted to the application of the formulated methodology to
the mineral structures with 0-, 1- and 2-dimensional modules (herein the dimensionality
of a module is defined as the number of dimensions in which the module has an infinite
extension). In the sixth section, we formulate the principle of maximal simplicity for
modular inorganic crystal structures that can be seen as a ‘crystallographic’ principle of
least action. However, in contrast to mechanics [61], where variational principles can be
formulated in the form of equations, the principle of maximal simplicity is empirical by
nature, though substantiated by the quantitative metrics of structural complexity.

2. Methodology

The crystallographic analysis of modular series starts with the identification of a se-
quence of homologous structures that are based upon the same principles. It is remarkable
that such an identification can be made without knowledge of the structural details, i.e.,
atom coordinates. Taking as an example the classical chondrodite series (now known as
the humite series) studied by Taylor and West [3], it is noteworthy that the crystallographic
relations between their members with the general formula Mgy, Sin O, eMg(OH,F), were
recognized before the advent of X-ray crystal structure analysis, simply from the ratios
between the crystallographic axes that were revealed using goniometric measurements.
In particular, Penfield and Howe [62] observed that the c¢/b and c/a values for the series
change in progressive order depending upon the n value, whereas the b/a ratio remains
almost unchanged. This observation was reconsidered by Barlow and Pope [63], but the
crystal-chemical mechanisms were outlined by Taylor and West [3] only after the crystal
structure of olivine was determined by Bragg and Brown [64].

The general scheme of the analysis of a modular series is given in Figure 1. After the
series is identified, one has to elaborate on the structure-building principles that govern
the construction of members of the series. The application of these principles provides
the route to deriving all possible atomic arrangements, the number of which is usually
infinite. However, it is often possible to outline the dependence of Shannon information
contents of the modules or whole structures from the parameter of homology (which is
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equal to n for the humite series cited above, for example). Imposing some crystallographic
limitations (e.g., upon the number of symmetry-independent identical modules) provides
additional restrictions upon the structural diversity. Finally, the comparison of the theo-
retical multitude of modular structures with their occurrence and abundance in nature
provides important insight into the ‘natural selection’ of atomic arrangements, which is the
final purpose of our work.

Analysis of
modular
series

Comparison with Derivation of
abundance structure-building
in nature principles

Limitations imposed Derivation of
by the principle of all possible
simplicity arrangements

Information-
based complexity
analysis

Figure 1. The complexity analysis of modular series of inorganic crystal structures.

The calculation of structural complexity parameters follows the methodology that was
formulated previously in [43,44,65]. The two basic quantities are the amounts of structural
Shannon information per atom (**'I, in bit per atom) and per unit cell (StrIG,toml, in bit per
cell), which are calculated using the following equations:

k
Mg = — ) pilog, pi 6))
i=1
! k
Sl‘IG,toifal = -0 Z pi 10g2 pi (2)
i=1

where k is the number of different crystallographic orbits (crystallographic Wyckoff sites)
in the structure, and

pi=m;/v 3)

where m; is a multiplicity of a crystallographic orbit (i.e., the number of atoms of a spe-
cific Wyckoff site in the reduced unit cell) and v is the total number of atoms in the
reduced unit cell. The calculations of structural complexity parameters were done by
means of the TOPOSPro software [66]. We note that the quantities that are defined by
Equations (1) and (2) take into account the atoms only, without considering the complexity
of the bonding networks in a crystal structure. Since, in this work, we analyze the crystal
structures based upon the same modules, i.e., with the same bonding networks, but in
different spatial combinations, the consideration of bonds is not of primary importance.
However, in other cases, bonding networks can be taken into account by including the bond
midpoints in the analysis [44] or by the identification of various degrees of freedom [57].
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From the two parameters given by Equations (1) and (2), the Shannon information
amount per atom (3] is the most sensitive to symmetry [43,55], whereas the notion of
complexity implies both the symmetry and size of the system (the lower the symmetry
and the larger the size, the more complex the system). In contrast, the 5] ;,, parameter
combines (through multiplication) both symmetry (°%I5) and size (v) of the unit cell and,
therefore, is more appropriate for the analysis of structural complexity.

3. Structures Built from 0D Modules: The Lovozerite Family

The lovozerite family contains several minerals and inorganic compounds that can be
described in terms of pseudo-cubic modules containing a six-membered silicate tetrahedral
chain with a chair-like conformation (Figure 2a). The structure-building principles and
complexity of the family were discussed in detail in [67-71]. Here we provide the basic
description of the construction principles and the general structural features of the family.

Figure 2. The pseudo-cubic module in the lovozerite-type structures (a); the schematic representation
of S5iOy tetrahedra is shown in polyhedral mode, whereas all other atoms are shown as spheres (b);
white cubes are occupied by SiOy tetrahedra, whereas black cubes are vacant, and the two possible
models of modular linkages through a whole face (c) and a half-face (d). Modified after [70].

The following characteristics are essential for understanding the modular nature of
the family:

1. The pseudo-cubic module (Figure 2a) can be considered as a cube that is split
into eight octant cubes, from which, six are populated by SiOy tetrahedra (white cubes),
whereas the other two (black cubes) located along the body diagonal of the cube are vacant
(Figure 2b).

2. The analysis of structural arrangements within the known members of the family
reveals the two possible modes of the modular linkages: either by sharing whole faces
(Figure 2c¢) or by sharing half-faces (Figure 2d). In any case, black octant cubes should not
share common edges or faces with each other (corner sharing is allowed).

3. The arrangement of the modules should fill space without gaps or overlaps, i.e.,
should form a tiling of 3D space with equal cubes.

4. Taking the requirement that all modules are symmetrically equivalent (as derived
from the empirical observations), there are only seven possible next-neighbor arrangements
of cubes around a central cube that fulfill the properties 2 and 3 mentioned above (we do
not delve deep into technical details here, since they are provided in [70]). From them,
one arrangement allows for three possible tilings each, whereas another one allows for
two possible arrangements; therefore, the total number of possible tilings is equal to ten
(Figures 3-5). Each tiling has its symbolic notation indicated in Figures 3-5 (see [70] for
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more details). Formally speaking, the tiling 0011, has two symmetrically independent
modules; therefore, the strict number of tilings that fulfill criterion 4 is nine.

C,(t) t 4

Figure 3. Arrangements of the pseudo-cubic modules in lovozerite-type structures. Legend: C; (f)—the
arrangement of modules around a central one; t—the general view of the tiling; t—the view of the
tiling from the direction indicated by the arrow, along with the scheme of arrangement of black cubes
(the modules shown in grey are elevated relative to the white modules by 1/2a, where a is the edge
length of the module); dot-and-dash lines outline the unit cell contours. Modified after [70].

It is remarkable that the number of possible theoretical members of the modular series
is finite in this case, which is a consequence of the requirement of the crystallographic
equivalence of all modules. Were this requirement absent, the number of possible structures
would be infinite.

Table 1 provides the space groups, approximate unit cell parameters and structural
complexity values for the nine possible lovozerite-type structures. The complexity parame-
ters were calculated by taking into account the Si and O atoms only.
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0011,

Figure 4. Arrangements of the pseudo-cubic modules in lovozerite-type structures with 0011 local environment. Legend as
in Figure 3. Modified after [70].

t t

0001,

0001,

Figure 5. Arrangements of the pseudo-cubic modules in lovozerite-type structures with 0001 local environment. Legend as
in Figure 3. Modified after [70].

The comparison of the data compiled in Table 1 with empirical observations indicates
that the simplest arrangements are those that are observed more often, both in nature and in
experiments. The 0000 arrangement corresponding to the minimal structural information
is typical for nine out of eleven natural members of the lovozerite group [69,72] and also is
most frequently observed in synthetic compounds [68]. The 1111 tiling, which is second in
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simplicity, is more rare and is encountered in nature in the crystal structure of imandrite
(NagCa;j 5Fe3*SicOqg [73,74]), as well as in the number of synthetic compounds [68]. Next
in simplicity is the 0101 structure type, which is unknown in minerals, but was observed
for synthetic Nas(Nag 5:xCag5.x)2(NdxCai.4)2(SigO1s) [75]. Among the other theoretical
members of the family listed in Table 1, only the 0011y, member was observed in reality
as the mineral koashvite (NagCaTiSigO1g [76]), whereas all other members have not been
found so far. Thus, out of the ten (or nine) possible modular arrangements, only four
have been observed either in nature or experimentally. It is remarkable that the structure
type 00114, is slightly less complex (352 bit) than the koashvite type 001143, (368 bit), which
points to the possibility of its future synthesis or discovery in nature.

Table 1. Space groups, unit cell parameters and structural complexity values (in bits/cell) for the ten
possible lovozerite-type structures.

Type Space Group Unit Cell ! Y16 totar (Si + O)
0000 R3m axaxa 48
1111 Pmnn 2125 5 2125 x g 140
0101 P2, /c axax22ap=90° 172
0102 P44 axaxda 440
0111 B21/a 2a x a x 2a; p=90° 440
00114, Pbnn 2125 % 23/25 x g 352
00114, Pmnb 2125 % 23725 x g 368
0011, Pnmn 23/25 % 23/25 % g 9122
00014 P2, /c a xa x4a; p=90° 440
0001, P4,22 axax8a 1072

! 3—edge length of a pseudo-cubic module. 2 This arrangement has two symmetry-independent modules.

4. Structures Built from 1D Modules: Biopyriboles

Biopyriboles are probably the most common mineralogical example of modular struc-
tures due to the high importance of two large supergroups, namely, pyroxenes and am-
phiboles, as rock-forming Earth minerals. Their polysomatic features have been widely
discussed and investigated (see, e.g., classical papers by Thompson [5] and Veblen [6]).

The basic structural unit of biopyriboles is a chain of corner-sharing SiO, tetrahedra, as
shown in Figure 6a. The chains of this type may have different multiplicities M: M =1 cor-
responds to a single chain (observed in pyroxenes; Figure 6a), M = 2 to a double chain
(characteristic for amphiboles; Figure 6b), M = 3 for a triple chain (Figure 6c), etc. The
chemical formula of the chain is the function of M and can be written as [SipOsp141]-

- K| > 74 /
' 4 e i
4d 4 » 4 »4 1P
7 < <
4 « w( X “r !
' o Y 4 ' 4 Vi _
d 4 > 4 > !
(a) (b) (c) (d)

Figure 6. The members of the [Sizj;Ospz4+1] chains with M =1 (a), 2 (b) and 3 (c); the I-beam viewed
perpendicular to its extension (d) and two views of the I-beam parallel to its extension featuring two

(f)

possible orientations (e,f).
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In the crystal structures of biopyriboles, two silicate chains are linked to one central
chain consisting of edge-sharing octahedra (Figure 6d). The resulting one-dimensional
unit is identified as an I-beam [5]. For each value of M observed in nature, there are two
possible basic structure types, namely, monoclinic and triclinic. In monoclinic structure
types, all I-beams have the same orientation. In the structure types with orthorhombic
symmetry, the I-beams are parallel, but their orientations alternate. Three basic types of
biopyribole structure topologies are shown in Figure 7. In terms of the I-beam directions,
the monoclinic topology (Figure 7a) can be described as ... + + + + ... or (+), since all
I-beams have the same orientation (‘+" or ‘—’). There are two orthorhombic topologies,

.+—+—+—...or(+—)and ... ++ — —++ — — ... or (+ + — —), as shown in
Figures 7b and 7c, respectively.

Figure 7. Schematic representation of bipyribole structure types with M =1 (pyroxenes): the (+)
(@), (+ -) (b) and (+ + — -) (c) topological types. Legend: chains of octahedra are in dark-green, Si
tetrahedra are in yellow.

There are four major points concerning the complexity of biopyriboles: (i) In all
three basic topologies, there is only one crystallographically independent I-beam unit
(in the structures with reduced symmetry, the topological symmetry does not change).
(ii) The value of M in known biopyriboles never exceeds three (the observations of higher
M values are known from transmission electron microscopy (TEM) studies as faulting
structures [6]). (iii) Most common bipyriboles are pyroxenes and amphiboles with M =1
and 2, respectively; minerals with M = 3 (jimthompsonite, clinojimthompsonite, chesterite)
are very rare. (iv) Only one case of a structure with mixed values of M is known, which is a
rare mineral chesterite containing I-beams based upon double (M = 2) and triple (M = 3)
silicate chains.

Table 2 lists structural complexity parameters for several representatives of basic
topological structure types of bipyriboles that possess symmetries that are identical to their
topological groups. For the monoclinic (+) structure types, an increase in the M value by
unity results in the increase of total complexity by ~100 bits; therefore, one may expect
that a structure with M = 4 would have I ;,;, ~ 350 bits. For the (+ + - -) and (+ -)
structure types, an increase in M by the value of 1 corresponds to the addition of ~480
and ~200 bits to the total complexities, respectively. From the viewpoint of structural
complexity, a monoclinic bipyribole with M = 4 and "I s, ~ 350 bits does not seem
impossible, yet it has never been observed in natural or synthetic materials accessible
for X-ray diffraction studies. Furthermore, the crystal structure of jimthompsonite with
M = 3 and total complexity of 255 bits is not extremely complex, yet the mineral is very
rare. Its complexity and rarity can be compared with enstatite (M = 1; S ;1,1 ~ 266 bits),
which is slightly more complex but much more common in nature. It seems that there
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are natural complexity limits upon the complexity of chains and not the complexity of
whole structures.

Table 2. Total structural complexities for basic biopyribole structure types.

M Space Group Mineral Name Chemical Formula S“I(;,total

Monoclinic structure types with the (+) sequence

1 C2/c Diopside CaMg(SipOg) 50
2 C2/m Tremolite CayMgs5(SisO11)2(OH), 152
3 C2/c Clinojimthompsonite Mgs(SigO14)(OH), 255
Orthorhombic structure types with the (+ + ——) sequence
1 Pbca Enstatite Mg»(SipOg) 266
2 Pnma Anthophyllite Mg7 (Si4011 )2 (OH)2 743
3 Pbca Jimthompsonite Mgs(SigO14)(OH), 1229
Orthorhombic structure types with the (+ -) sequence

1 Pben Protoenstatite Mg»(SipOg) 101
2 Pnnm Protoanthophyllite Mgy (SigO2)(OH), 317

Structure types with mixed M values
2,3 Cmc21 Chesterite Mg17(Si4011)2(816016)2(01{)6 1185

It can be shown that, for multiple chains occurring in biopyriboles, the ] ;,;, value
depends differently upon M for even and odd M values.
For odd M values:

U6 total = (TM + Dloga(7TM + 1) — (7TM + 1) 4)
For even M values:
U6 total = (7M + 1)loga(7M + 1) — 9M 5)

The application of Equation (5) to M = 3 and 4 results in 55 4, values equal to
~76 and 105 bits per repeating unit, respectively. This level of information processing is
therefore unfavorable for biopyribole silicate chains, and the most stable and abundant
structures are those with M = 1 and 2 and the complexity of chains not exceeding ~50 bits
per repeating unit.

Thus, for the biopyribole modular series, the most abundant are members with M
values of 1 and 2, which correspond to the lowest levels of structural complexity.

5. Structures Built from 2D Modules: Spinelloids and the Kurchatovite Family
5.1. Spinelloids

The M,SiO; silicates (M = Mg, Fe) with spinel-related structures are believed to
be important phases in the Earth’s upper mantle [77]. The formation of wadsleyite (j3-
(Mg,Fe),5i04) marks the beginning of the mantle transition zone, within which it trans-
forms into ringwoodite (y-(Mg,Fe),Si04) at 17.5 GPa (~520 km depth). Whereas ringwood-
ite has a spinel-type structure, wadsleyite belongs to the spinelloid family that was studied
and classified by Hyde et al. [78] and Horiuchi et al. [79]. Below, we briefly outline the
basic structural principles for the family and provide their complexity analysis, followed
by an analysis of their abundance.

The general formula of spinelloid structures is M;TO4, where M and T are cations in
octahedral and tetrahedral coordinations, respectively. The ideal crystal structure of spinel,
namely, M, TOy, is based upon cubic close packing of O atoms with M and T in octahedral
and tetrahedral interstices, respectively. Figure 8a shows the crystal structure of spinel
projected along [110]. It can be considered as being built up with spinel modules, as shown
in Figure 8b (in Figure 8a, the borders of the modules are indicated by dashed lines). In
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ideal spinel, the modules with “up’ (1) and ‘down’ (] ) orientations alternate. The border
between two modules with opposite orientations is identified as S, whereas the border
between two modules with the same orientation (11 or ||) is identified as T. In fact, the
T-plane can be considered as a local chemical twinning plane. Figure 9 shows the crystal
structure of ‘wadsleyite-I1I" (Mg,SiOy) that has the sequence of modules ... J(TTI1 LT T
..., where square brackets indicate the unit cell content along the direction of module
stacking. Thus, the sequence of borders (or Hyde symbol) is [TSSTSTSSTS] or [TS2TS]%.
The number of spinel modules in between the two T planes is given as n or m. These
numbers correspond to the widths of the spinel-like blocks (inside which only S-borders
are allowed) along the direction of the module stacking. For instance, in ‘wadsleyite-II’,
the (n, m) numbers are (3, 2, 3, 2) or simply (3, 2). Table 3 provides the full classification of
the spinelloid structures that are known today (modified after Hyde et al. [78]), including
those that are observed in high-pressure mineral and synthetic phases.

c
T—» [110]

Figure 8. The crystal structure of spinel projected along [110] (a) and the ball-and-stick represen-

tation of a spinel module (b). The dashed lines outline the contours of the modules, whereas the
arrows indicate their orientation. The T- and M-centered polyhedra in (a) are shown in yellow and
green, respectively.

The structure-building rules for spinelloids are therefore as follows: their structures
are built up via the alternation of differently oriented spinel modules that can be de-
scribed by the sequence of numbers corresponding to the amounts of spinel modules
between the two T planes. It is obvious that there is an infinite number of theoretically
possible spinelloid structures. For example, one could imagine (and rationally construct)
the structure with the sequence (4, 8 ,2, 3) that would correspond to the Hyde symbol
[TSSSSTSSSSSSSSTSSTSSS] = [TSATS8TS?*TS3].

However, the analysis of the data that is shown in Table 3 reveals two important
observations: (i) The values of n and m in observed spinelloids never exceed 3, and all
possible (1, m) combinations with n < 3 and m < 3 have representatives in the real world.
(ii) The number of the spinel blocks of different thicknesses does not exceed 2 (this is why
only two numbers, n and m, are needed to characterize the sequence; sequences like (2, 1, 3)
have not been observed). Why does nature restrict its structures to conform with the two
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restrictions indicated above? The only reasonable explanation is in the tendency to form
less complex and more entropically rich structural arrangements.

Figure 9. The crystal structure of “‘wadsleyite-II’, featuring borders and orientations of spinel modules.

The numbers above provide the widths of the spinel blocks in terms of the numbers of modules
between the two T-planes.

Table 3. Total structural complexities for basic spinelloid structure types.

t:
s rIG,tOttll

Phase (01 HS n,m  Space Group (bits/Cell) Example Ref.
€ )] [T] (1,1) Pmma 35 e-Mg,SiOy poirierite [80]

I (1) [T28%] G 1) Pmma 213 (Nijp3Al77)(Als 6512 4)O32 [81]

I 1) [T2S]? 2,1) Imma 141 (Niy7Al7)(Alg9Si5.1)O4s [82]
T ) [TS]? 2,2) Imma 79 B-Mg,SiO, wadsleyite [83]
(2,2) Imma 79 B-Fe,SiO,4 asimowite [84]

v ML) [TS?TSP? (3,2) Imma 279 NizAl,SiOg [85]
Imma 279 Mg,SiO, ‘wadsleyite I’ [86]

\Y% 1) [TS?] (3,3) Pmma 144 NizAl,SiOg [87]
Spinel T4 [S] - Fd3m 19 v-Mg,SiO4 ringwoodite [88]
- Fd3m 19 v-Fe,SiOy ahrensite [89]

Further analysis revealed that, among the spinelloids listed in Table 3, spinel itself (or
ringwoodite and ahrensite) is the structurally simplest phase (19 bits), which explains its
commonness and frequent occurrence in nature (the spinel group consists of 56 different
mineral species [90]). Wadsleyite and its Fe analog asimowite (79 bits) are thought to be
extremely important phases in the Earth’s mantle, and have been intensively investigated
over the last fifty years [83,84].

However, the phase that is second (35 bits) in simplicity (e-phase or poirierite) is
less common and had only recently been described in nature as nanometer-scale lamellae
in ringwoodite crystals from shocked meteorites [80]. Despite its structural simplicity,
this phase is energetically unfavorable for the following reasons. The transition from the
olivine structure based upon hexagonal closest packing to that of spinel (based upon cubic
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closest packing) requires shear mechanisms, as predicted by Hyde et al. [78] and first
observed by Madon and Poirier [91]. Poirierite, which is a (1, 1) spinelloid with the module
sequence [1] (or equivalent []]) and the sequence of borders [T], is the first phase that
forms as a result of shear transformations. This silicate phase with the formula M,(5i03)O
(M = Mg, Fe) contains one-periodic (or einer in the Liebau’s [92] notation) chains of corner-
sharing SiOy tetrahedra, which is quite atypical for silicate crystal chemistry (though it
has been known for germanates [93]). The single periodicity of this chain results in the
close distance between Si** ions in adjacent tetrahedra, which, in turn, generates strong
electrostatically repulsive forces that make this arrangement energetically unstable. This
example shows that structural simplicity is not the only factor that governs structural
abundance in modular series. However, in the absence of structure-destabilizing factors, it
achieves primary importance.

All other spinelloid structures listed in Table 3 possess more than 100 bits of structural
information per reduced unit cell and have not been observed in nature, though they
were prepared under experimental conditions. No other spinelloid structure types of the
modular series have been observed so far.

5.2. Kurchatovite Family

Kurchatovite and clinokurchatovite are two polymorphs of CaMgB,0s with mod-
ular crystal structures based upon two-dimensional blocks [33]. The blocks are built
up from diborate B,Os groups, and Ca?* and Mg?* cations in seven- and sixfold coor-
dination, respectively (Figure 10). Detailed analysis of geometrical parameters of the
adjacent blocks by Pankova et al. [33] revealed that symmetrically different diborate
groups have different degrees of conformation in terms of the 6 angles between the
planes of two BOj triangles sharing a common O atom, featuring two discrete sets of
the 6 values of ca. 55° (B’ blocks) and 34° (B” blocks). The blocks may have two differ-
ent orientations, ‘+” and ‘—’, which are related by the 180° rotation along the direction
perpendicular to the block’s planes (similarly to those observed in biopyriboles). The
stacking of the blocks in clinokurchatovite can be described as ... (+B’)(+B”)(+B")(+B")

. or [(+B")(+B”)], whereas in kurchatovite, it is more complex and corresponds to
the sequence ... (+B’)(+B”)(+B")(—B’)(—B”)(—B’)(+B’)(+B”)(+B’)(—B’)(—B”")(—B’) ...
or [(+B")(+B”)(+B’)(—B’)(—B”)(—B’)]. The B’:B” ratios for clinokurchatovite and kurcha-
tovite are 1:1 and 2:1, respectively.

The description of kurchatovite and clinokurchatovite in terms of the B” and B” blocks
with different orientations allowed for formulating two empirical rules that govern the
modular construction of the series: (i) the B” blocks are always surrounded by the B’
blocks of the same directionality (i.e., of the same sign); (ii) the B’ blocks may occur in two
combinations: either surrounded by two B” blocks of the same sign or by one B” block of
the same sign and one B’ block of the opposite sign.

Pankova et al. [33] derived the following eight triplets that satisfy the (i) and (ii)
conditions:

I (+B’)(+B”)(+B’) V (+B”)(+B’)(—B’)
II (—B’)(—B”)(—B’) VI (—B’)(+B’)(+B”)
III (+B”)(+B")(+B”) VII (—B”)(—B’)(+B’)

IV (—B”)(—B’)(—B”) VIII (+B’)(—B’)(—B”)

The number of symbolic sequences that may contain these triplets is obviously infinite
and the sequences may be both periodic and aperiodic. In order to produce a sequence
that satisfies the rules, two triplets should overlap in two symbols: two right symbols of
the first (preceding) one and two left symbols of the second (following) one. Thus, all of
the triplets can be split into the following ten overlapping pairs (Figure 11a): I-III, II-1V,
I-V, II-VII, III-1, IV-II, V-VIII, VI-I, VII-VI and VIII-IL
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Figure 10. The slices of the crystal structures of clinokurchatovite (a,b) and kurchatovite (c,d), which
consist of diborate groups. The dot-and-dash lines in (a) and (c) indicate the relative positions of the
B’ and B” of different orientations (distinguished by the ‘+ and ‘—’ signs). After [33].

The relations between the triplets can be visualized using de Brujin diagram [94-96],
as shown in Figure 11b. The arrow lines in the diagram indicate the only ‘legal” sequences
of triplets: any realizable symbolic sequence is produced by the loop of arrows starting
and ending at the same triplet.

The possible symbolic sequences that are generated by the diagram are as follows:

1. The sequences I<1II, III<+1, II+IV and IV« (Figure 11c) produce the sequence
of modules corresponding to the crystal structure of clinokurchatovite. This is the simplest
structure possible in this group, which contains two blocks within its identity period (e.g.,
[(+B")(+B")]).

2. Starting from triplet I and going to triplet V and so forth results in the following six-
membered sequence ... = VI=[I-V—=VIII=II—-VII-VI]=I— ... (Figure 11d), which
corresponds exactly to the six-membered sequence of blocks that are observed in the crystal
structure of kurchatovite.
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3. An infinite number of periodic and aperiodic sequences can be obtained by inserting
any even subsequence from the sequences I++1II and II++IV into the six-membered sequence
of triplets given above. For instance, the sequence [I—V—VIII=II—(IV—II)—VII—VI] is
produced by inserting the (IV—II) element into the sequence [I—V— VIII-II—VII—VI]
after the triplet II. However, all such derivative sequences are at least two blocks longer
than the sequence that produces the kurchatovite structure.

a)

I v
(+B(+B"}+B’) — (+B")(+B')(-B")

v

I->V
(+B")(+B”)(+B")(-B")

Figure 11. An illustration of the rule of overlapping triplets using the example of the I-V pair (a), the
diagram of relations between the triplets (b) and the parts of the diagram that result in the generation
of clinokurchatovite (c) and kurchatovite (d) structures. See the text for details. After [33].

Therefore, the symbolic analysis resulted in the following conclusion: given the
rules (i) and (ii), the sequences of blocks that are observed in the crystal structures of
clinokurchatovite and kurchatovite contain the minimal number of blocks per identity
period. All other sequences are either aperiodic or contain at least two more blocks within
their identity periods.

The information-based structural complexity parameters of the two minerals are
equal to 300 bits for clinokurchatovite and 1027 bits for kurchatovite. The two structures
possess the minimal lengths of symbolic sequences that can be produced by means of the
diagram shown in Figure 11b. All other ‘legal” sequences will be at least two symbols
longer, which will correspond to the insertion of two additional blocks into the structure,
leading to arrangements that are more complex than those observed in kurchatovite and
clinokurchatovite. Therefore, only the simplest possible members of the kurchatovite
family (which is theoretically infinite) are observed in nature or can be synthesized under
laboratory conditions.

6. The Principle of Maximal Simplicity (Minimal Information)

The principle of maximal simplicity for modular inorganic crystal structures can be
formulated as follows:
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In a modular series of inorganic crystal structures, those that are most common
and abundant in nature and experiments are those arrangements that possess maximal
simplicity and minimal structural information.

This principle is empirical and is valid for those cases only where there are no structure-
destabilizing factors, such as one observed for the (1, 1) spinelloid (poirierite). The influence
of such factors depends upon the scale of the modules; for atomic-scale modules, it is of
high importance (in fact, single atoms may hypothetically be considered as modules as
well), but, for modules of larger size, the relevance of structural destabilization decreases
and the principle of maximal simplicity plays the primary role.

The physical basis of the principle is in the relations between structural complexity and
configurational entropy sensu stricto (which should be distinguished from the entropy of
mixing). In turn, configurational entropy, in general, correlates positively with vibrational
entropy, and the sum of the two kinds of entropy constitutes the major contribution to this
thermodynamic quantity. Thus, the principle can be re-phrased in favor of the abundance
of highly entropic and less complex structures. It can also be seen as an analogy of the
principle of least action in physics that had always been considered as a principle of
economy in (or of) nature, expressed by Pierre Louis Maupertuis (1748) as: ‘Nature is
thrifty in all its actions’. In his Principia, Isaac Newton noted that ‘Nature does nothing
in vain, and more is in vain when less will serve; for Nature is pleased with simplicity,
and affects not the pomp of superfluous causes’ (1687). The principle of minimal action
corresponds to the group of variational principles in physics that are usually expressed
analytically through the minimization of some function (e.g., energy or distance). It is
rather doubtful that the principle of maximal simplicity in modular series may have a
universal analytical expression since the crystal structures are complex systems that involve
a whole range of atomic species and their interactions.

7. Concluding Remarks

The principle of maximal simplicity in modular crystal structures can also be expressed
in terms of information: complex structures require higher levels of information storage
and processing. The complexity of inorganic crystal structures is governed by thermody-
namic and kinetic factors, in contrast to living organisms, where the systems are adapted
to perform a particular function. The functionality that is observed in organisms requires a
much higher level of structural complexity and modularity that involve molecular struc-
tures consisting of billions of atoms. The absence of functionality in minerals defines their
passive behavior relative to information, which has no material carrier but rather is stored
in the chemical composition and structural and microstructural features. This is why Shan-
non information theory is more suitable for the description of the chemical and structural
complexity of inorganic systems, where syntactic information dominates (if not completely
replaces) semantic information [97]. The latter is the kind of information that is meaningful
to the system, for instance, in terms of its functionality. The principle of maximal simplicity
formulated here most likely has no analogs in living systems, where semantic information
plays a dominant role. The important difference between the living and non-living systems
is also the one between systems close to and far from thermodynamic equilibrium. It may
be hypothesized that functioning in the far-from-equilibrium state requires a much high
level of complexity than homeostatic existence with low dynamic activity.
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