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ABSTRACT: Sulfur and fluorine can participate in a variety of bonding motifs, lending
significant diversity to their chemistry. Prior work has identified three distinct minima for
disulfur tetrafluoride (S,F,) compounds: two FSSF; isomers and one SSF, species. We
used a combination of sophisticated explicitly correlated coupled cluster calculations and
generalized valence bond (GVB) theory to characterize the electronic structure of these
species as well as additional stationary points on the potential energy surface with F,SSF,
connectivity. On the singlet surface, the two stationary points considered in this work with
an F,SSF, structure are first- or second-order saddle points and not minima. However, on
the triplet surface, we discovered a novel C, symmetric F,SSF, minimum that was
anticipated from the structure of an excited state (*B,) of SF,. Analysis using the GVB
wave function in conjunction with the recoupled pair bonding model developed by our
group provides a straightforward explanation of the bonding in all of the S,F, structures
considered here. In addition, the model predicted the existence of the F,SSF,(°B)

minimum.

I. INTRODUCTION

Sulfur and fluorine combine to create a multitude of
compounds. While SF4 is by far the most ubiquitous S,F,,
compound, there are many other species with varying degrees
of stability that demonstrate the remarkable richness of sulfur—
fluorine chemistry. While SFy is stable enough to use as an
insulator in transformers, the related S,F,, is so toxic it has
been considered as a potential chemical warfare agent." A study
by Steudel et al’ enumerated stable sulfur fluorides for all
positive formal oxidation states of sulfur (+0—6), in addition to
theoretically characterizing three distinct minima for disulfur
tetrafluoride (S,F,). As reported in their study, these S,F,
isomers possess significant structural variability, including a
range of disulfide bond lengths: 1.9, 2.1, and 2.2 AZ This
diversity has interesting implications for the reactivity of sulfur
fluorides. For instance, the lowest-energy S,F, species, here
denoted FSSF; (a), is the experimentally observed product of
SF, dimerization;” however, such experiments are complicated
by the tendency of FSSF; to react further to form other sulfur
fluorides.* One counterintuitive property of FSSF; (a) is that
the longest S—F bond does not break in the lowest-energy
pathway to dissociation into two SF, molecules.” In a previous
publication, we explained this finding by locating a very shallow,
higher-lying local minima that complicates the potential energy
surface as this S—F bond is broken in FSSF; (a).” On the
whole, diversity and complexity seem to be hallmarks of sulfur
fluoride chemistry.

This variability in terms of connectivity and structure is a
consequence of the array of bonding schemes in which sulfur
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and fluorine can participate. In addition to typical polar
covalent bonds, our group has shown that the properties of
these two atoms are well-suited to forming recoupled pair
bonds.® A recoupled pair bond is formed via an interaction
between the singlet-coupled electrons in a lone pair on an atom
with an electron in a singly occupied orbital on an incoming
ligand. For sulfur fluorides, the 2p' orbital of a F atom can
interact with the 3p”> lone pair of sulfur and sometimes
(depending on whether it is accessible to the ligand) the 3s>
pair as well” We have shown that ligand electronegativity is
directly correlated with the strength of recoupled pair bonds
formed with the S 3p pair, so fluorine is ideal in this regard.8
The energetic favorability of recoupled pair bond dyads, in
which both electrons from an atomic lone pair form bonds with
two ligands, leads to interesting features in many sulfur
fluorides. For the example of FSSF, (a) discussed above, we
found that the connection between S—F bond length and
reactivity was muddied by recoupled pair bonding. In the same
study, we found that the S—F bond lengths and strengths in
FSSF; (a) are not inversely correlated with one another, and we
found that recoupled pair bonding explained this surprising
property as well.®

The variety of bonding motifs available to sulfur fluorides is
manifest in even the SF, molecule, in which there are two low-
lying excited states in addition to the ground state. Our group
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Figure 1. GVB diagrams for the 'A; ground state, the *B; and *A,
excited states of SF,, as well as the singly occupied orbitals of the
triplet states. Yellow shading indicates that the orbitals are triplet
coupled. Throughout, the sulfur atom is yellow and the fluorine atom
is cyan.

has previously described the bonding in these states;” their
relative energetics and corresponding orbital diagrams are
shown in Figure 1. Briefly, the ground 'A, state is the
straightforward result of the formation of two polar covalent S—
F bonds involving the two singly occupied orbitals of the S(°P)
atom. The first excited state of SF, is of °B, symmetry and is
the result of two F atoms interacting with the doubly occupied
orbital of S(°P) as shown in Figure 1. This bonding motif is an
example of a recoupled pair bond dyad: the two electrons of the
S 3p® pair are recoupled to form two S—F bonds. The triplet-
coupled orbitals are modified from the singly occupied orbitals
present in the S(°P) atom, as the slightly bent F—S—F angle
slightly distorts the a, symmetric orbital. (These orbitals are
shown in Figure 1 as well.) The second excited state has A,
symmetry and is a resonance mixture of two types of bonds:
one covalent S—F bond involving a singly occupied orbital of
sulfur and one recoupled pair S—F bond with the S 3p* pair. Of
the triplet-coupled pair, the b, symmetric orbital is again
essentially an S 3p orbital, and the b, symmetric orbital is the
remaining orbital from the S 3p* pair symmetrically distributed
by resonance interactions. Our prior studies have found that
recoupled pair bond dyads are particularly stable, owing to the
reduction of Pauli repulsion between the electrons residing in
sulfur-centered orbitals; the B, state lies only 32.5 kcal/mol
above the ground state. This is why the °B, state is lower in
energy that the *A, state. In this work, we will show that the
presence of these low-lying excited states of SF, influences the
geometries and energetics of larger sulfur fluorides such as S,F,.

In this work, we used generalized valence bond (GVB)
calculations to understand the nature of the bonding in
previously reported structures of S,F,, and we describe a novel
minimum on the triplet surface with F,SSF, connectivity that
has no counterpart on the singlet surface. Lower levels of
theory find closed-shell F,SSF, structures that are bound, but
these structures were shown to be saddle points at higher levels
of theory.” However, these stationary points do have S—S bond
lengths characteristic of single bonds; therefore, we will analyze
these species as well. In Section II, we review our computa-
tional methodology. In Section III, we consider the three

isomers of S,F, previously found by Steudel et al,” as well as
the behavior of the F,SSF, structures on the singlet and triplet
surfaces. Finally, we conclude in Section IV.

Il. COMPUTATIONAL METHODOLOGY

Most calculations in this work were carried out with the Molpro
suite of quantum chemical programs,9 with the exception of the
density functional theory (DFT) calculations, which were
performed in Gaussian.’® For the DFT calculations, the Becke
hybrid functional'’ and the exchange-correlation functional of
Lee, Yang, and Parr,"? together denoted B3LYP,"* were used.
B3LYP calculations using the augmented correlation-consistent
basis set of triple-{ quality (aug-cc-pVTZ)'*'* were used to
optimize geometries and calculate frequencies. For the
energetics, the Molpro CCSD(T)-F12 program or its spin-
restricted counterpart, RCCSD(T)-F12, with the “a” approx-
imation was used."*™"® By explicitly including terms that
depend on interelectronic distances in the wave function,
convergence with respect to basis set size is accelerated.”
Unless otherwise noted, all calculations with Molpro were
performed with the aug-cc-pVTZ basis set with an extra set of
tight d-functions on the sulfur atom [aug—cc—pV(T+d)Z].21

To elucidate the nature of the bonding in the S,F, isomers,
generalized valence bond (GVB) calculations were performed
using the CASVB program of Cooper and co-workers as
implemented in Molpro.””** (The full GVB wave function is
identical to the SCVB wave function of Gerratt et al.**) The
GVB wave function is particularly useful because the orbitals
are singly occupied, atomic-like, and unique; therefore, the
changes in the orbitals resulting from bond formation can be
easily interpreted to provide unprecedented insights into the
nature of the bonding. The GVB wave function is a product of
spatial functions (the orbitals) that is multiplied by a sum of
spin functions appropriate for the given number of electrons
(N) and spin state (S). Orbitals are partitioned into two types:
(1) active orbitals, which are singly occupied, allowed to
overlap with each other, and all associated spin couplings are
included, and (2) inactive orbitals, which are treated
equivalently to molecular orbitals. That is, they are coupled
into singlet pairs with only the spin function af included in the
wave function; the paired orbitals have unit overlap but are
orthogonal to all other orbitals. For 2Ny inactive orbitals and N,
active orbitals, the GVB wave function is

Fovs = A(¢d1¢dl~--¢de¢degglgg2~-qoaMaﬁ---a[}QBls\?M)

where {4} are the inactive orbitals and {¢,} are the active

orbitals; @g}w = Zf\ cskGIS\IjW;k is the sum of all spin functions
associated with the active electrons. In this work, we used the
Kotani spin basis. A is the antisymmetrizer, which ensures that
the wave function satisfies the Pauli principle.

In this work, one term in QIS\,I;\d) that which pairs the electrons
successively into singlets, or the perfect pairing spin function,
dominates (wpp >90%) the wave function at the equilibrium
geometries of the molecules. (See Table S1 of the Supporting
Information.) This simplifies our interpretation of the GVB
orbital overlaps: (1) overlaps between orbitals in which the
electrons are singlet coupled are ener%etically favorable,
representing Heitler—London bond pairs® when the two
orbitals are centered on different atoms, and (2) overlaps
between orbitals in which the electrons are not singlet—cou}g)led
are repulsive because of the Pauli exclusion principle.”*™* I
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Figure 2. Structures for all molecules discussed in the text, atom labels for the S,F, species, and geometric parameters for the smaller sulfur fluorides.
Bond lengths are given in angstroms. F,SSF, ('A’) is a transition state, and F,SSF, ( Ag) is a second-order saddle point. In SF; (const), the bond
angle formed by the short (1.596 A) S—F bonds is fixed at its value in SF,(*A,).

Table 1. Geometrical Parmeters [B3LYP/aug-cc-pVTZ] for (a) the Two FSSF; Isomers and SSF, and (b) the F,SSF,

Geometries Examined in This Work

FSSF; (b)
2242
1.649 (F,,—S..)
1.706 (F'=S,,)

SSE,
1.904
1641 (Fu=Sy,)
1.589 (Fe;=Sj,,)

(@
FSSF, (a)
R(SS) 2.080
R(FS) 1.620 (F,,,—S,,,)
1.673 (Fy—Syy,)
1.600 (F,—S;,,)
L767 (Fyuri=Siy)
A(FSS) 105.3 (Frpp=S10p=Siyp)
934 (Feis=Shyp—Stop)
107.2 (Foq=Spyp=Stp)
753 (Fyans=Shyp—Stop)
A(FSF) 166.7 (Feis=Shyp—Frans)
89.2 (Fy—Spy,—Fep)
87.6 (Fyan—Siyp—Feq)
7(FSSF) —4.4 (Fo=S1,—Stop—Fuop)
—94.6 (Fo=Syy,—Siop—Fucp)
—-177.3 (F!mns_shyp_stvp_Ftup)
(b)
F,SSF, ('Ay)
R(SS) 2.102
R(FS) 1.703
A(FSS) 93.7
A(FSF) 1727
7(FSSF)

1.594 (E,,~S,,,)

1.590 (F',,~S,,,)

904 (F,i=S,,—S),)

1732 (' ,u=S)pp=S..)

87.0 (F,y=S)p=Sas)

93.6 (F',y—S)yp—Su)

1002 (F',,~S,,,~F,,)

862 (F,—Siy,—F.,)

87.8 (F',,—Sy,—F.,)
—158.1 (F'1=S);—Su—Fue)
—1592 (F'4,=8,,=S,—F..)
100.7 (F'y=S)p—Suv—Fur)

97.0 (Fou—Shyp—Seer)
127.6 (Foy=S),—=Sir)

103.7 (F,,—S),,~F.,)
1658 (Foy—Siy,—Fu)
85.6 (Foy=Spyp—Fey)

F,SSF, (*A’) F,SSE, (°B)
2.100 2171
1.702 1.711 (F,,=S)
1.719 (E,,—S)
94.0 88.2 (F,—S—S')
87.1 (F,,—S—S')
159.4 161.4

161.0 (F/,—S'—S—Fy) 80.0 (F,—S—S'—F,,)
—81.9 (F,,—S—S'—F',)

116.1 (F,,—~S—S'—F,)

this work, the orbitals that are plotted in the figures constitute
the active space for the calculation.

The GVB calculations were started from (and the inactive
orbitals taken as) Hartree—Fock (HF) orbitals localized with
the Pipek—Mezey" criterion. More details on GVB theory can
be found in several detailed reviews on the subje«:t.24‘31’32
Additionally, all reported charges for the S,F, isomers are

calculated from a Mulliken analysis of the GVB wave function,
with the charges of the smaller sulfur fluorides calculated from a
Mulliken analysis of the HF wave function. For all charges
reported in the main text for the S,F, isomers, comparison to
the analogous natural bond order (NBO)** charges is made in
Table S2 of the Supporting Information, where we find the
same qualitative trends for both types of population analyses.
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lll. RESULTS

The structures, atom labels, and selected geometric parameters
of the various sulfur fluorides of interest in this work are shown
in Figure 2, with the remaining geometric parameters reported
in Table 1. On the left of Figure 2 are the S,F, isomers, and on
the right are smaller sulfur fluorides that can be viewed as their
precursors. The two FSSF; structures and SSF, are in
qualitative agreement with those obtained from the MP2-
(full)/6-31G* calculations in the previous study of Steudel et
al,” though there are some minor differences in the geometric
parameters. The majority of the bond lengths agree to within
0.04 A, and bond angles generally agree to within 2.0°, though
some of the more flexible dihedral angles deviate more
significantly. For the geometry optimizations, we used density
functional calculations (B3LYP) to balance accuracy and
computational cost; we calculated the energetics of the
resulting structures with accurate CCSD(T)-F12 calculations.
Compared to very accurate coupled cluster calculations
[RCCSD(T)/aug-cc-pV(Q+d)Z] reported in prior work” for
SF; (min) and SF,('A’), the bond lengths reported here are a
little longer (0.02—0.04 A) with similar bond and dihedral
angles (within 1°). As indicated in Table S3 of the Supporting
Information, we found deviations in that same range between
the DFT-optimized structure of FSSF; (a) and the structure
optimized with a coupled cluster calculation. Despite these
small geometric differences, the two FSSF; (a) structures
differed in energy by only 1.9 kcal/mol [CCSD(T)-F12/aug-
cc-pV(T+d)Z]. Therefore, the minor differences in our
structures are expected to have only a small impact on the
energetics, and they will certainly not change our qualitative
description of the bonding in these species. The relative
energetics of the various S,F, species are given in Table 2,

Table 2. Relative Energtics of the Various S,F, Species
Discussed in the Text, Where the Zero of Energy Is Two
SF,(*A,) Molecules

S,E, species relative energy (kcal/mol)

ESSE; (a) -20.3
SSE, 134
ESSE; (b) -2.3
F,SSF,('A")* +27.8
E,SSF,('A,)" +29.5
F,SSF,(°B) +36.0
2 X SF,(°B;) +65.0

“Transition state. “Second-order saddle point.

where the zero of energy is two SF,('A;) molecules. In
agreement with ref 2, we find that FSSF; (a) is the global
minimum, followed by SSF,, then FSSF; (b). The additional
structures with F,SSF, connectivity lie significantly higher in
energy. On the singlet surface, the F,SSF, structures are saddle
points; however, there is a true minimum on the triplet surface
for the F,SSF,(°B) state.

One prominent feature apparent from Table 1a,b is the range
of values for the S—S bonds in the S,F, isomers. From the sum
of the covalent radii for two sulfur atoms,* the expected length
for a single S—S o bond is 2.10 + 0.04 A. While many of the
species have S—S bond lengths within or close to this range,
there are some noteworthy deviations. SSF,, for example, has a
very short S—S bond length (1.904 A). This is in line with other
S—S bonds that are often drawn as double bonds based on their
shortness, such as the ground (323_) state of S, (1.913 A). In

Table 3. Bond Lengths and Dissociation Energies for
Disulfide Bonds, Calculated with Respect to the Given
Asymptote

R(SS) (A)  D,(SS) (keal/mol)

FS(*IT) + SF;(min) — FSSF; (a) 2.080 56.1
FS(*IT) + SF;(const)® — FSSF; (b) 2242 53.3
S('D) + SE,(*A’) — SSF, 1.904 632
S(®P) + SF,(*A”) — SSF, 1.904 129.4
SF,(*B,) + SF,(*B,) — F,SSF,('A")" 2.100 37.3
SF,(°B,) + SF,(°B,) — F,SSF,('A,)* 2.102 35.5
SF,(°B,) + SF,(®°B;) — F,SSF,(°B) 2171 29.1

“F—S—F angle constrained to its value in SF,("A;). bTransition state.
“Second-order saddle point.

Section C, we will address the reasons for the shortness of this
bond. On the other hand, FSSF; (b) contains a long S—S bond
(2.242 A), which we will discuss in Section B. Table 3 collects
all of the S—S bond lengths as well as the corresponding bond
dissociation energies with respect to the relevant asymptote(s).
These latter values also have significant variance, suggesting
diverse bonding motifs for the S—S bonds. In the following
subsections, we will describe the bonding associated with the
geometries shown in Figure 2, using GVB theory and the
recoupled pair bonding model to understand the variations in
the molecular properties.

A. FSSF; (a). The most stable S,F, isomer is FSSF; (a),
which possesses C, symmetry and exhibits pronounced
asymmetry in the Sy, —F,,, and S, —F; bonds.*® Further-
more, significant barriers are present (see below) for rotation of
the F,,,—S,,,—Sy,,—F., dihedral angle. This is consistent with
the experimental observation that interconversion of F and
Fi s does not occur appreciably at room temperature.36 We
can explain these features by way of our previous analysis of the
GVB wave function for this isomer, in which we showed that
the axial bonds of FSSF; (a) form a F.—S,,,~F,,, recoupled
pair bond dyad. That is, two F atoms are bonded to the
electrons in the 3p*like lone pair of one of the S atoms in
FSSE.® Equivalently, the electronic structure can be viewed as a
F atom (F,) and an SF fragment (S,,~F,,) bonding
covalently to the singly occupied orbitals of SF,(°B,); see
Figure 1 for reference.

Because of the connection between FSSF and FSSF;, they
have some similar properties. In FSSF, there is also a significant
barrier to rotation of the dihedral angle (~30 kcal/mol),
attributable to the polarization of the S 3p*-like pairs toward the
opposite sulfur atom; the electron-deficient region on the sulfur
side of the S—F bond allows these lone pairs to delocalize over
both S atoms. Because of the extensive delocalization of those
orbitals, convergence of the GVB wave function to a physically
reasonable solution is difficult. Therefore, the Hartree—Fock
orbitals for these electron pairs are shown in Figure 3a, where it
is apparent that these molecular orbitals (MOs) possess a
significant amount of 7 bonding character, resulting in a short
(1.919 A) S—S bond. These 7 interactions are quite favorable
because of the polarity of the S—F bonds; when the F atoms are
substituted for H atoms, the S—S bond lengthens to 2.017 A for
HSSF and to 2.087 A for HSSH. The analogous MOs for
HSSH are shown in Figure 3b, where there is no apparent 7
bonding character. As a result, the energetic dependence on the
dihedral angle is the most pronounced for FSSF, followed by
HSSEF; this is clear in the potential energy scans as a function of
dihedral angle for HSSH, HSSF, and FSSF (Figure 4a).

dx.doi.org/10.1021/jp5085444 | J. Phys. Chem. A 2014, 118, 10117—-10126
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Figure 3. Molecular orbitals for the S 3p-like pairs of electrons in (a)
FSSF and (b) HSSH.
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Figure 4. (a) D.(SS) for XSSY (X, Y = H or F) as a function of
dihedral angle (7) and (b) the corresponding dihedral of XSSYF,,
where X is bonded to the top sulfur atom and Y is the equatorially
oriented atom.

The barriers are listed in Table 4 for rotation involving the
parallel and antiparallel alignment of the S—X (X = H or F)
bonds, where the difference between the two alignments is
relatively small.

Given the potential for unfavorable steric and electrostatic
interactions between F; and F,,, it may be surprising that these
atoms are aligned with one another [7(F,,,—S—S—F) = 4.4°]
in the optimal FSSF; (a) geometry. However, from the
recoupled pair bonding perspective, this is to be expected based
on the properties of the parent FSSF molecule, in which 7(F—
S—S—F) = 87.9°. It is favorable for F,,, and F,, to be oriented at

Table 4. Barriers for Parallel and Antiparallel Rotation for
XSSY and XSSYF, (X, Y = H or F) Relative to the
Orientation of X;,, and Y, in the Latter

parallel (kcal/mol) antiparallel (kcal/mol)

HSSH 8.0 5.8
HSSF 153 14.0
FSSF 335 29.8
HSSHF, 63 49
FSSHF, 85 83
HSSF, 103 9.5
FSSF, 16.6 154

about 90° to optimize z-like interactions [T(pr—smp—shyp—
F,,) = 94.6°]. Because one of the delocalized S 3p™like pairs
from FSSF must form a recoupled pair bond dyad with two F
atoms to yield FSSF, (a), the barrier to rotation is diminished
(see Table 4 and Figure 4b) and the S—S bond is lengthened in
FSSF, (a) relative to FSSF. Even though one of the r-like
interactions in FSSF is removed, the F,,,,, atom can interact in a
similar way with the electron-deficient region of S,,, which is
manifest in F,,,, tilting upward toward S,,, in FSSF; (a) and
FSSHEF,; see the structures in Figure 4b.

Because the effects that favor a F,,, and F,,; orientation of
approximately 90° (interaction of F,,,, and Sip and polarization
of the remaining 3p>like pair toward Sjyp) work in tandem,
ESSF, (a) has the largest barrier to rotation. By comparing the
barrier to rotation in HSSF; and FSSHF,, we can discern that
the 3p*like 7 interaction is somewhat more stabilizing than the
Stop—Fiyans interaction because the barrier to rotation in HSSF,
is slightly larger than that in FSSHF,. Despite FSSF; (a) having
the largest barrier to rotation, HSSF; has the strongest S—S
bond; this can be rationalized by the favorable electrostatic
interactions between H,, and F as well as reduced steric
interactions between H,, and the SF; group. While the
HSSHEF, curve is relatively flat, it also has a stronger S—S bond
than FSSF; (a).

The average D, of the axial bonds of FSSF; (a), D.(SF,,) =
1/2[D.(8},y,=Fs) + De(Spyy—Fyans)], is reduced relative to the
bonds in SF,(*B;) (62.3 versus 72.2 kcal/mol). A portion of
this destabilization is certainly due to the weaker S—S bond in
FSSF; (a) that results from recoupling the electrons in the 3p*-
like lone pair of FSSF. We can approximately adjust the
calculation of D,(SF,,) to reflect only the change in stability of
the S—F dyad bonds in FSSF; (a) by adding in the difference in
S—S bond energy of HSSH, which is much closer to a single S—
S bond, from that of FSSF (AE = 12.5 kcal/mol) to the bond
dissociation energy calculation. This yields an adjusted
D,(SF,,) of 69.5 kcal/mol, which is reasonably close to the
bonds in SF,(*B;). This comparison indicates that covalent
addition of the F,, atom and the S,,,—F,,, fragment to SF,(°B,)
only slightly destabilizes the recoupled pair bond dyad. These
bonds do not appreciably increase the repulsion between the
electron pairs surrounding S;,,, which is a key to obtaining
stable p>-mediated recoupled pair bonds and dyads.® In the next
section, we will see that this consideration explains many of the
features of the higher-lying rotamer, FSSF; (b).

B. FSSF; (b). There is a higher-lying (AE = 18.0 kcal/mol)
isomer of FSSF;, denoted here as FSSF; (b); see Figure 2. In
this isomer, an SF group and a F atom are bonded to S,,,, in the
axial positions, and both equatorial (i, covalently bound)
positions are occupied by F atoms. This isomer possesses C,

top
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symmetry (deviating only slightly from C, symmetry), and the
barrier to rotation (6.3 kcal/mol) is markedly reduced relative
to FSSF; (a) in accordance with the longer S—S bond noted
above. As in FSSF; (a), the axial bonds comprise a recoupled
pair bond dyad. The GVB orbitals associated with the axial
bonds for FSSF; (a) and FSSF; (b) are shown in Figure S. The

UU ()01 E Qq-_u (pz
o Cy : = {5‘5’
Q=.._Q@3 : o @4
oy 1003

(P'I E (pz
9 9

i (___U H (54 -(r__y
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@

Figure 5. GVB orbitals for the axial bonds of FSSF; (a), upper panels,
and FSSF; (b), lower panels; throughout the figures, the dashed lines
indicate that a pair is singlet coupled in the wave function.

orbitals (and their overlaps, see Table S4 in the Supporting
Information) in both isomers are quite similar because of the
energetic incentive to reduce Pauli repulsion among the
nonpaired electrons in the dyad. However, achieving this
electronic structure is less energetically favorable in FSSF; (b)
than in FSSF; (a) because it requires that the electron-poor S,,,,
atom donate electron density to the S, ,—F,, group to minimize
unfavorable overlaps (S5 in particular; see ¢; in Figure S, lower
panels). As a result, the S,,—F,, group is negatively charged
(—0.24) and the SF; group is equally positively charged, which
is clearly not optimal based on the electronegativities of the
constituent atoms. In FSSF; (a), the opposite is true, as
electron density from the S,,,—F,,, group can be donated to
Siyp giving the S, —F,,, group a charge of +0.1S. Therefore, in
FSSF; (a), there is a good match between the ability of the
electrons in the recoupled orbitals to avoid one another and the
optimal charge distribution for the molecule relative to the
constituent atoms. Additionally, the GVB orbitals associated
with FSSF; (b) appear to contain a small amount of
antibonding character. This suggests that, despite the
similarities in the GVB overlaps, the spatial separation of the
bonds in the dyad is not as complete in FSSF; (b) relative to
FSSF; (a), a reflection of the reduced electronegativity of the
SF group relative to a bare F atom.

In Table 3, we report a bond dissociation energy of 53.3
kcal/mol for this S—S bond, relative to SE(*IT) + SF;(const),
where the F,,—S;,,,—F',, angle of SF;(const) is fixed at its value

in SF,("A,). This results in an SF; structure with two polar
covalent bonds and a single recoupled pair bond between the S
3p? pair of SF,('A;) and the incoming F 2p' orbital.® In this
way, the bonding motif of FSSF; (b) is already present within
the fragments, so the dissociation energy reflects only the
strength of the bond and not the significant electronic
rearrangement of the parent fragments, SF; in particular.”
With halogen ligands, we have generally found that the bonds
that complete a recoupled pair bond dyad are quite strong,
often stronger than their covalent analogues.>” For example, the
dissociation energy for an axial bond of SF,('A’) relative to
F(*P) + SF;(const) is 114.7 kcal/mol, compared to 84.5 kcal/
mol for SF(*TI) at the same level of theory! Given this
consideration, this S—S bond is actually weaker than might be
anticipated, a result of the reduced electronegativity of the
Sax—F.. group in the dyad position.

In prior work, the relative instability of FSSF; (b) was
attributed to the long S—S bond and repulsion between the
nonbonded 3s-like pair of S;, and the S,—F, group.2
However, recoupled pair bonds and dyads tend to be longer
than their covalent analogues.’” Therefore, the elongated S—S
bond is an expected consequence of recoupled pair bonding
and not by itself necessarily destabilizing. Moreover, it seems
unlikely that lone pair repulsion is a significant effect because
the energies of the parallel and antiparallel transition states
associated with FSSF; (a) rotation are so close (AE = 1.2 kcal/
mol); the S—S bonds are in fact a bit shorter in these
geometries (2.198 A for the parallel configuration and 2.173 A
for the antiparallel alignment) than in FSSF; (b). To further
investigate this, we substituted the F atom of the S, —F,, group
with a larger CI atom to see if it is more destabilizing; the SS
bond in CISSF; (b) is 52.9 kcal/mol, compared to $3.3 kcal/
mol in FSSF; (b). We also investigated the hydrogenated
analog, HSSF; (b), which has an S—S bond energy of 58.0 kcal/
mol and is 16.2 kcal/mol above HSSF; (a)—very similar to the
fluorinated analog. These calculations support our conclusion
that the suboptimal charge distribution in FSSF; (b), and not
steric effects, is largely the reason for the instability of FSSF;
(b) relative to FSSF; (a).

C. SSF,. SSF, is intermediate in energy between FSSF; (a)
and FSSF; (b), lying 6.9 kcal/mol above FSSF; (a) and 11.1
kcal/mol below FSSF; (b). While this species has not been
observed experimentally, the oxygen-substituted analog, F,SO,
is a well-known molecule.>** At a lower level of theory, SSF,
dissociates into S + SF,, but more recent calculations have
shown that SSF, is in fact stable with respect to this
asymptote.” The optimized geometry of SSF, has a short S—
S bond length of 1.904 A. The participation of d-orbitals has
been invoked to account for the shortness of this bond via 7—d
back bonding;* however, d-orbitals have been shown repeatedly
to be too high in energy to act as valence orbitals in hypervalent
sulfur-containing species.””~*' While the S—S bond length is
consistent with species like FSSF and S, [1.919, 1.913(°Z,"),
1.915('A,) A, respectively], SSF, has a S—S bond energy
notably weaker than that of these compounds. The S—S bond
energies for FSSF, S,(*Z,7), and S,('A,) are 79.6, 102.4, and
86.0 kcal/mol, respectively. Meanwhile, SSF, is only 63.2 kcal/
mol below the lowest asymptote that can form a singlet state:
S('D) + SF,('A’) (Table 3). These two fragments could
interact to form a dative bond with the polarized 3s*like lone
pair of SF, and the empty 3p orbital of S('D), resulting from
mixing with S('S). Consistent with this bonding scheme, the
geometry of the SF, group in SSF, is structurally similar to that
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of SF,(*A"). Additionally, the charge distribution is consistent
with electron density being donated to S, with a charge of
—0.20 on this atom.

However, the relative weakness of the S—S bond (given its
shortness) suggests that a dative (single) S—S bond may not be
a complete description. Moreover, while dative bonds are
stabilized by a polarizable lone pair of electrons on the donor
molecule and an electronegative ligand for the acceptor, in
SF,('A’), the sulfur atom has a Mulliken charge of +1.84, which
should dramatically decrease the polarizability of the distorted
3s-like orbital. Furthermore, the sulfur atom is not especially
electronegative relative to another sulfur atom, particularly one
that is positively charged. The GVB orbitals in Figure 6 provide

ters
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Figure 6. GVB orbitals associated with the S—S & bond (top panels)
and the 7 orbitals aligned perpendicular to (middle panels) and with
(bottom panels) the axial SF bonds.

additional insight into the nature of the S—S bond in SSF,. The
S—S bond pair has one orbital that correlates well with an S 3s
lobe orbital (¢;), and the other orbital is delocalized over the
bond pair (¢,); this is consistent with the formation of a dative
o bond. Aligned with the axial S—F bonds, we find two S,,-
centered 3p lobes (s, @) that are essentially an S 3p* pair with
slight polarization toward S;,,.. This is also consistent with what
we would expect for a dative S—S bond. However, in the
orthogonal direction, the p orbitals are qualitatively different.
The orbitals (¢;, ¢,) are substantially more polarized toward
Sjyp to the extent that one of the GVB orbitals (¢,) appears to
originate from S, and not S,,. An S, -centered orbital in the
space implies formation of a 7 bond. Thus, the GVB
calculations indicate that the S—S bond has significant
double-bond character, as opposed to exclusively a single
dative bond.

An asymptote that is consistent with this bonding pattern is
S(®P) + SF,(*A"); the structure of the latter species is shown in
Figure 2. SF,(’A”) is weakly bound, lying only 4.2 kcal/mol
below the F(°P) + SF;(*A’) asymptote. The singly occupied,
triplet-coupled orbitals are shown in Figure 7, as is the
polarized 3s*like nonbonding pair of SF,(*A”) for comparison.
The unpaired orbitals from SF,(*A”) bear a strong resemblance
to the two sulfur-centered orbitals of SSF,, ¢, and ¢, in Figure
6. The main difference is that the orbitals of SSF, have lost
antibonding character by polarizing toward S,. From this

SF,(A™)

SF4(1A'} ? NCP,'“ke”
&
Q y

C?M

’ "o like"
Q :
4
S
&

(singly occupied)

(doubly occupied)

Figure 7. Nonbonding sulfur-centered molecular orbitals of the (a)
ground 'A’ state and (b) excited *A” state of SF, in relation to the
orbitals for SSF, shown in Figure 6.

asymptote, S(°P) can form two bonds, a ¢ and a 7 bond, with
SF,(*A”). However, this asymptote is considerably higher in
energy, lying 66.3 kcal/mol above the S('D) + SF,('A’)
asymptote. Along with a more detailed description of the
bonding in SF,(*A”), in the Supporting Information (Figure S1
and Section S.IV), we assess the energetic considerations
associated with the bonding from this asymptote. Our analysis
indicates that this asymptote could indeed influence the S—S
bond in SSE,, resulting in the GVB orbitals shown in Figure 6
and contributing to the shorter S—S bond length and orbital
delocalization present in SSF,, in conjunction with contribu-
tions from the dative bonded asymptote. A favorable bonding
interaction from a higher-lying asymptote that is capable of
forming an additional bond could also account for the closeness
in energy of SSF, and FSSF; (a) [AE = 6.9 kcal/mol], which at
first glance may be surprising given that the lowest-lying
asymptote of SSF, requires an appeal to a higher-lying (AE of
at least 29.0 kcal/mol) asymptote while FSSF; (a) does not.
This is similar in spirit to our previous work on Cl,SO, in which
we showed that the higher-lying triplet states of Cl,S bonding
to the O(°P) atom were largely responsible for the strength and
length of the S—O bond.*

Additional evidence for the importance of the triplet
asymptote on SSF, comes by way of comparison to the fully
hydrogen-substituted analog, SSH,, which possesses a similar
structure. However, there is no minimum for SH,(*A”) with an
analogous structure to that of SF,(*A”). The dative bonding
from S('D) + SH,(*A’), on the other hand, is expected to be
more favorable in this case because of the increased
polarizability of the 3s-like orbital on the SH, fragment. The
S—S bond in the hydrogenated species is notably longer [R(SS)
=2.001 A] but slightly stronger [D,(SS) = 66.3 kcal/mol] than
that in SSF,. Generally, bond lengths and strengths are
inversely correlated,*® but we can rationalize this discrepancy
in the context of the above analysis: the increased length is due
to the lack of multibond character in SSH,, but the slightly
larger bond energy is due to the increased favorability of dative
bonding.

D. F,SSF,. Before the structure of FSSF; (a) was elucidated,
alternative structures were proposed for the product of SF,
dimerization that had two F atoms bonded to each sulfur atom.

dx.doi.org/10.1021/jp5085444 | J. Phys. Chem. A 2014, 118, 10117—-10126



The Journal of Physical Chemistry A

However, higher-level calculations have shown these geo-
metries to be saddle points rather than minima on the potential
energy surface.” In Figure 2, we show two such stationary
points ( 1Ag and 'A’). Interestingly, they have S—S bond lengths
typical of single bonds and are stable with respect to S—S
stretching. The SF, fragments in the F,SSF, molecules are
extremely similar in structure to the B, state of SF, (see Table
1b and Figure 2). As shown in Figure 1, the SF,(*B,) state has
two singly occupied orbitals (a, and b,). Therefore, there is
potential for forming double bonds between the two S atoms
by two mechanisms.

(1) We can align the singly occupied b, symmetric orbitals of
the two SF,(°B,) states to form a ¢ bond, yielding the C,
symmetric structure in Figure 2 [labeled F,SSF,('A’)], which is
a first-order saddle point. This transition state connects two
stereoisomers of FSSF,(a) with structures along the intrinsic
reaction coordinate possessing an F,SSF, bonding motif seen in
prior work:> the S 3p*like orbital of a ground-state SF,('A,)
fragment forms a dative bond with a singlet analogue of
SF,(*B,). Because the S 3p-like singly occupied orbitals that are
not involved in the recoupled pair bond dyad are singlet
(instead of triplet) coupled in the latter fragment, one of the S
3p-like orbitals can be unoccupied and therefore accept an
electron pair from the ground state SF,('A;) fragment.

(2) Alternatively, we can align the a; symmetric orbitals of
the two SF,(°B,) states to form the ¢ bond, yielding the C,,
symmetric second-order saddle point shown in Figure 2
[labeled FZSSFZ(IAg)]. See Section S.V and Figure S2 in the
Supporting Information for more details.

It is now obvious why these structures are significantly higher
in energy than the FSSF; structures (see Table 2): there is an
energetic cost to recoupling the S 3p* electrons and forming the
dyad (32.5 kcal/mol in SF,; see Figure 1), and in the F,SSF,
structures, two S 3p pairs must be recoupled, whereas only one
S 3p” pair must be recoupled to form FSSF,.

It merits comment that by forming a ¢ bond between two
SF,(°B,) fragments, the orbitals that do not participate in the &
bond are aligned such that they can form a 7 bond. However,
the S—S bonds in F,SSF, structures are notably weaker and
longer than would be expected for an S—S double bond: they
are stable with respect to two SF,(*B;) molecules by only 35.5
and 37.3 kcal/mol (Table 3) with S—S bond lengths of 2.100
and 2.102 A (Table 1b). When selected GVB orbitals are
analyzed for these structures, we do in fact find 6 and 7 S—S
bonds. For F,SSF,('A,), this bonding pattern described the
majority (96.4%) of the wave function, with favorable overlaps
of 0.80 and 0.51 for the ¢ and 7 bonds, respectively (Figure 8).
(The analogous orbitals for F,SSF,(*A’) are very similar; see
Figure S3 in the Supporting Information.) There are several
reasons for the weakness of the S—S bonds in the two singlet
F,SSF, structures. (1) As we saw in the barriers to rotation for
FSSF;, steric or electrostatic repulsion is not a large effect at
longer S—S bond lengths. But this repulsion will increase in
magnitude as the S—S bond shrinks, especially given that there
are now two pairs of F atoms aligned with one another in the
F,SSF, species. (2) Because both S atoms are bonded to two F
atoms and form recoupled pair bond dyads, they both have
rather large positive charges (e.g,, +1.14 in the C,;, symmetric
structure) associated with them. In both FSSF; isomers, the SF
group containing the nonhypervalent sulfur was able to respond
to stabilize bonding around S, but here each sulfur atom
participates in a recoupled pair bond dyad, so this cannot occur.

L

Figure 8. GVB orbitals for the ¢ and 7 bonds in F,SSF,('A,).

These effects favor longer S—S bond lengths to minimize
steric and electrostatic repulsion. At larger S—S bond lengths,
the bonding orbitals cannot favorably overlap as much. Because
of their orientation, the strengths of 7 bonds are especially
distance-dependent. So, if steric and/or electrostatic effects
keep the SF, fragments from approaching closely, then both
bonds, but the 7 bond in particular, will be markedly weaker.
For instance, if the GVB wave function is computed at an
optimized F,SSF, geometry of C,, symmetry where R(SS) is
constrained to be 1.915 A [that of SZ(IAg)], the o overlap
increases to 0.8, for a gain of 0.05. The 7 overlap in even more
affected, increasing by 0.10 to a value of 0.61. However, these
energetic gains in the bonding orbitals are more than negated
by the increased repulsion as mentioned above. (The distance
between fluorine atoms on the opposite sulfur atoms decreases
by 0.05 A in the constrained geometry relative to the fully
optimized structure.) One final effect that contributes to the
small D,(SS) values in Table 3 is the loss of triplet coupling on
both SF,(°B,) fragments; the B, — 'A; energy gap is 18.7
kcal/mol at the *B; minimum. This reduces the calculated bond
energy relative to this asymptote.

The above F,SSF, stationary points have an interesting
analogue on the triplet surface. A ¢ bond between the b,
symmetric orbitals of SF,(°B;) can be formed in the
F,SSF,(*B) state in the same fashion as in the F,SSF,(*A’)
state. However, the electrons in the a, symmetric orbitals of
SF,(*B,) are now coupled into high spin, and therefore the SF,
groups are perpendicular to one another so that the triplet-
coupled orbitals have zero overlap. In this configuration the
lone pair orbitals on the F atoms avoid each other because
there is no 7 bond to favor their alignment. This structure,
F,SSF,(*B), is a true minimum, and its normal modes are
shown in Figure 9. The S—S bond is longer and weaker than on
the singlet surface (see Tables 1b and 3) because of the loss of
the 7 interaction, but this effect is small because of (1) the
weakness of the 7 interactions in the singlet state, (2) the
reduction in unfavorable interactions between the lone pairs on
the F atoms, and (3) the exchange energy resulting from the
triplet coupling (the *B — 'A gap is 8.3 kcal/mol at this
geometry). This structure is metastable with respect to the
lowest asymptote, being 2.9 kcal/mol above the SF,('A;) +
SF,(®B,) asymptote, but it is bound by 29.1 kcal/mol relative to
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Figure 9. Normal modes for F,SSF,(*B).

two °B; SF, molecules. No low-energy paths to form
F,SSF,(*B) were located, so this minimum is mainly of
theoretical interest, but it demonstrates the utility of the
recoupled pair bonding framework in predicting previously
unknown, and perhaps nonintuitive, structures.

IV. CONCLUSIONS

We investigated the bonding of various S,F, structures: two
FSSF; isomers, one SSF, structure, and three stationary points
with F,SSF, connectivity (two saddle points and one
minimum). Our results are in good agreement with prior
studies, and we expanded upon this literature by thoroughly
analyzing the bonding of the S,F, structures with GVB theory
and the associated recoupled pair bonding model, as well as by
reporting a novel minimum associated with the triplet state of
F,SSF,. The nature of the bonding in the FSSF; structures and
the SSF, structure were firmly grounded in calculations of the
GVB wave function associated with each of the geometries.
Moreover, the origin of the stability with respect to S—S
distance for the F,SSF, structures is clear within the context of
our prior work on the SF, molecule, particularly the electronic
structure of the °B; state of SF,.

We have shown that fluorine and sulfur can bond to form
many configurations because these two atoms are well suited to
form recoupled pair bonds as well as polar covalent bonds. The
different bonding motifs available can be seen by considering
the character of the S—S bonds in these species, where we have
observed (1) a typical covalent bond [FSSF; (a), F,SSF,(*B)],
(2) a weak double bond [F,SSF,(’A’), FZSSFZ(IAg)], (3) a
member of a recoupled pair bond dyad [FSSF; (b)], and (4) an
S — S('D) dative bond that is likely strengthened by a strong

double bond originating from a higher-lying asymptote [SSF,].
Although the F—S—F recoupled pair bond dyad is stronger
than expected, it is still weaker than a pair of polar covalent
bonds, by 32.5 kcal/mol in SF,. Therefore, the relative
energetics of the S,F, species are influenced by the number
of recoupled pair bond dyads required to form them and the
resulting charge distribution relative to the constituent atoms,
with FSSF; (a) being optimal in this regard.

In addition to deepening our understanding of the rich
diversity of sulfur fluoride chemistry, this work underscores the
ability of GVB theory in conjunction with the recouped pair
bonding model to both explain and predict interesting features
of sulfur-based molecules. GVB calculations are particularly
powerful in their ability to connect features of the constituent
fragments to those of the bonded molecule, here lending
detailed insight into the character of the bonds of the sulfur
difluoride dimer.
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