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(M =S and Se)**
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Abstract: Theoretical investigations to evaluate the viability of
extended nonmetal atom chains on the basis of molecular
models with the general formula M,F,, , (M =S and Se) and
corresponding solid-state systems exhibiting direct S—S or Se—
Se bonding were performed. The proposed high-symmetry
molecules were found to be minima on the potential energy
surface for all S,F,, ., systems studied (n=2-9) and for
selenium analogues up to n=6. Phonon calculations of
periodic structures confirmed the dynamic stability of the
-(SF~SF,) .- chain, whereas the analogous -(SeF/SeF,).-
chain was found to have a number of imaginary phonon
frequencies. Chemical bonding analysis of the dynamically
stable -(SF~SF,)..- structure revealed a multicenter character
of the S—S and S—F bonds. A novel definition and abbreviation
(ENAC) are proposed by analogy with extended metal atom
chain (EMAC) complexes.

Cotton and co-workers introduced the chemical concept of
extended metal atom chain (EMAC) complexes.!"! The first
purple compound [Nis(dpa),Cl,] (dpa™ =dipyridylamido
anion) containing three Ni atoms was first reported in
1968.11 However its correct structure was established only in
1991.51 This structure contains a linear chain, Cl-Ni—Ni-Ni—
Cl, surrounded by a spiral set of four dpa ligands. Since then
similar compounds with three metal atoms, such as Cu, Co,
Cr, and other transition metals, connected in a triatomic chain
have been reported.™ Tri-, tetra-, penta-, hepta-,'*) nona-,"
deca-,l"! and hendecanuclear™ EMACs surrounded by oligo-
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a-pyridylamino ligands have been synthesized and studied. In
principle, it is thought that it would be possible to extend the
system to an infinite one-dimensional molecule.”’ The tri-
nuclear complex [[Pt(Me,Bpy),] [PtCL(Me,Bpy)],]*"
(Me,Bpy =4,4'-dimethyl-2,2-bipyridine) ~ with  Pt—Pt—Pt
bonds has been shown to have relatively strong (about
40 kcal mol ') Pt—Pt metallic bonds with similar covalent and
ionic contributions.”! A huge number of other linear metal
chains are known, such as Li,Sb!"! with two linear Sb chains
and Au,MP, compounds (M = Hg, Pb, Tl) possessing Hg, TI,
and Pb chains.""! As well as linear chains, different helical (Sb
chains!" in the crystal structure of KSb) and zigzag chains (P
chains™! in Au,MP, (M=Hg, Pb, TI) compounds; Sb
chains!™ in the structure of CaSb,; Ge chains!™ in the
structure of DyGe;) have also been reported. Progress made
in the preparation and characterization of EMAC complexes
has been reviewed.!"”!

The number of molecules containing linear chains of
nonmetal atoms is significantly smaller. Carbyne, an allotrope
of carbon that forms large monoatomic linear chains with
alternate single and triple carbon—carbon bonds, has a long
history in chemistry."® Boron, by acquiring an extra electron,
forms unbranched linear monoatomic chains of boron atoms
surrounded by lithium cations.'”) Linear phosphorus—-boron
chains™ and double-helical lithium-phosphorous™ chains
have been studied theoretically. It was reported that there are
two phases with helical structures made up of triangular and
squared chains of sulfur that are stable at 1.5 GPa and
temperatures from 300 to 1100 K.l Interestingly, selenium
can also form the helical squared chain structures in a similar
way to sulfur.”” Analogous oxygen helical structures are also
found under the pressure of metallization.?"*! The crystal
structures of TeF,, SeF,, and more recently SF,** have been
reported. Notably, in all these tetrafluorides, there is no direct
M-M bonding (M =Te, Se, S).

Herein we present the computational results for M,F,,,.,
molecules (M =S, Se) with a monoatomic chain structure
based on direct S—S or Se—Se bonding. We refer to these
species as extended nonmetal atom chain (ENAC) com-
pounds by analogy with extended metal atom chain (EMAC)
complexes.

According to our calculations, the staggered structure I
with D,, symmetry is a true minimum on the potential energy
surface (PES), in agreement with the experimental datal®’
(Figure 1). We performed the search (ca. 2500 trial structures)
for the global minimum and low-lying isomers of S,F;, by the
Coalescence Kick method™ and found out that there were no
other unfragmented isomers that were more stable than
isomer I. In fact, the most stable isomer existed as two distinct
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Figure 1. Molecular structures of the staggered (I) and eclipsed (TS1)
structures of S,F,, at 0 K and their relative energies (in kcal mol™') at
MO06-2X/6-311 + G (2df) and CCSD(T)/cc-pVTZ//M06-2X/6-311 +
G(2df) (shown in square brackets), both corrected for zero-point
energies at the DFT level.

parts: octahedral SFy and SF, with a seesaw shape. Interest-
ingly, two other close-lying isomers, which were also frag-
mented, were found to be very high in energy (see Figure S1
in the Supporting Information). The eclipsed structure TS1
with D, symmetry is a first-order saddle point on the PES and
corresponds to a barrier of 9.6 kcalmol™ (DFT) or 9.1 kcal
mol™ (CCSD(T)) for rotation about the S—S o bond.

The experimentally determined distance R(S-S)=
2.274(5) A in S,F,, is appreciably longer than the correspond-
ing distance in S,H,: R(S-S) =2.055 A ?”) which suggests the
presence of a single S—S o bond. Since the S—S distance is
quite dependent on the electronegativity of X in S,X, species
(X=H, Li, Na, F, Cl, Br, I), as was recently shown by El-
Hamdi et al.,”” the S-S distance in S,F,, was also compared
with that in S,F,. Experimental data show a slightly decreased
value (R(S-S)=1.888 A),* although the bond order is
expected to be the same as in S,H,. The values for the S-S
bond-dissociation energy (BDE) of S,F,, S,H,, and S,F, were
found to be 41.8, 66.6, and 77.3 kcalmol !, respectively, thus
confirming the bond weakening in S,F;, which is partly due to
F---F repulsion and sulfur—fluorine electron transfer.””

Chemical bonding analysis of S,F;, performed by natural
bond orbital (NBO)P"* and adaptive natural density parti-
tioning (AdNDP)™! methods (see Figure S2c¢) revealed that
the S—F,, and S—F,, bonds are classical with occupation
number (ON) values close to the ideal value of 2.00]|e],
whereas the S—S o bond has a rather low ON value of 1.45| ¢ |
(NBO) or 1.58|e| (AdNDP). According to NBO analysis,
every 2c-2e S—F bond is formed by 3s3p*3d” hybrid atomic
orbitals (AOs) of sulfur and primarily 2p AOs of fluorine with
a small contribution of 2s AOs. Since those bonds are highly
polarized towards fluorine (only about 20 % of the electron
density comes from sulfur), the resulting occupation of 3d
AOs is rather small. NBO analysis also revealed that valence
non-Lewis density is 2.08 |e | (2.53% of the valence electron
density), which is a sign of some multicenter contribution to
the bonding. Since the NBO method requires and maintains
strict local (and global) orthogonality between all NBOs, the
only way to make five S—F bonds and one S—S bond whose S
hybrids are orthogonal and pointed towards the vertices of an
octahedron is by placing d-character in the hybrids. Thus, the
d-character appears as a result of orthogonalization. The
occupation of 3d orbitals can be evaluated from the compo-
sition of 10 S—F bonds and one S—S bond. According to our
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calculations, the occupation of the 3d AOs of S is 0.90|e].
This value is substantially higher than the corresponding
value found by natural electron configuration (NEC) analysis,
which is completely independent from the natural population
analysis in the bonding description. NEC analysis for the S,F,,
molecule shows the following occupation on the S atom:
3s!143p?*45%913d"18 which proves little involvement of d or-
bitals in the active valence space. In general, this kind of
problem can occur when a delocalized system is forced to be
described by a single localized configuration. Therefore, we
believe that both S—S and S—F bonds should be described by
the multicenter bonding. AANDP analysis allowed us to
search for the 3c—4e bonding on the F.-S-F,, fragments.
Indeed, we found that eight equatorial fluorine atoms can be
described by 3c—4e bonds with an ON value of 2.00 | e| (see
Figure S2d). Within the AANDP method we could also search
for a 12-centered 2-electron (12c-2¢) o bond instead of the
2c—2e S—S o bond. This user-directed approach showed that
the ON of the 12c—2e o bond is 2.00|e| with about 0.4 |e¢|
distributed among equatorial fluorine atoms with antibonding
character (see Figure S2d). This result is consistent with S—S
o-bond elongation and weakening in S,F, relative to S,H, and
S,F, (see Figure S2 for comparative illustrations of chemical
bonding in S,H,, S,F,, and S,Fy).

Our calculations showed that S,F;, is not thermodynami-
cally stable towards dissociation into SF+ SF, by 23.3 kcal
mol ! at the DFT level and by 27.7 kcalmol ' at CCSD(T)/cc-
pVTZ//M06-2X/6-311 + G(2df). These numbers provide us
with some insight on the expected errors for larger systems.
These results are in agreement with the experimental
observation®! that S,F,, decomposes slowly in an inert
container above 150°C into SF¢—+ SF, (see Figure S3). By
following the dissociation path, we found the SF4SF,
transition state TS2 (see Figure S4). The barrier for the
S,F,o—SF, + SF, process is 66.4 kcalmol ™" at the DFT level
and corresponds to TS2. Thus, this thermodynamically
unstable molecule is very stable kinetically. We found that
all S,F,,., molecules studied (n=2-9; see Figure S5) in D,,
(even n) and D,, (odd n) conformations are minima on the
PES, although all of them are thermodynamically unstable
towards the S, ;F,;_i);,+SF, dissociation channel (see
Table S1 in the Supporting Information).

We also searched for possible alternative structures of the
proposed chainlike structures along the series S,F,,., (n=2-
9), in which direct S—S bonding is expected, but failed to find
any structures lower in energy that corresponded to a mini-
mum on the PES. Calculation of the periodic boundary
conditions (PBCs) for the -(SF,~SF,)_.- system resulted in the
following geometrical parameters: R(S-S)=2.36 A and
R(S-F)=1.62 A (CASTEP); R(S-S)=2.38 A and R(S-F) =
1.63 A (VASP). Both bonds are slightly longer than those in
molecular species: the S—S bond was found to be longer than
that in S,F,, (2.274 A), and the S—F bonds appear to be longer
than the mean S—F bond length in S,F;, (1.569 A) and in SFy
(1.5623 A).%)

We also performed PBC calculations for the molecular
crystal of SF,, which has the space group P2,2,2, according to
experimental data.” It turned out that the molecular crystal
of SF, is more stable than our -(SF,—SF,).- system by
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21.7 kcalmol™" per SF, group. This result is consistent with
our calculations for the molecular species (see Table S1), for
which the dissociation energy for the S,Fy,,,—S, Fy_1):2+
SF, channel was found to be approximately 22 kcalmol™'. A
plot of phonon dispersions in the Brillouin zone (see Fig-
ure S6) showed that no imaginary phonon frequency is
observed in the whole Brillouin zone, thus indicating the
dynamic stability of the -(SF,—SF,)..- linear chain.

For chemical bonding analysis of the periodic system, we
utilized a newly developed solid-state AANDP (SSAdNDP)
algorithm®! in conjunction with general and user-directed
searches (see the Supporting Information for details). The
resulting picture is shown in Figure 2b. Similar to the results
derived for the S,F;, molecule, the use of SSAANDP enabled
direct classical S—F and S—S o bonds to be found with ON
values of 1.96 and 1.61 | e |, respectively. However, according
to NEC analysis, the S atom has the following occupation of
orbitals: 3s"*3p>*45*013d*17 which is very similar to that of
S,F,o. Therefore, we believe that the initially found eight 2c—
2e S—F bonds should be described as four 3c—4e bonds in the
F.,—S-F,, fragments shown in Figure 2b as a combination of
bonding and nonbonding orbitals. User-directed SSAANDP

~f°°®oq”p
Y &

analysis enabled a 10c—2e bond (with eight fluorine atoms
included within one unit cell) to be found instead of a 2c-2e
S—S obond. This approach gave us an ON(10c—2e bond)
value of 1.98 |e |, which shows that approximately 0.4|e]| is
distributed among fluorine atoms with antibonding character,
similar to the situation in S,F,,. Importantly, the AAINDP
results derived for the molecular S,F,, ., systems (n =2-9) are
also in agreement with the SSAANDP calculations.

Although we are not aware of any experimental data on
the Se,F,, molecule, our calculations show that the staggered
D,, structure I is a true minimum on the PES. The eclipsed
TS3 structure corresponds to a torsional barrier of 4.7 kcal
mol ' at the DFT level (see Figure S7).

The Se-Se BDE of Se,F,, was found to be 27.9 kcalmol !,
whereas the Se-Se BDE values of Se,H, and Se,F,, in which
a single Se-Se o bond is expected, are 51.0 and 60.1 kcal
mol !, respectively, thus also confirming the bond weakening
in Se,F;,. These values are supported by the corresponding
bond lengths: R(Se-Se) =2.47 A in Se,F,,, R(Se-Se) =2.33 A
in Se,H,, R(Se-Se) =2.20 A in Se,F,.

Initial AANDP and NBO analyses of Se,F,, show that Se—
F,, and Se—F,, o bonds are classical with ON(Se—F,,) =1.95-

2.00|e| and ON(Se—F,)=2.00|e|,
whereas the Se—Se obond has a rather
low ON value of 1.33|e| (NBO) or 1.51
|e| (AANDP). Similar to the S,F,, mole-
cule, we believe that the chemical bonding
in Se,F,, should be described by multi-
center bonding: 3c—4e bonding on the F,-
Se-F., fragments and a 12c¢-2e bond
instead of a 2c-2e Se—Se o bond. Again,
the low ON of the Se-Se o bond in Se,F is
in concordance with its elongation and
weakening relative to those in Se,H, and

Se,F,.
We also found that the Se,F;, molecule
is not thermodynamically stable by

31.4 kcalmol ™! at the DFT level and dis-
sociates into SeF;+ SeF, (see Figure S8).
The barrier for the Se,F;,—SeF;+ SeF,
process is 45.6 kcalmol™' at the DFT
level and corresponds to TS4 (see Fig-
ure S9). Similar to the S,F,, molecule,

bonding nonbonding 5 ;
ON=2.00 [¢| ON=1.93 |¢| thermodynamically unstable Se,F,, is
I ) very stable kinetically.
Y Geometry optimizations of the
3c-4e bond

10c-2e bond
ON=1.98 |e|

Figure 2. a) Structure of the infinite -(SF,~SF,) .-

system with the corresponding unit cells.

Se,F,,,», molecules revealed that high-
symmetry molecules containing a linear
chain of Se atoms are minima on the PES
up to n=6. At n="7, the high-symmetry
structures are no longer minima, since the
F, fragments are slightly shifted relative to
each other, thus resulting in lower symme-
try (C,, D, geometries; see Figure S10). In
spite of this irregularity, the Se—Se o-bond

b) Representative bonds identified by SSAANDP analysis: one 10c—2e bond, one 3c—4e F..—S—

Feq bond. A total of 24 lone pairs (1c-2e bonds) on eight fluorine atoms within one unit ceII
with ON=1.94-1.98 | e| are omitted for clarity. Direct coordinates of the S,F; unit cell used
for the SSAANDP analysis are given in Table S3 of the Supporting Information.
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lengths remain almost the same upon
chain elongation (see Table S2). It was
found that all the Se,F,,., molecules
studied were thermodynamically unstable
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towards the Se, ;Fy(_1);»+ SeF, dissociation channel with
about the same energy value of around 30 kcalmol™' (see
Table S2).

The proposed infinitely long one-dimensional -(SeF,-
SeF,)..- system was found to possess the following geo-
metrical parameters: R(Se-Se)=2.58 A and R(Se-F)=
1.76 A (CASTEP), and R(Se-Se)=2.64 A and R(Se-F)=
1.78 A (VASP). Direct coordinates of its unit cell are given
in Table S4. Although the proposed high-symmetry Se,F,,.»
molecules (n=2-6) were shown to be local minima on the
PES, the phonon-density-of-states calculations revealed
a number of imaginary phonon frequencies for -(SeF,—
SeF,)..-, thus showing its dynamic instability. Despite its
instability, we performed SSAANDP analysis on -(SeF,-
SeF,).- for comparison with the results obtained for its
sulfurous analogue (see the Supporting Information).

In conclusion, we have computationally assessed the
viability of M,F,,,, molecules (M =S, Se; n =2-9) as well as
infinitely long chains based on direct S—S or Se—Se bonding
and surrounded by fluorine atoms. We found that these
molecules are not thermodynamically stable with respect to
the M, F,, ,—M, _,Fy(,_1);» + MF, dissociation channel. How-
ever, high energy barriers for the M,F,,—MF,+ MF, pro-
cesses cause us to believe that these ENAC compounds are
also viable species. We propose a novel definition and,
consequently, a novel abbreviation (ENAC) by analogy with
EMAC complexes. PBC calculations confirm the dynamic
stability of the -(SF,—SF,).- chain. For this chain, no
imaginary phonon frequency was observed in the whole
Brillouin zone, whereas the analogous -(SeF,~SeF,)..- chain
was found to have plenty of imaginary phonon frequencies.
We hope that our results will inspire experimentalists to
synthesize these interesting one-dimensional chemical spe-
cies.
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