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Using ab initio evolutionary algorithm USPEX, we predict structures of sulfur molecules S, (n = 2 — 21). It
is shown that for n > 5 stable structures of sulfur molecules are closed helical rings, which is in agree-
ment with the experimental data and previous calculations. We investigate the stability of molecules
using the following criteria: second-order energy difference (A’E), fragmentation energy (Efrag) and
HOMO-LUMO gaps. The Sg molecule has the highest value of AE and forms the most common allo-
tropic form of sulfur (orthorhombic «-S), into which all other modifications convert over time at room
temperature. Commonly found molecules S;> and Seg also have strongly positive A’E. Another well-
known molecule, S;, has negative A%E, but at temperatures above 900 K has positive second-order free
energy difference A2G. Generally, A%E (or A%G at finite temperatures) is a quantitative measure of the sta-
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bility allowing one to predict the ease of formation of molecules and corresponding molecular crystals.
Temperature dependence of the above-mentioned measures of stability explains a wide range of facts

DOI: 10.1039/d2cp05498a

Published on 09 March 2023. Downloaded by RSC Internal on 3/19/2023 6:34:19 PM.

rsc.li/pccp

Introduction

Elemental sulfur occurs in more allotropic forms than any
other element in the periodic table except, perhaps, carbon.
In nature, o- and B-allotropes are formed, and both are made of
Sg molecules. However, other allotropes, based on other S,
molecules and less stable at normal conditions, have also been
obtained in the experiment.

Sulfur molecules with different numbers of sulfur atoms are
also known experimentally and have been found in complex
minerals. For example, the S;, S;, and S5 molecules have been
found in sodalite group minerals.” Sulfur clusters can give color to
minerals: the bright blue color of lazurite is due to the chromo-
phore ion S;*.> The green color of slyudyankaite (NagCay(Siss
Aly4096)(SO4)6(S6)1/3(CO,)-2H,0) has been explained by the
presence of two sulfur clusters—Sg (yellow chromophore) and
S;*~ (blue chromophore). Also, according to the spectroscopic
data, slyudyankaite contains impurities of the chromophore clus-
ters S,—centers of red and lilac color.”
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about sulfur crystalline allotropes, molecules in the gas phase, etc.

Applications of sulfur molecules in technology are currently
on the rise. For example, to improve the electrochemical per-
formance of modern lithium-sulfur batteries, graphene nano-
cages are filled with Sg in the inner cavity and S,-S, molecules in
the shell of the cage.* Sulfur molecules S, and Ss, attached to
activated carbon, improve the mercury adsorption from flue
gas,” which can help to control Hg emissions. Also sulfur can
help in the extraction of gold from cyanides.®

In this paper we find ground-state structures of small- to
medium-sized sulfur molecules (from S, to S,;) and quantita-
tively estimate their stability using criteria borrowed from
studies of nanoparticles (such as second-order energy differ-
ences and fragmentation energies). For molecules containing
different numbers of atoms, we compare the obtained values
with the likelihood of the formation of the molecule, as well
as the thermodynamic stability and ease of synthesis of the
corresponding molecular crystals.

Computational methodology

To find the most stable structures of sulfur molecules, we used
the evolutionary algorithm USPEX’® (see also https:/
uspex-team.org) coupled with ab initio calculations. This
method allows one to predict the structure of both stable and
metastable molecules and crystals without requiring any experi-
mental data. During the calculation, a set of structures (called
“population”) evolves in order to maximize stability. An initial
generation is produced using a random symmetric structure
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generator, and structures are relaxed and ranked by energy. The
most energetically unfavorable ones are rejected, whereas the
remaining ones are used as parents to produce the next generation
of structures using such variation operators as heredity (matching
random slices of the parent structures), softmutation, and add/
remove mutations, as well as random symmetric structure genera-
tor. Here we use the recently developed technique'® for simulta-
neous global optimization of molecules within a wide range of
compositions. The approach efficiently exploits the exchange of
structural motifs between molecules of different compositions and
works several times faster than traditional techniques where each
composition is processed separately.

Structure relaxations were performed using the spin-polarized
PBE functional'* as implemented in the VASP code.'” In these
calculations, we used the projector augmented wave method™® and
260 eV plane wave energy cutoff. To model molecules using a
periodic code, the supercell method was employed, where periodic
images of a molecule were separated by a vacuum layer with a
thickness of 10 A to ensure that the interaction between periodic
images of the molecules is negligible. For 10 lowest-energy isomers
of each composition, structures were again relaxed and energies
recomputed using a more accurate (but more expensive) approach.
This final refinement was done using the Becke three-parameter
hybrid functional with the Lee-Yang-Parr nonlocal correlation
functional (B3LYP)" and 6-311+G(d,p) basis set'® with the Gaus-
sian 16 code.'® In these calculations, the electronic structure
problem was solved for isolated molecules. All values discussed
in this paper, unless noted otherwise, were obtained in these
B3LYP calculations.

Results and discussion

The ground-state structures of all calculated S, molecules, with
the number of atoms n from 2 to 21, are presented in Fig. 1.
Their atomic coordinates and total energies are given in ESIf
(Section S1). We also calculated the vibrational spectra for each
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imaginary frequencies. The structures are either the same or
more energetically favorable than ones from previous
studies."'”"*® For example, for the S, molecule, the structure
of which is still debated (chain or ring configuration), we have
shown that the chain form is more favorable. Another interest-
ing case is the Sg molecule, for which we found that armchair
conformation is more energetically favorable than boat con-
formation by 0.53 eV. In addition, for S;s, S17, S1s, S19 and S,o
molecules we found structures which are by 0.17, 0.12, 0.32,
0.09 and 0.10 eV, respectively, energetically more favorable than
previously predicted ones.'® This attests to the high robustness
of our structure prediction method.

We found that for molecules with the number of atoms
n < 4, the stable form is an open chain, whereas for those with
n > 5, rings are more favorable. Large S, molecules are
elongated rings, consisting of roughly parallel chains, the
interaction between which stabilizes such shape. The tendency
to form rings can be explained by the octet rule, which dictates
that the coordination number of sulfur be 8-N = 2, where N is
the number of valence electrons, so each sulfur atom must have
two neighbors. Therefore, pure sulfur avoids structures with
terminal atoms and forms cyclic molecules (or infinite chains)
in which each atom has two neighbors.

We have calculated the following energetic characteristics of
S, molecules: atomization energy (E,), second-order differ-
ences of energy (A’E) and fragmentation energies (Efrg), which
are traditionally used in studies of nanoclusters'®*° and allow
one to estimate the stability of compounds. Taking into
account the vibrational, translational and rotational entropic
effects, finite-temperature generalizations of these values were
calculated at different temperatures (7 = 0, 300, 600, 1000,
1500 K); at finite temperatures one should use the Gibbs free energy
(G) instead of the energy (E). Further in the text, we discuss these
characteristics at zero temperature, and then characterize the
patterns of their change with increasing temperature. Fig. 2a shows
the atomization energies of sulfur molecules:

molecule (see ESI, Section S2) and verified that there are no Ea = (E, - nEy)/n (1)
S, S;3 S, Ss Se S; Sg
So S10 Sn S12 S13 Su 515’
S16 S17 Sis S19 S20 Sx
j< R d \’ ¥ g £ e ’ Q b

Fig. 1 Lowest-energy structures of sulfur molecules S,, (n = 2-21).
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Fig. 2 Thermodynamics of sulfur molecules (a) Atomization energies;

(b) second-order differences of energy and (c) fragmentation energies of

S, molecules (n = 2-21). These energetic characteristics are shown at

different temperatures (T = 0, 300, 600, 1000, 1500 K), at finite tempera-

tures one should use the Gibbs free energy (G) instead of the energy (E).

where n - number of atoms in the molecule, E, - the energy of
the molecule, and E; - the energy of an isolated atom in its
ground state. Note that eqn (1) differs from the conventional
definition of the atomization energy by sign; this is more
convenient for our purposes. A careful look at it reveals that
the energy alone is not a good criterion for predicting the
favorability of a given composition. For example, S; has lower
energy than the much more common Sg (Fig. 2a).

Also, while the energies of the S; and Sg molecules differ by
only about 0.1 eV/atom, the difference in the ease of obtaining
them is enormous. Even more strikingly, extremely rare large
molecules S;3 and S;o have lower energy (by 2-3 meV/atom)
than the Sg molecule. However, Sg is an incomparably more
common form. Since direct comparison of atomization ener-
gies is meaningless, and one should use some measures of
conditional stability.

The relative stability of molecules can be explored using the
second-order difference of energy, A’E:

A’E = Epyq + Eyq — 2E, (2)

where E,, is the total energy of the molecule containing »n atoms.
This quantity characterizes local stability and measures the
resistance towards the transfer of one atom between two
identical molecules during their collision. Molecules having a
positive A®E are called “magic”. The values of the second-order
difference of energy A’E for the S, molecules (n = 2-21) are
shown in Fig. 2b.

This journal is © the Owner Societies 2023
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Numerous studies of nanoclusters have shown that clusters
with high values of A’E produce peaks in mass spectra.>'>*
Sulfur is particularly interesting because it forms molecular
crystals, which can be thought to be made of the molecules that
are most abundant prior to crystallization. Below we analyze the
relationship between magicity (i.e. stability relative to nearest
compositions, eqn (1)) of molecules and their abundance in
various sulfur allotropes and other experimentally studied
systems, moving in the order of decreasing stability (under-
stood in terms of the ease of synthesizing and retaining these
molecules, and quantified in terms of A’E).

The most common and most stable natural allotrope of
sulfur is the yellow orthorhombic o-form, to which all other
modifications eventually revert at room temperature. It is made
of Sg molecules, which have the ‘“Saxon crown” structure, and
this matches our prediction perfectly. The calculations show
that the most stable molecule is Sg and its second-order
difference of energy is 0.66 eV. The calculated S-S bond length
and angle are 2.06 A and 109.5°, whereas those determined
experimentally are 2.04 A and 107.8°, respectively. Each sulfur
atom has a tetrahedral configuration: based on the octet rule, it
has two bonds to neighboring atoms and two lone electron
pairs. According to the VSEPR (valence shell electron pair
repulsion model),> the bond angle should be close to
109.47°. The proximity of the bond angles to the ideal is one
of the reasons for particular stability of the Sz molecules. In
other molecules, we find different bond angles: 103° in Sg, 112°
in Sy, 108.5° in S;,, and so forth.

S1, molecules have the second largest A’E are the second by
stability both in our calculations and second most common in
experiment. In synthesis of other sulfur molecules, S;, is often
an accompanying product, together with Sg, S;o, and S mole-
cules, which indicates their particular stability as well. Crystal-
lized S,, is a pale-yellow solid which melts at 145-147 °C.*®

Se, S10, and S;, molecules are also stable, but their A’E are
lower than those of Sg or S;,. One of the first sulfur rings
characterized experimentally both in solid state and in isolated
sulfur molecules, S¢ forms orange rhombohedral crystals stable
up to 50 °C, above which it transforms into Sg.”>” S¢ molecules
are found in cages within the structures of sodalite group
minerals, for example, in slyudyankaite.” These molecules are
yellow chromophores (responsible for the rich yellow color). It
has been predicted that the S¢ crystal is a stable high-pressure
phase in the pressure range of 7-18 GPa at 0 K.” S;, molecules
occur as a minor component of liquid sulfur. Monoclinic
crystals of cyclo-decasulfur have been obtained in experiment.
Pure S, has an olive green color.”® Also, very interesting co-
crystals S19-S¢ are known, in which layers of S¢ and S;, mole-
cules alternate. The mean interatomic distance and bond
angles in the S;, molecules are close to those in cyclo-Si5. Sia4
molecules can be obtained in experiment and are known as
intense-yellow rodlike crystals. S,4 can be kept stable at ambi-
ent conditions in its crystalline form for days, after which it
decomposes into Sg and S,.**

The smallest molecules S,-S; have been detected in sulfur
vapor at high temperatures. They have been studied using
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Raman spectroscopy after matrix isolation in an inert gas. The
sulfur dimer has the same structure as O, and S; structure is
similar to the structure of ozone because of their similar
electronic configuration. Tetrasulfur has been also detected
in liquid sulfur and in the atmosphere of Jupiter’s moon Io,
but it does not occur naturally on Earth. Ss is very unstable due
to the high bond strains in the ring structure, but it was found
in samples of liquid sulfur.® No definitive experimental struc-
tural information is available for the S, and S; molecules.

Four crystalline (o-S;, B-S;, v-S» and 8-S;) modifications
based on S; molecules are metastable up to 39 °C. Since S,
rapidly decomposes into S¢ and Sg*” above 20 °C, it needs to be
handled with cooling and should be stored at temperatures
below —50 °C'” (S, molecules can exist at room temperature as
separate molecules if stabilized by certain solvents). Crystals of
native elemental sulfur also quite often contain traces of S, (up
to 0.3%).>° S, molecules form two crystalline polymorphs,
always found in coexistence with each other. They occur
naturally in liquid sulfur samples and as a minor contaminant
in samples of a-sulfur.?® The less common molecules S;; and
S13 occur only as minor components of liquid sulfur and
irradiated sulfur solutions (irradiation by a high-pressure mer-
cury lamp (200-600 nm)).*>* S;; can also be synthesized in the
laboratory.?® S;; molecules form a crystalline phase, obtained
as a lemon-yellow powder, and its crystal structure has not been
determined yet.

The S, allotropes (n = 16, 17, 19, n > 20) have not yet been
obtained in pure forms; however, a mixture of large sulfur rings
S,, where n = 12-35, has been observed. From the mixture of S,,
rings, pure S;g and S,, have been obtained, and their infrared
and Raman spectra have been measured.”*!

From the above analysis it is clear that in general using the
value of A’E(n) one can estimate the likelihood of the formation
of the S, molecule and of the corresponding molecular crystals.
All the well-known stable sulfur allotropes consist of magic
molecules.

Another criterion to evaluate the stability is the fragmenta-
tion energy (Egag). It is defined as follows: from all possible
fragmentation channels into two fragments S, — Sy + S,_&
(1 < k < n— 1) we choose the most energetically favorable one:

Efrag(n) = mink{Efrag[n; k)}7 (3)

where Eg,0(n, k) = E(k) + E(n — k) — E(n). The higher Eg.,, the
more resistant the S, molecule is to fragmentation. The graph
Efrag(n) is shown in Fig. 2¢; a complete set of fragmentation
energies and fission products is given in ESIf Table S1. For S,,
molecules with n = 3-11 the most favorable products of
fragmentation include the S, molecule, for n = 12-14 - the S,
molecule, and for n = 14-21 (and probably for all larger ones) -
Ss molecule, which indicates the special stability of these
molecules and ease of their formation.

Next, we analyze the change in the considered characteris-
tics (Gag, A*G and Girag) With increasing temperature. First of all,
it is worth noting that at normal conditions (T ~ 300 K) the
values of energetic characteristics are close to these at 0 K, but
at high temperatures the differences are large.

Phys. Chem. Chem. Phys.
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Concerning the free energy of atomization (G,), at zero
Kelvin one can see its overall decrease (to more negative, i.e.
more favorable, values) with increasing number of atoms (see
Fig. 2a), with Sg, S;, and larger ones having the most negative
values. As temperature rises, the pattern changes to the oppo-
site, and small molecules become more stable than larger ones.
For example, at temperatures above ~1000 K, S, becomes the
most stable molecule, which is in agreement with experimental
and theoretical data.*>??

As for the A®G graph, with increasing temperature it
smoothes out, i.e. its absolute values decrease. Moreover, for
some molecules the value of A’G change the sign. This is the
case of, for example, the S, molecule: its A*G is negative at low
temperatures, but becomes positive at temperatures above
~900 K. This is in agreement with experimental data, accord-
ing to which S, has increased abundance at such temperatures.

Grag(n) is positive at zero Kelvin for all n, except n = 16 and
20 (these molecules decompose into very stable fragments:
Si¢ = Sg + Sg and Sy, — Sy, + Sg). As temperature rises,
molecules become less and less stable against fragmentation,
and at temperatures above ~1000 K, Gg,, is negative for all
molecules except S, and S;. This is consistent with the higher
abundance of S, and S; molecules in sulfur vapor at high
temperatures.

We have also calculated the energy gaps between highest
occupied and lowest unoccupied molecular orbitals (HOMO-
LUMO gaps) of the S, molecules (see Fig. 3). As electronic
polarization is related to excitation of electrons into unoccu-
pied levels, the HOMO-LUMO gap characterizes the polariz-
ability of molecules. Also, wide HOMO-LUMO gaps indicate
closed-shell electronic structure and relatively high chemical
inertness, both of which are indicative of stability. Indeed, Sg
molecule has the largest HOMO-LUMO gap, 4.58 eV. The S;,,
S¢, and S;, molecules are next in terms of the HOMO-LUMO
gap, which agrees with their high second-order energy differ-
ences (A’E) and experimental data. In addition, one can notice
the similarity between graphs of Ef,, and HOMO-LUMO gap.
One should note that the HOMO-LUMO gap of 4.58 eV for the
isolated Sg molecule should make it colorless: with such gap
it cannot absorb photons in the energy range of visible light
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Fig. 3 HOMO-LUMO gaps for S,, molecules (n = 2-21)
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(1.8-3.1 eV). At the same time, crystalline o-S (made of Sg
molecules) has light yellow color. In a crystal, molecular
orbitals overlap and broaden into bands, and one can expect
the band gap in o-S to be smaller than HOMO-LUMO gap in the
Sg molecule. To calculate the band gap of crystalline sulfur we
chose the modified Becke-Johnson meta-GGA functional,
known to give the most accurate band gaps of solids.***> For
the band gap of a-S the result is 2.73 eV, consistent with yellow
color and with an earlier experimental result of 2.79 eV>* and
with yellow color of crystalline sulfur.

Conclusions

We have predicted the optimal atomic structures of sulfur
molecules containing 2-21 atoms using the evolutionary algo-
rithm USPEX and ab initio calculations. For each molecule we
calculated the second-order energy difference A’E as a measure
of its stability, as well as atomization and fragmentation
energies (E,. and Eg,y) and HOMO-LUMO gap.

In previous studies, it has been shown that clusters with
positive A’E correspond to particularly high peaks in mass
spectra and can be called ‘“magic”. In this paper we have shown
that magic molecules play a special role in the structural
chemistry and geochemistry of sulfur. The most stable sulfur
crystals consist of magic molecules, and by the value of A’E we
can estimate the likelihood of making such molecules. All low-
pressure crystalline sulfur allotropes have molecular crystal
structures. As it is easier to grow the crystal from the most
abundant molecules, nearly all known sulfur allotropes are
made of magic molecules (such as Sg, S5, S¢ and others). This
rule can also be applied to other molecular crystals, because
individual molecules in them are weakly bound to each other.

Taking into account vibrational and entropic effects, we
have calculated the proposed stability measures at different
temperatures. The obtained values (G, A*G and Girag) can be
used for predicting which molecules will be the most abundant
at different temperatures. For example, thermal effects make
the S; molecule magic, thus explaining its appearance in
experiments.

This approach also allows one to predict stable molecules or
ions encaged in other crystals. For example, the most favorable
in terms of A’E among charged sulfur molecules (S, ") is the S5~
ion."® As shown in study®, S;~ ions (blue chromophores) are
common inside large cages of sodalite-group minerals (e.g.
lazurite and slyudyankaite) and play a major role in determin-
ing the color of these minerals.
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