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Actinyl oxysalts with TO, tetrahedral oxyanions (T = S, Se,
Cr, Mo) demonstrate a remarkable structural diversity, owing
to the flexibility of the An—O-T linkages, which results in a
multitude of topological and geometrical variations. Applica-
tion of graph representation of structural units allows topo-
logical classification of structures and analysis of topological
and geometrical isomers. In some organically templated
structures, isomerism is controlled by the interplay of hydro-

phobic/hydrophilic interactions between organic and inor-
ganic substructures. The high flexibility of actinyl oxysalt
complexes (in particular, in uranyl selenates) allows strong
curvature of inorganic units and formation of curved nano-
scale tubules assembled from [1+4+1] complexes. In some
particular systems, the self-assembly process may be mod-
eled using a cellular automata approach.

1. Introduction

Actinide and, especially, uranium oxysalts with hexava-
lent cations of the elements of the sixth group of the periodic
table are important phases from the mineralogical, environ-
mental, and technological points of view. These compounds
are common constituents of the oxidized zones of uranium
mineral deposits,['! form as a result of the alteration of
spent nuclear fuel (SNF),” form during burn-up of nuclear
fuels in reactors,’! represent insoluble residues undesirable
for the recovery of plutonium from SNF solutions,™ impact
upon the transport of actinides in contaminated soils,! and
upon the mobility of radionuclides in a geological reposi-
tory for nuclear waste,! etc. In addition, they are of interest
from the viewpoint of physical properties such as lumines-
cence and magnetism induced by the f electrons in the elec-
tronic structure of actinide ions. From the fundamental
viewpoint, these compounds are remarkable in their wide
range of compositions and structures originating from com-
binatorial and topological possibilities of linkage of basic
structural elements that leads to a large variety of topologi-
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cal and geometrical isomers. A review of the whole range
of structures that occur in actinide oxysalts with the ele-
ments of the sixth group of the periodic table was published
elsewhere;!”) some recent results are summarized in ref.[® In
this microreview, we outline the basic structural features of
one particular group of these compounds, namely those in
which actinyl ions are polymerized through tetrahedral oxy-
anions TO, (T = S, Cr, Se, and Mo). We also concentrate
on the origin of structural diversity from the algorithmic
viewpoint that links descriptive chemistry to the theories of
graphs and cellular automata. Application of the concepts
of these abstract mathematical theories to the description
of chemical and structural variations may provide further
insight into algorithms of self-assembly in real chemical sys-
tems.

2. Topology of Structural Polymerization: Basic
Graph, Its Variations, and Topological
Isomerism

In their high oxidation states, actinide ions usually form
linear actinyl complexes [O=An"*=0]" " in which the va-
lence requirements of terminal O atoms are more or less
satisfied (Figure 1). As a result, linkage of actinyl ions to
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other structural elements proceeds along bonding to actinyl
ions in their equatorial planes. In actinyl sulfates, molyb-
dates, selenates, and chromates, actinyl ions are equatorially
coordinated by O atoms of tetrahedral complexes or OH
groups and H,O molecules. The most frequently observed
coordination is fivefold, leading to the formation of a flat-
tened pentagonal bipyramid, AnO-, centered by an actinide
ion (Figure 1b). Usually, coordination of an actinyl ion by
a TO, tetrahedron is monodentate (AnO; and TO,4 groups
share one O atom only), though bidentate coordination is
quite common in uranyl sulfates.’) Polymerization of acti-
nyl ions through tetrahedral oxyanions results in formation
of a whole family of extended complexes with different
compositions and topologies (Figure 1c). The general for-
mula of such complexes may be written as [(AnO,),(TOy),-
(H»0),]. Two examples of 2D layers with the same composi-
tion [(UO,)»(Se0,)3(H,0)]*>~ are shown in Figure 2a, b. The
topology of the complexes is very similar, but still one can-
not be transformed into another by continuous topological
transformation, that is, without breaking of chemical
bonds. The easiest way to identify topological differences
between two layers is to draw their graphs. The graph can
be constructed by elimination of anions from consideration
and linking those U and Se atoms that share at least one

a b c
0 [0]
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Figure 1. Linear actinyl ion [O=An"*=0]"** (a) and its coordina-
tion by equatorial anions (b) and tetrahedral oxyanions (c).

Figure 2. Uranyl selenate layers [(UO,),(SeO,);(H,O)]> with dif-
ferent topologies of linkage of U (yellow) and Se (brown) coordina-
tion polyhedra (a, b): presentation as graphs (c, d) and as idealized
graphs (e, f).
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common O atom (Figure 2c, d). As it can be seen, the
graphs shown in Figure 2c and d are composed from the
same relative numbers of four- and six-membered rings
(MRs). We identify these topologies as 1 and 2, respectively
(Table 1). Description of complexes in terms of graphs dem-
onstrates clearly that, in topology 1, six-membered rings
form edge-sharing chains, whereas, in topology 2, they form
corner-sharing chains. Therefore, these topologies should be
regarded as different, and their corresponding uranyl sele-
nate complexes should be considered as fopological isomers.

Table 1. Actinyl compounds with topologies characterized by

graphs shown in Figure 3 (examples).

Topology Compound Reference

1 [N2C3H 5][(UO,),(H,0)(SO4)5] (211
[CaH1oNL[(UO,)(SeO4)3(H,0)] [l

2 [N2C3H 15][(NpO,)2(CrO4)s(H0)[(H,0); - [
K5[(NpO,)»(CrO4)3(H,0)](H20)3 (1ol
[CsH2N,|[(UO,)2(SeO4)3(H,0)] [l

4 [CsHa6N 4o s[(UO2)x(SO4)3(H,0)] (el

5 Rb,[(UO,)5(8e04)3(H20),](H,0)4 ]

6 K5[(UO,)x(CrO4)3(H20),](H20)4 el

7 Mg,[(UO,)3(CrO4)s](H,0)17 (]
B-Mg>[(UO,)5(8e04)5](H20)16 (111]

8 (NH3(CH,);NH;3)(H;0),[(UO,)3(MoOy)s] - 4

Nag[(Np>*0,)2(NpS0,)(M0oOy)s[(H,0),5 [
0-Mg;[(UO,)3(Se04)s](H,0) 16 (i

We note that graphs shown in Figure 2¢c and d can be
topologically transformed into graphs shown in Figure 2e
and f, respectively. In turn, the latter two graphs are deriva-
tives of the ideal graph 3 shown in Figure 3. This graph
consists of 6-connected black and 4-connected white verti-
ces and was identified as the basic graph, as it is a parent
graph to several dozens of topologies observed in the struc-
tures of inorganic oxysalts.l' Figure 3 shows some exam-
ples of the topological derivatives, and Table 1 provides a
list of the corresponding actinyl compounds. These exam-
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Figure 3. Basic graph (3) and its derivative graphs that appear as
underlying topologies for actinyl oxysalts with tetrahedral oxy-
anions TOy4 (T = S, Cr, Se, and Mo) (see Table 1 for the example
compounds).
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ples show that topological isomerism is a common phenom-
enon for actinyl complexes occurring in the structures of
sulfates, chromates, molybdates, and selenates.

3. Geometrical Isomerism

The topological structure of a heteropolyhedral complex
observed in actinyl oxysalts cannot be completely charac-
terized by its graph. Figure 4 shows three 1D chains with
identical formula, [AnO,(TO4)(H-0),], and identical
graphs. Within the chains, the AnOs(H>O), pentagonal bi-
pyramids share three equatorial O atoms with TO, tetrahe-
dra, whereas TO, tetrahedra have three vertices each shared
with actinyl pentagonal bipyramids and one apical ligand
that points either up (u) or down (d) relative to the plane of
the chain. In different structures, the orientations of apical
ligands along the chain extension may be different. For ex-
ample, in the structures of [UO,(CrO4)(H,O),] and
[UO5(CrO4)(H,0),](H,0),[1? the orientations alternate in
the order “...up-down-up-down...” or ...udud... [or (ud).]
(Figure 4b). In contrast, the structure of [UO,(CrQO,)-
(H50),]4(H,0)o!"31 contains two types of chains: one with
the sequence ...ududud... [= (ud).] and one with the se-
quence ...uuuu... [= (u).] with the nonshared corners of
chromate tetrahedra on one side of the chain only (Fig-
ure 4a). The structure of B-[UO,(SO4)(H,0),](H,0);4
contains chains with the sequence ...uudduudd... or
(uudd)... We note that, despite different orientations of tet-
rahedra, the three chains shown in Figure 4 correspond to
the same graph. The three chains should be considered as
geometrical isomers, that is, chemical structures have the
same global topology (e.g., graph) but are different because
of some specific properties of linkage (e.g., cis-trans-isomer-
ism). It is likely that, in actinyl oxysalts, the occurrence of
a certain type of isomer is impacted by the specificity of
interactions of polyhedral units with each other and with
other structural elements. In the case of uranyl chromate
hydrates mentioned above, it seems that the occurrence of
isomers is related to the number of water molecules present
in the structure, that is, by features of the hydrogen-bonding
system.

In the case of 2D layers, arrangement of orientations of
tetrahedral oxyanions relative to the layer plane can be
quite complex. Figure 5 shows three 2D graphs that repre-
sent topology 7 (Figure 3) of linkage of uranyl pentagonal
bipyramids and chromate tetrahedra in structures of uranyl
chromates with [(UO,);(CrO,4)s]* anionic layers.'”] Sym-
bols u and d written near the white vertices indicate the
orientations of chromate tetrahedra: up or down. Transfer-
ring the lattice of these symbols onto a 2D plane and using
the symbol “[0” to denote vacancy (absence of white vertex
in the specific position of the graph), one may obtain a 2D
square array of symbols that can be characterized by its
“unit cell” confined in orthogonal boxes in Figure 5d, e,
and f. This “unit cell” or matrix of orientations of tetrahe-
dra is a unique descriptor of a particular geometrical iso-
mer.
2596
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Figure 4. The description of geometrical isomerism of the [AnO,-
(TO4)(H,0);] chains.
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Figure 5. Black-and-white graphs with the u, d, and 0 symbols of
the [(UO,);(CrOy)s] sheets in the structures of Mg,[(UO,)3(CrOy)s]-
(H0)17(2), Cay[(UO,)3(CrOy)s](H,0)19(b), and K4[(UO,)3(CrO,)s)-
(H,0)s (c); their corresponding u, d, and [J symbolic tables [(d),
(e), and (f), respectively]. The matrices of orientation of tetrahedra
are indicated in (d), (e), and (f) by bold lines.

It should be noted that the system of orientation of tetra-
hedra in different geometrical isomers may be chiral, which
can be clearly identified by analysis of their matrix descrip-
tors. For instance, topology 1, observed in uranyl selenates
and sulfates, has two geometrical isomers observed so far,
one of them being chiral (the corresponding compounds
crystallize in the chiral space group P2,).11°
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4. Uranyl Selenate Nanotubules: Geometry and
Packing Principles

Along with actinide peroxide nanospheres!!’! and pluto-
nium colloids,!'® uranyl selenate nanotubules are one of the
few known purely inorganic nanoscale actinide structures
(though several metal-organic tubular and cluster struc-
tures have recently been reported!!®l). The tubules represent
one-dimensional porous structures formed by linking
uranyl pentagonal bipyramids to SeO, tetrahedra through
common O atoms. There are two types of nanotubules re-
ported so far. “Small” tubules (Figure 6) have been found
in two structures.?°-2%I Their composition is characterized
by their U/Se ratio, which is equal to 3:5, so the chemical
formula is [(UO,)5(SeO4)s]*, and the structure is stabilized
by the presence of positively charged species, namely, K*
cations. The local topology of the tubules is isomorphous
to topology 8 shown in Figure 3. This topology displays a
tendency to form geometrical isomers with different sys-
tems of orientations of tetrahedra relative to the plane of
the sheets. For 2D topologies, the ratio u/d of “up” and
“down” orientations is invariably 1:1. However, the situa-
tion is different for uranyl selenate nanotubules, where the
u/d ratio is equal to 4:1 (defining “up” orientation as
pointing out of the tubules and “down” orientation as
pointing inside the tubule). Thus, whereas for 2D structures,
there is no difference between orientations of tetrahedra
(two half-spaces separated by the sheet are chemically indis-
tinguishable), for cylindrical (tubular) topologies, the space
is separated into exterior and interior, which are both geo-
metrically and chemically different.

Figure 6. Crystal structures of Ks[(UO,);(SeO4)s](NOz)(H,0)s 5 (a)
and (H;0),K[(H;0)@(18-crown-6)][(UO,)3(Se04)s](H,0)4 (b) con-
taining “small” uranyl selenate nanotubules with a U/Se ratio of
3:5 (c, d). Uranyl and selenium coordination polyhedra are shown
as yellow and light-brown, respectively.

The geometry of the 3:5 uranyl selenate nanotubules is
almost identical in the two structures reported so far. The
parameter along the tubule is equal to 11.293A in
K;5[(UO,)3(SeO4)s(NO;)(H20);.5 and 11.240 A in (H30),-
K[(H30)@(18-crown-6)][(UO,)3(SeO4)s](H,0),.  Figure 7
shows a diagram that demonstrates the geometrical similar-
ity of the tubules in the two structures in terms of the U-
O-Se valence angles. The dotted line corresponds to the
ideal case, when all corresponding angles are equal, whereas
the deviation of points from this line shows the difference
between the corresponding angles in the two structures. It
is clear from the diagram that this difference does not ex-
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ceed 5-6°, which means that the tubules have very similar
geometrical parameters in different structures. Remarkably,
the local rod symmetry group of the tubules is the same
(mm?2) and consists of two vertical mutually perpendicular
mirror planes intersecting along the twofold symmetry axis.
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Figure 7. Diagram showing the difference of the U-O-Se valence
angle values in uranyl selenate nanotubules in the structures of
K;5[(UO,)3(Se04)s)(NO3)(H20)3 5 () and  (H30).K[(H;0)@(18-
crown-6)][(UO,)3(Se0.)s](H,0)4 (II).

The observed arrangements of 3:5 uranyl selenate nano-
tubules are schematically illustrated in Figure 8. They can
be rationalized in terms of a sum of axial rotations and
vertical shifts of tubules relative to each other. The tubules
may be shifted relative to each other by *1/2 translations
along the tubule extension. Thus, there are two different
vertical positions of tubules indicated as 0 and 1/2 in Fig-
ure 8. The tubules also allow axial positions rotated relative
to each other by 90°; these are distinguished in Figure 8 by
white and black triangles. The schemes of arrangement of
tubules in the two structures are shown in Figure 8¢ and
d. In the structure of Ks[(UO,)3(Se04)s](NO3)(H,0); s, the
tubules are packed in a hexagonal fashion (the tubules are
parallel, and their cross-sections imitate the hexagonal
packing of circles), whereas, in (H;0),K[(H;O0)@(18-
crown-6)][(UO,)5(Se0y4)s5](H,0),4, the tubules are arranged
in a tetragonal packing fashion, which is the result of the
presence of single columns of stacked [(H30)@(18-crown-
6)]" complexes.

The two structures with 3:5 tubules possess K* cations
located inside the tubules and showing remarkably similar
local coordination to the tube walls (Figure 9). In both
structures, K* cations are coordinated by six anions of the
uranyl selenate wall: two O atoms of the uranyl ions, two
nonbridging O atoms of selenate tetrahedra (namely, those
oriented toward the inside of the tubule), and two O atoms
bridging between uranyl ions and selenate tetrahedra. As a
whole, the K* ion coordinates the [1+4+1] complex that
was proposed as a basic unit present in uranyl selenate
aqueous solution. It can be hypothesized that hydrated
{K[(UO,)»(Se0y4)4]} units play the role of precrystallization
building units from which the tubules assemble during the
crystallization process. From the structural viewpoint, it is
beyond any doubt that it is the K* ion that is responsible
for the formation of curved topologies in 3:5 uranyl selenate
2597
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Figure 8. Two orientations of uranyl selenate nanotubules rotated
relative to each other by 90° and shifted by 1/2 translation along
the axis of a tubule (a, b) and schemes of arrangements of nanotub-
ules in the structures of Ks[(UO,)3(SeO4)s](NO3)(H>0)s5 (¢) and
(H30).K[(H;0)@(18-crown-6)][(UO,)3(S¢04)s](H>0)4 (d).

nanotubules. By forming relatively strong K*~O bonds to
uranyl O atoms, it forces inclination of the adjacent linear
uranyl ions towards each other, thus inducing curvature of
the usually planar uranyl oxysalt units. The fact that tubules
do not form in the presence of other alkali metal cations
(Na*, Rb*, Cs*) points out to the perfect geometrical ad-
justments provided by the size of the K* ions.

Figure 9. Coordination of K* cations relative to the walls of uranyl
selenate nanotubules in the structures of Ks[(UO,)3(SeOy)s]-
(NO3)(Hx0)s5 (a) and (H;0)K[(H;0)@(18-crown-6)][(UO,)s-
(5¢04)5](H20)4 (b).

In addition to “small” 3:5 tubules, uranyl selenates pro-
vide another type of tubules with the ratio U/Se of 14:17[20°]
and external diameter of approximately 2.5 nm (Figure 10).
This tubule does not have isomorphous topology among
2D uranyl selenate sheets known to date. The mechanism
of formation of this type of tubules is not clear; however,
some possible directions can be outlined.

The tubules are most probably templated by aggregates
of protonated butylamine molecules driven by delicate bal-
ancing between hydrophilic/hydrophobic interactions. Al-
though the organic substructure in the original 14:17 nano-
tubular structure was not located, some similarities may be
inferred by the analysis of the structure of (H30),-
2598
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Figure 10. Arrangement of the 14:17 uranyl selenate nanotubules in
the structure of (C4H{2N)4[(UO»)0(Se0y4),7(H,0)] (a) and cross-
section of the nanotubule (b).

[C15H30N55[(UO,)4(Se04)s](H,0)s2! shown in Figure 11.
In this structure, protonated 1,12-diaminododecane mole-
cules form cylindrical micelles with amine head groups on
the surface that are surrounded by uranyl selenate sheets.
The micelle dimensions are approximately elliptical with a
cross-section of 2.2 X 2.5 nm. In order to adapt to the mi-
celles, inorganic sheets possess a strong curvature, the mod-
ulations of the adjacent sheets being in antiphase. Taking
into account that 1,12-diaminododecane is about twice as
long as the butylamine chain, it seems likely that the 14:17
nanotubules owe their formation to micellar aggregates of
protonated butylamine molecules.

Figure 11. Structure of (H30)2[C12H30N2]3[(U02)4(SGO4)8](H20)5
with modulated uranyl selenate sheets and micellar aggregates of
protonated 1,12-diaminododecane molecules (C, N, and H,O are
shown as gray, blue, and red, respectively; H atoms are omitted for
clarity).

5. Organically Templated Structures: Molecular
Control of Structural Architectures

There are many organically templated uranyl sul-
fates,”>??  molybdates,>] chromates,> and selenates
known. However, systematic studies of the influence of tem-
plate structure upon topology and geometry of inorganic
substructure have been (at least partially) performed for
uranyl selenates only, because of their relatively simple syn-
thesis conditions and their ability to form crystals of good
enough quality for structural characterization.

In particular, interactions of uranyl selenates with chain
diamines, NH,(CH,),,NH,, have been the subject of several
studies.l'®21:231 It was found that, for n < 8, 2D (or pseudo-
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2D) topologies are favored with chain molecules oriented
parallel to the inorganic layers. Starting from n = 9, the
length of the aliphatic chain becomes a structure-driving
force in the self-assembly of organic molecules that form
either 1D micellesi?!! or 2D blocks!®! (in both cases, hydro-
phobic fragments are hidden inside the micelle or block and
amine head groups are located on the surface). It is impor-
tant to note that the surface charge density of uranyl oxys-
alt layers is usually lower than that of the other oxysalts
(e.g., transition metal phosphates, etc.), as a result of the
large surface area occupied by equatorial base planes of
uranyl bipyramids. The surface charge density of diamine
blocks is two times higher than that of uranyl oxysalt layers.
This discrepancy results in the inclusion of acid-water com-
plexes into the organic blocks, which modifies its charge
density in order to achieve structural stability.>>! In turn,
1D micelles with cross-like orientation of long diamine
chains maintain their charge density without inclusion of
additional components.

The influence of the shape and composition of organic
templates upon the topology of uranyl selenate layers with
a U/Se ratio of 2:3 has been studied.['®! As it was mentioned
above, there are two different topologies based on [(UO,),-
(Se0,)5(H,0))* layers shown in Figure 2. Experimental
studies of the formation of these topologies in the presence
of different amines revealed that aliphatic components of
amine molecules tend to associate with six-membered rings
of the inorganic layers. As a result, molecules with longer
and spacious aliphatic components favor formation of the

Figure 12. Location of the protonated amine molecules in the
structures  of [CsHsN,J[(UO,)2(Se04)3(H,0)],  [(UO2)x(SeOq)3-
(H>0)](H,0), [C7H2oN:][(UO,)2(Se04)3(H-0)](H-0), and
[CsH2N5][(UO,)»(Se04)3(H-0)] relative to the black-and-white
graph of the inorganic layer (a, b, ¢, d, respectively).
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layers with topology 2, whereas those with shorter aliphatic
components prefer layers with the topology 1. Several par-
ticular examples of mutual orientation of chain diamine
molecules with topology of the inorganic layer is shown in
Figure 12.

6. Origin of Structural Diversity: An Exercise in
Cellular Automata Modeling

6.1. Methylamine-Templated Uranyl Selenates: Ordered and
Disordered Structures

Gurzhiy et al.*®! investigated phase formation in the
system UO»(NO3),/H,SeO4/methylamine/H,O and found at
least eight different crystalline uranyl selenates with U/Se =
1:2, 2:3, 3:5, and 5:8, some of them metastable or unstable
in air. Of particular interest is the family of structures with
general formula (CH3NH;3)[(UO,)(SeO,4)-(H,O)](H,0),,
where n = 0, 0.5, 1. The structures are based upon complex
units with composition [(UO,)(SeOy,),(H,O)]>", but with
different topologies of linkage of U and Se polyhedra for
different values of n. For n = 1, the structure contains 1D
chains (Figure 13a), for n = 0 the structure is based upon
2D layers (Figure 13b). For n = 0.5, a disordered structure
was observed that represents a superposition of the 1D and
2D structures (Figure 14). Transition between two overlap-
ping configurations can be achieved by a 1/2 translation of
the [1+4+1] unit (see above). It is important to note that all

S >

Figure 13. Uranyl selenate layers in the structures of
(CH;NH;)[(UO,)(Se04)>(H,0)](H,0),,, where n = 0 (a) and 1 (b)
and their graphs [(c) and (d), respectively].

Figure 14. The uranyl in the structure of

selenate layer
(CH;NH;)[(UO,)(Se04)»(H,0)](H,O)p 5 can be represented as a
superposition of two different structures related to each other by
translation of the [1+4+1] complex (highlighted) by 1/2 translation
(a, ¢), which results in formation of either 2D (b) or 1D (d) ordered
structures.
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three structures shown in Figures 13 and 14 can be ob-
tained by successive polymerization of the [1+4+1] cluster,
which supports our suggestion concerning its existence as a
prenucleation building block in aqueous solutions. Thus, in
the (CH3NH;3)[(UO,)(SeO,4),(H>0)](H,0), family, the ap-
pearance of disordered structure with n = 0.5 can be repre-
sented as an oscillation of the growth process between the
structure types with n = 0 and 1. This process can be mod-
eled by construction of abstract dynamic systems known as
cellular automata.

6.2. Cellular Automata: Basic Concepts

Cellular automata (CA) have been introduced for simula-
tion of self-reproductive biological systems>”] and have at-
tracted considerable attention as a possible environment for
modeling of a broad range of physical objects and pro-
cesses,?®l in particular, of periodic growth of complex chem-
ical structures.!*”)

From the formal point of view, CA is defined as a collec-
tion of five basic components:

CA:=<Z S, N, f, B>,

where Z is a lattice (discrete working space of the CA con-
sisting of cells; the simplest example is a 2D plane filled
with square cells); S = {0, 1, 2, ...} is a finite number of
values that the cells may take [usually, these values are asso-
ciated with colors, e.g. S = (0, 1) characterizes a binary (2-
color) CA; N={-ky, Kk +1,..,-1,0, 1, ..., kn — 1, kr} 18
a neighborhood of CA action for 1D CA; the value of cell
Xo at time ¢ = 1 is determined by the values of k; and k,
cells on the left and right sides at the time ¢ = 0 [in the
simplest case, the neighborhood is symmetric k; = k, = 1
and has a radius ky = 1, that is, it consists of three cells (k
= 3): x_1, xo, x1; the value of cell x4 at time ¢ = 1 is deter-
mined by the values x_;, xq, x; at time ¢ = 0]; f'is a local
transition function that works for a certain neighborhood
(usually written as a set of rules of the form 010—1); and
B is a boundary condition.

The example of a CA is shown in Figure 15. According
to the Wolfram classification,[?3! the CA has a number of
90. Its local transition function can be written as f =

@ RO MR OO O CED e

Figure 15. 1D cellular automaton 90: its transition rules (a) and
the result of its work by the initial conditions given as a single
black cell (b).
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{111-=0, 110—~1, 101—0, 100—1, 011—1, 010—0, 001—1,
000—0}. Using one black cell as an initial condition, this
CA results in the formation of a branching pattern known
as the Serpinsky triangle. It is obvious that, for modeling
of periodic structures (that may work as diffraction lattices),
one needs a specific class of CA.

6.3. CA Model of Uranyl Selenate Structures and Their
Growth

In order to construct CA that reproduce the formation
of uranyl selenate structures with U/Se = 1:2, we topologi-
cally (i.e. without breaking of bonds) transform the graphs
shown in Figure 13c and d into the graphs shown in Fig-
ure 16a and b, respectively. In turn, these graphs may be
replaced by a 2D cellular structure, where black and white
vertices are replaced by black and gray cells, respectively
(white cells are reserved for “empty” space regions) (Fig-
ure 16¢ and d). The cells that share common edges corre-
spond to the vertices linked by an edge. As a result, we have
two tricolor cellular structures shown in Figure 16e and f.
Analysis of these structures indicate that they can be suc-
cessively constructed by using ternary CA with transition
rules shown in Figure 17. By assignment of values of 0, 1,
and 2 to white, gray, and black cells, respectively, the set of
transition rules can be written down as f = {000—0,
001—1, 002—0, 010—2, 011—0, 012—2, 020—1, 021—1,
022—0, 100—~1, 101—1, 102—1, 110—0, 111—0, 112—0,
120—1, 121—1, 122—0, 200—1, 201—1, 202—1, 210—0,
2111, 212—0, 220—0, 221—0, 222—0}.

Most of these rules are excessive in our case; however,
they are used for the reasons of generality. This CA can be
used to obtain the cellular structures shown in Figure 16e
and f. This means that the same CA generates different
structural topologies. The resulting topology is therefore de-
termined by the initial conditions, that is, by the structure
of the first row. In the language of chemistry, this could
suggest that the molecular-level growth mechanism of
uranyl selenate layers is the same and the topology of the
structure is controlled by the structure of the nucleus spon-
taneously formed in solution.

In order to investigate the dependence of the structure
topology on the structure of initial conditions, a computer
experiment was performed by means of the Mathematica
6.0 program package.’% The structure of the input row was
given as an infinite periodic sequence of numbers 0, 1, and
2. Some results of the modeling are shown in Figure 18.
The chain topology (Figure 18a) can be produced by using
the sequence [0121], whereas the layer topology (Fig-
ure 18b) is the result of an input of the sequence [01012121].
The cellular structure shown in Figure 18c and resulting
from input [12] deserves special attention. It corresponds to
the structural unit shown in Figure 19b (graph depicted in
Figure 19a), which has the composition [(AnO,)(TOy),-
(H,0)] and is observed in a large number of actinyl oxys-
alts, including uranyl selenates.l’”! It is of interest that this
unit can also be produced by using the CA described above.
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aTT b

Figure 16. 2D (a) and 1D (b) graphs isomorphous to the graphs
shown in Figure 13a and b, respectively, and their transformation
to tricolor cellular structures (c—f).
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Figure 17. Visual representation of the local transition functions
that can be used to generate the patterns shown in Figure 16e, f.

The results of computer modeling may shed some light
into the process of self-assembly in uranyl selenate systems.
In the case of ordered nuclei, either chain or layer topology
is formed, whereas, in the case of disordered nuclei or
growth faults (in computer language, errors of the CA func-
tion), a disordered topology is formed that represents a
superposition of chain and layer topologies.

In general, rather simple examples of CA modeling of
self-assembly processes in actinyl-based systems indicate
that the theory of CA and finite automata may provide a
coherent framework for the description of the dynamics of
chemical systems, provided that an appropriate abstract
model is constructed. Moreover, it seems feasible that, in
the deep sense, growth of periodic structures is similar to
the growth of cellular structures during the development
of a CA, and crystal growth can therefore be viewed as a
computation.

The parallels between chemical structures and such for-
mal objects as CA can also be extended further. For in-
stance, the CA theory contains the concept of a “Garden-

Eur. J. Inorg. Chem. 2010, 2594-2603
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Figure 18. Examples of patterns generated by the automaton with
the local transition function indicated in Figure 17 from initial con-
ditions given as a periodic sequence of cells (periods are shown as
numbers at the top right of each pattern). See text for details.

Figure 19. Black-and-white graph that corresponds to the cellular
structure shown in Figure 18¢ (a) and the [(AnO,)(TO,),(H,0)]
layer that has the same topology.

of-Eden” configuration, which is a configuration that can
never appear as a result of the specific CA work. In the
case of a 1D automaton, this is the row of cells, which has
no predecessors. There could be an infinite number of
“Garden-of-Eden” configurations for a particular CA, and
there are specific elementary configurations that any “Gar-
den-of-Eden” contains. These configurations are called or-
phans. By inspection of the CA rules shown in Figure 17,
it is easy to conclude that, for the given transition functions,
sequences [11] and [22] are orphans, that is, they may not
form as the result of the CA work under any circumstances.
Translating these sequences into the language of chemistry,
this could imply that, in our system, no uranyl dimers or
diselenate groups Se,O; may form. Indeed, formation of
uranyl dimers is generally possible (with bridging hydroxy
of fluoride ions), but not under acidic conditions employed
in our particular experiment. Formation of diselenate
groups is also rather impossible, taking into account their
instability relative to the monoselenate groups.

Application of CA allows the prediction of possible top-
ologies that may form in a specific system. It may also pro-
vide a computational basis for studying complexity and dy-
2601
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namics of topologically and chemically similar structures
forming under similar physico-chemical conditions.

7. Conclusions

In this review, we tried to demonstrate that the structural
diversity of actinyl oxysalts with TO, tetrahedral oxyanions
(T =S, Se, Cr, Mo) is truly remarkable, owing to the flexi-
bility of the An—O-T links, which results in a multitude of
topological and geometrical variations. At least for a partial
number of structures, this diversity may be understood and
modeled by using abstract mathematical and computer sci-
ence theories such as graph theory and cellular automata.
Even more deep understanding is required in order to be
able to engineer specific inorganic architectures and nano-
scale structures in this family by the interplay between
properties of organic templates and topological features of
prenucleation secondary building units.
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