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Mechanism and modelling of formation of amorphous sulfur nuclei
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The most probable shape (sphere) and size (~2.6 nm) of a critical sulfur nucleus were derived based on the random orientation of

S¢ sulfur molecules during rapid nucleation.

The current interest in monodispersed colloidal spheres is caused
by their applicability to the fabrication of photon crystals, com-
puter chips and three-dimensional nanoporous materials.!-2 The
nucleation and growth of sulfur particles in solutions are also
of importance because it is known3-> that, under specific con-
ditions, monodisperse colloid spherulites of solution-stable*
amorphous sulfur form in acidified aqueous solutions of thio-
sulfates. Elemental sulfur has many unique properties,®-10 for
example, a separate phase of amorphous sulfur particles during
ageing gradually changes into o-sulfur.3-10 In terms of mineralogy,
native sulfur typically exists in a crystalline form; however, it is
also found in cryptocrystalline and amorphous forms.!1-13

The complexity of the numerical modelling of the nucleation
of amorphous particles is that the real structure of an amorphous
state cannot be adequately described by theoretical and experi-
mental methods. There are different kinds of amorphous states
for particular types of substances.!4-16 Their common feature is
the absence of a long-range order in the structure of an object.

Earlier,!7 we proposed a method for the estimation of param-
eters of crystal critical nuclei based on a discrete approach. The
structure of a crystal phase is assumed to be known. It is sup-
posed that the nucleus forms on the successive addition of
molecules at the positions which they would occupy in an ideal
crystal. A correction is made for the length and energy of the
bonds of surface molecules whose nearest neighbours are fewer
than those of molecules in the bulk.

This method is used for calculating the characteristics of
critical sulfur nuclei on the assumption that the growth of clusters
proceeds by the addition of Sg ring molecules.3-6 In the rhombic
crystal of o-sulfur, each Sg molecule has two neighbour mole-
cules at a distance of ~0.5nm and two at ~0.6 nm.>!8 The
difference in the distances is related to different orientations
of the rings. At a random orientation of Sg rings during rapid
nucleation, an averaged distance can be used in the calculated
model. In this case, the long-range order is missing and an
amorphous sulfur phase is formed.

At the first stage of calculation, a specific way of their addi-
tion is found from the coordinates of Sg ring centres in a crystal.
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Figure 1 The energies of the formation of sulfur nuclei for different ways
of the random addition of Sg molecules for the supersaturation Au = 0.50.
An averaged plot is shown with a bold line.

Table 1 Parameters of a critical nucleus at layer-by-layer and random addi-
tions of Sg molecules.

Layer-by-layer addition Random addition

Au (arb. Number A (arb. Au (arb. Number of A (arb.
units) of Sg, n units) units) Sg, n units)
>0.95 2 < 1.47 0.99-095 7 1.02-1.30
0.95-0.61 11 1.47-521 0.93-091 16 1.56-1.88
0.60-0.55 24 5.45-6.65 0.76-0.73 27 4.75-5.56
0.54-0.50 46 6.92-8.76  0.70-0.68 53 6.57-7.63
0.49-0.38 50 9.24-14.7 0.67-0.57 55 8.18-13.7
0.37-0.24 119 15.4-30.9 0.45-037 76 22.1-28.2
<0.23 > 148 > 323 <0.32 > 122 >33.8

There are two approaches to the selection of the way: (1) the
addition proceeds by the coordination spheres (layer-by-layer
growth), and (2) the positions of added molecules were chosen
randomly, provided that the newly added molecule had at least
one bond with the cluster. At the second stage of the chosen
way of addition, the contribution of the cluster-infinite phase
interface energy g, is calculated.!” At the third stage, the
formation energy A is calculated for various values of the relative
supersaturation Au depending on the number n of molecules in
a cluster: Au = u, — uy, where u| and u,, are the chemical poten-
tials of a supersaturated solution and a solution at the points
of phase transition, respectively. Then, A = -nAu + g,. All the
energy values g, A and Ay are measured in arbitrary units.!?
The intermolecular bond energy in an infinite crystal E, was
taken to be unity; as a first approximation, this parameter can
be estimated using the enthalpy of sulfur melting. The maximum
value of A(n) is used to determine the number 7 in the critical
nucleus, and n helps us to establish the shape of a nucleus at
each step of changes in the Au value.

Random addition. Ten different ways of addition were gen-
erated for approach (2). The energy of formation A(n) was
calculated for each of them. The results are shown in Figure 1.
For simplicity, only three versions of calculations among all the
possible random ways of addition are shown. All the plots
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Figure 2 Averaged energy of formation of amorphous sulfur nuclei for dif-
ferent supersaturations: (1) Au = 0.55; (2) Au =0.50; (3) Au =0.45. The
averaging was carried out over 10 different ways for the random addition of
Sg ring molecules.
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Figure 3 Energy of formation of amorphous sulfur nuclei: (a) Au = 0.45;
(b) Au = 0.55. (1) layer-by-layer addition; (2) random addition of Sy mole-
cules.

relate to the same supersaturation.
Figure 2 shows the averaged plots of the energy of formation

Layer-by-layer growth. It is assumed in approach (1) that
the molecules fill coordination spheres in turn. The plot of the
energy of cluster formation versus the number of Sg molecules
is shown in Figure 3 (curves I). For comparison, Figure 3
shows averaged plots of A(n) for random addition (2) (curves 2);
(a) and (b) correspond to different Au. One can see that addi-
tion to coordination spheres or a nearly spherical shape of
nucleus is more profitable from the viewpoint of passing over
the energy barrier during nucleation.

Figure 4 shows the plots of A(n) for the addition of mole-
cules to coordination spheres for different supersaturations. The
number of energy barriers to be overcome can vary depending
on supersaturation. The size of a critical nucleus remains con-
stant within a wide supersaturation range (Table 1). The broadest
range of supersaturation corresponds to the nucleus containing
50 molecules of Sg. At a lower supersaturation, a sharp increase
of the size up to 119 molecules is observed.

A nucleus of amorphous sulfur containing 50 Sg molecules
is 2.6 nm in diameter.> The layer-by-layer addition of Sg ring
molecules is more beneficial than the random addition. The
nucleus has a near-spherical shape.
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