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ABSTRACT: We have studied the XYYX and X,YY isomers
of the X,Y, species (X = H, Li, Na, F, C|, Br, ; Y = O, S, Se,
Te) using density functional theory at the ZORA-BP86/QZ4P
level. Our computations show that, over the entire range of our
model systems, the XYYX isomers are more stable than the
X,YY forms except for X = F and Y = S and Te, for which the
F,SS and F,TeTe isomers are slightly more stable. Our results
also point out that the Y=Y bond length can be tuned quite
generally through the X—Y electronegativity difference. The
mechanism behind this electronic tuning is the population or depopulation of the z* in the YY fragment.

B INTRODUCTION bond approach, this has been attributed to the importance of
ionic resonance structures of the F"—Y=Y'—F type”’18 in a
so-called charge-shift bond.*” In the molecular orbital theory,
the partial depopulation of the 7*(np) of the Y, fragment in the
formation of FYYF explains the short Y=Y bond length in these
compounds.lo’18 Second, dihedral angles are, although this is
sterically less favorable, close to 90° because, in this way,
optimal electron-pair bonds between the X* groups and the two
7% SOMOs of the YY®* fragment can be formed."
Interestingly, the potential energy surface for the rotation
from the gauche to the trans conformation of XYYX is
extremely flat.>®

Although all X,Y, systems exist in the XYYX form (C,
symmetry; see Scheme 1), an isomeric hypervalent structure

The nature of the chalcogen—chalcogen bond in dichalcoge-
nides and, particularly, in peroxides (XOOX) and disulfides
(XSSX) has attracted considerable attention over the past
decades.'~* Peroxides are highly reactive molecules that act as
initiators of radical reactions’ and as disinfectants and
bleaches.® Their high reactivity is usually attributed to the
weakness of the O—O bond.” These species also intervene in
many oxygen-transfer reactions in industrial, biochemical, and
atmospheric processes. Structural damage to a wide variety of
biomolecules in some cases is the result of oxidation reactions
by peroxide molecules.® On the other hand, disulfide
compounds are important species in biochemistry and
atmospheric reactions. In particular, the S—S bond formed by
the oxidation of two cysteine residues in proteins plays a key

role as the main stabilizer of the tertiary structures of proteins.” Scheme 1
In addition, the disulfide/thiol system has been found to be /Y—Y Y—Yi,,I///
relevant to control cell growth, proliferation, and human cancer X \X \X X
development.’

From a theoretical point of view, calculations on X,Y, XYYX(Cy) XYY (Cy)

dichalcogenides have been reported, among others, by
Bickelhaupt and co-workers'® (Y = S and X = F, Cl, H, and ) ) )
CH,), Jursic'’ and Ornellas'®> (Y = S and X = F), Dobado et X,YY (Cg s.ymmetry) is also con.celvable. These two isomers
al® (Y= 0, S and X = H, F, CH,), Kaur and collaborators'* (Y have been isolated and characterized for the case of disulfur
=0, S, Se and X = H, CH,, NH, ), Prascher and Wilson'S (Y = difluoride spegize_sﬂ(zgizfgligi'odisulfane FSSF and thiothionyl-
S, Se and X = F, Cl, Br), and Zheng et al."® (Y = S and X = F, fluoride F,SS). o At temperatures above —100 °C, it
Cl, Br, I). These studies showed that the O—O and S—S bonds was found that the FSSF isomer slowly isomerizes tsci F,SS, and
in XYYX compounds are special for two reasons. First, there is therefore, F,SS is thermally more stable than FSSFE.” However,
an important effect of the electronegativity of the substituent X
on the Y=Y bond length, the O—O and S—S bonds being Received: October 28, 2012
extremely short in FOOF'772! and FSSF.!1%1122726 11y 3 valence Published: February 19, 2013
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FSSF seems to be the most stable isomer at low temperatures
as F,SS is transformed into a molecular complex [FSSF,F,SS]
after cooling the sample down to —80 °C.? On the other hand,
the heat of transformation of FSSF to F,SS was determined
experimentally®” to be —11.3 + 1.7 kJ mol™" and the activation
energy for this interconversion was found to be only 23.8 kJ
mol~'** Although conflicting to some extent, these exper-
imental results point out that the two disulfur difluoride
isomers have similar energies. Theoretical calculations ruled out
the possible direct unimolecular interconversion of FSSF to
F,SS in the ground state since calculated energy barriers are
about 167.4 k] mol™.'"" The possibility that the FSSF/F,SS
isomerization occurs via a bimolecular channel, which was
based on the experimental evidence of the existence of the
[FSSF,F,SS] complex,”® was also explored and found to be
unlikely.** This suggests a more complex reaction mechanism
that involves several elementary steps and, possibly, promotion
to excited states of FSSF and F,SS. In experiments, Cl,S, has
been found only in the form of CISSCL*™>" Interestingly,
however, mixing CISSCI with F,SS yields FSSCL'® Calculations
indicate that the conversion of X,SS toward XSSX becomes
more exothermic'® and goes with a lower barrier'® when
substituents X become less electronegative. Interestingly,
FSeSeF was unambiguously identified by IR spectra. UV
photolysis turned FSeSeF partially into SeSeF,.** Finally,
CLSe, and Br,Se,,*>* which are used as plasma etchants in
microelectronic devices,* are only found in the XSSX isomeric
form.

From these previous results, it is clear that the electro-
negativity of X has a large impact on the molecular structure of
XYYX species (in particular, the Y—Y bond length) and its
relative stability as compared to the X,YY isomer. In the
present study, we have undertaken a detailed investigation of
XYYX and X,YY compounds for Y = O, S, Se, and Te (with
special emphasis to the Y = S case) and X = H, Li, Na, F, Cl, Br,
and I using the generalized gradient approximation (GGA) of
density functional theory (DFT) at the BP86/QZAP level. We
aim at three objectives. First, we wish to obtain a set of
consistent structural and thermochemical data for simple
dicalchogenides (geometries, relative stabilities) all obtained
at the same level of theory. This complements the available
experimental and theoretical data, which are missing for some
XYYX and most of the X,YY species, and it enables a systematic
analysis of trends. Second, our main purpose is to better
understand the physics and the nature of the X—Y bond based
on quantitative molecular orbital (MO) theory as contained in
Kohn—Sham DFT."' Through a quantitative bond energy
decomposition, we assess the importance of electrostatic
attraction and orbital interactions for providing the X-Y
bond, and we reveal the effect of the electronegativity of X in
determining trends therein along the series X = H, Li, Na, F, C|,
Br, and I The third objective is to further generalize the
valuable tuning principle according to which the central Y=Y
link in XYYX can be tuned from single bond to double bond by
varying the electronegativity difference across the X—Y bond.

B THEORETICAL METHODS

Many theoretical methods fail to correctly reproduce the molecular
structure of XYYX and especially that of dioxygen difluoride, giving
too short or too long bond distances.* In general, however, it is found
that DFT performs reasonably well for predicting the equilibrium
geometry of these species.'®*%*' We used the BP86 functional® **
with the nonlocal corrections for exchange (Becke88) and correlation
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(Perdew86) included self-consistently. All DFT calculations were
performed with the Amsterdam Density Functional (ADF) pro-
gram.**¢ The MOs were expanded in a large uncontracted set of
Slater-type orbitals (STOs) of quadruple-{ quality containing diffuse
functions for all atoms and augmented with four sets of polarization
functions (two d and two f functions for Li, O, F, Na, S, Cl, Se, Br, Te,
and 1, and two p and two d for H), the so-called QZ4P basis set.
Polarization functions are essential to correctly describe the hyper-
valent X,YY species.*’ ~* To reduce the computational time needed to
carry out the calculations, the frozen core approximation has been
used. In this approximation, the core density is obtained and included
explicitly, albeit with core orbitals that are kept frozen during the SCF
procedure. Thus, in this work core electrons (1s for second period,
152s2p for third—fourth period, 1s2s2p3s3p4s3d for fifth period) were
kept frozen during the geometry optimizations.*® An auxiliary set of s,
p, d, f and g STOs was used to fit the molecular density and to
represent the Coulomb and exchange potentials accurately in each self-
consistent field cycle.’® Both relativistic effects through ZORA
approximation,* and dispersion corrections through the Grimme-D,
procedure5 were considered for the Te,X, species (those, in principle,
more affected by relativistic and dispersion corrections), but we
observed that they have a minimal effect (see Table SS in the
Supporting Information), and therefore, they were not applied.

An energy decomposition analysis (EDA)*"**™>7 has been carried
out considering the process YY** + 2X* — X,YY/XYYX that implies
three fragments and corresponds to the interaction of Y, diradical
fragment with the two X radicals. In the EDA analysis, the total
bonding energy AE is made up of two major components: AE =
AE,,, + AE,,. In this formula, the preparation energy AE,,, is the
amount of energy required to deform the fragments considered from
their equilibrium structure to the geometry that they acquire in the
overall molecule. The interaction energy AE;, corresponds to the
actual energy change when these geometrically deformed fragments
are combined to form the final molecule. It is analyzed in the
framework of the Kohn—Sham MO model using a quantitative
decomposition of the bond into electrostatic interaction, Pauli
repulsion (or exchange repulsion or overlap repulsion), and
(attractive) orbital interactions: AE;, = AV, + AEpy + AE.
The term AV, corresponds to the classical electrostatic interaction.
The Pauli repulsion term, AEp,;, comprises the destabilizing
interactions between occupied orbitals and is responsible for the
steric repulsion. This repulsion is caused by the fact that two electrons
with the same spin cannot occupy the same region in space. The
orbital interaction AE, in any MO model, and therefore also in
Kohn—Sham theory, accounts for electron-pair bonding, charge
transfer (i.e., donor—acceptor interactions between occupied orbitals
on one moiety with unoccupied orbitals of the other, including the
HOMO-LUMO interactions), and polarization (empty—occupied
orbital mixing on one fragment due to the presence of another
fragment). Since the Kohn—Sham MO method of density functional
theory (DFT), in principle, yields exact energies and, in practice, with
the available density functionals for exchange and correlation, rather
accurate energies, we have the special situation that a seemingly one-
particle model (an MO method), in principle, completely accounts for
the bonding energy. Finally, in the bond-energy decomposition, open-
shell fragments were treated with the spin-unrestricted formalism, but
for technical reasons, spin-polarization was not included. This error
causes the studied bond to become in the order of a few k] mol™" too
strong. To facilitate a straightforward comparison, the EDA results
were scaled to match exactly the regular bond energies. This scaling by
a factor of ca. 0.98 in all model systems does not affect trends.

B RESULTS AND DISCUSSION

In this section, first, the results for the XSSX and X,SS isomers
concerning their structure and stability will be presented (X =
H, Li, Na, F, Cl, Br, and I). In the second part, the equivalent
results for the XYYX and X,YY (Y = O, Se, and Te) isomers
will be discussed.
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Table 1. Geometrical Parameters of XSSX, X,SS, XOOX, and X,00 Isomers (Bond Lengths in A and Angles in deg), Voronoi

Charges of X and Y Atoms (in Electrons),

X Ty—y -y ZYYX  ZXYYX QUx) Q(Yy)
X,SS
F 1.875 1.655 108.2 98.8 —0.111 —0.116
Cl 1.891 2.166 110.2 107.2 —0.120 —0.066
Br 1.896 2.355 110.8 109.5 —0.108 —0.053
1 1.908 2.597 111.9 112.4 -0.076 —0.058
H 1.977 1.383 108.9 94.6 0.082 —-0.336
Li 2.204 2.225 60.3 117.9 0.322 —0.322
Na 2.230 2.572 64.3 135.7 0.475 —-0.475
X,00
F 1.175 1.683 110.4 108.9 —0.194 0.088
Cl 1.208 2.100 114.6 117.0 —-0.116 0.035
Br 1.219 2.245 115.9 119.0 —0.086 0.012
1 1.235 2.446 118.5 119.3 —0.048 —0.023
H 1.536 0.978 100.6 109.2 0.237 —0.445
Li 1.585 1.734 62.8 179.7 0.393 —0.393
Na 1.601 2.092 67.5 179.9 0.507 —0.507

and Isomerization Relative Energies (in kJ mol ™)

Q(Y,) Ty—y x—y ZYYX  ZXYYX QUX) AE,"
XSSX
0.339 1.896 1.676 110.2 88.1 —0.132 1.3
0.306 1.938 2.115 111.0 87.7 —0.109 —41.0
0.268 1.940 2.289 111.6 87.6 —0.090 —43.1
0.210 1.961 2.497 111.8 86.6 —0.048 —50.2
0.171 2.071 1.358 98.7 90.8 0.038 —100.4
—-0.322 2.204 2.225 60.3 117.9 0.322
—0475 2.230 2.572 64.3 135.7 0.475
X00X
0.299 1.200 1.608 111.2 89.3 —0.170 -=50.2
0.197 1.282 1.881 113.9 85.3 —0.053 —73.6
0.160 1.283 2.034 115.0 84.2 —0.031 —=72.0
0.118 1.334 2.149 115.2 79.9 0.019 =79.5
—0.029 1.469 0.975 99.9 112.8 0.153 —196.2
—0.393 1.585 1.734 62.8 179.7 0.393
—0.507 1.601 2.092 67.5 179.0 0.507

“Calculated rg_g for S, is 1.912 A and rq_g for O, is 1.221 A. bCCSD(T)/cc-pVQZ relative energies for Y = S are 7.4, —54.2, —57.5, and —117.1 kJ

mol™* for X = F, Cl, Br, and H, respectively.

AR Y

Ot L OQ

AP+~

2 Rk
¢y wlm

P

Ys

P

XYYX

Ny

P

g bl

X X

Figure 1. Molecular orbital diagram for the interaction of Y,** with two X* to yield isomer XYYX.

XSSX and X,SS Isomers. The most relevant geometrical
parameters referred to the equilibrium structures of both XSSX
and X,SS are contained in Table 1. For X = H, F, C|, Br, and ],
we get the two expected symmetry conformations: C, for XSSX
and C; for X,SS. On the other hand, for X = Li and Na, we have
a unique isomer, with a rhombic tetrahedron shape. The S—S
bond length gets longer with the decrease of the electro-
negativity of X along the series F < Cl < Br < I < H < Li < Na,
being longer in XSSX than in X,SS (Figure S1 in the
Supporting Information shows the good correlation existent
between Pauling electronegativity of X and the S—S bond
length). Molecular S, in its triplet ground state presents a S—S
bond length of 1.912 A at the BP86/QZ4P level of theory,
longer than the S—S bond in FSSF (1.896 A) and in X,SS (in
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the range of 1.875—1.908 A for X = F, Cl, Br, and I), thus
indicating that, in these compounds, the S—S bond has a higher
double bond character than in the S, molecule. For the series X
= H, F, C], Br, and I, the X—S bond length increases with the
size of X, but in this case, X,SS presents longer X—S, except for
X = F. The £SSX angle opens up slightly for larger X in both
XSSX and X,SS species. The £XSSX dihedral angle in the
XSSX isomer is close to 90° in all cases.

Table S2 in the Supporting Information contains the
experimental data available for some of the compounds under
analysis, as well as some higher-level calculations. In all cases,
the calculated BP86/QZ4P parameters are close to the
experimental ones, with differences for the X—S and S—S§
bond lengths of only a few hundredths of an Angstrom or a few
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Figure 2. Molecular orbital diagram for the interaction of Y,** with two X* to yield isomer X,YY.

Table 2. Energy Decomposition Analysis for XSSX and X,SS Isomers (in kJ mol™'), Together with the Average Population of
the Two SOMO Orbitals of SS (in Electrons), and Energy of the SOMO Orbital for X (in eV)

isomer AEp,i AV g AE;
FSSF 2388.9 —-978.9 —2132.3
F,SS 2594.2 —1059.0 —2260.4
CISSCl 1700.5 —765.0 —1383.5
CL,SS 1467.0 —666.8 —1207.0
BrSSBr 1409.3 —669.6 —1110.5
Br,SS 1166.8 —560.2 —933.5
ISSI 12439 —-610.5 —936.4
LSS 943.3 —467.5 —=725.5
HSSH 1366.7 —-631.0 —1331.9
H,SS 1263.1 —603.2 —1134.2
LiSSLi/Li,SS 1011.2 —650.1 —958.1
NaSSNa/Na,SS 694.1 —458.6 —675.7

AE;, AE,., AE P (7%(SS)) E (Xsomo0)
—=722.3 0.4 —=7219 0.71 —11.217
—725.2 19 —723.2 0.69 —-11.217
—447.9 0.9 —447.0 0.96 —8.701
—406.8 0.6 —406.1 0.88 —8.701
—-370.8 1.1 —369.7 1.00 —7.996
—326.9 0.3 —326.6 091 —7.996
-303.0 3.1 —299.9 1.14 —7.248
—249.7 0.0 —249.7 1.00 —7.248
—596.3 26.8 —569.5 1.39 —6.626
—474.2 53 —468.9 1.27 —6.626
-597.0 74.6 —=522.5 1.82 —2.955
—440.3 85.1 —355.1 1.88 —2.841

degrees for angles. In addition, Table S8 (Supporting
Information) contains the comparison of the calculated relative
isomerization energies with those at the CCSD(T) level of
theory. It is observed that, in general, there is a good
correspondence between the two methodologies with the
trends being the same, thus proving the good behavior of the
BP86/QZAP level of theory.

With respect to the relative energies given in Table 1, in all
cases except for X = F, the isomer XSSX is more stable than
X,SS, and the energy difference increases with the electro-
negativity of X from Cl (—41.0 k] mol™) to H (—100.4 kJ
mol™"). For X = F, both isomers are almost isoenergetic, F,SS
being only 1.3 kJ mol™' more stable than FSSF. This result is
not far from the experimentally obtained —11.3 + 1.7 kJ mol™*
corresponding to the FSSE-to-F,SS transformation® and close
to previous theoretical estimations (—21.3 kJ mol™"' at MP2/6-
311++G(2df)"® and —6.7 kJ mol™" at QCISD(T)/6-31G(df)//
MP2/6-31G(d,p)10). Most theoretical methods find FSSF and
F,SS close in energy, although some of them give F,SS more
stable than FSSF, whereas others yield the opposite.'”""

Now we proceed to analyze the corresponding MOs to get a
better comprehension of the corresponding stabilities and
structures of both isomers. Figure 1 depicts the MO diagram
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for the XYYX system. The diagram of Y, is that corresponding
to a standard diatomic molecule, with o, and o,* orbitals
formed by np, atomic orbitals of Y = S (but the same is found
for Y = O, Se, and Te), and 7, and z,* formed by np, and np,
ones. The Y,** fragment has a triplet state with two unpaired
electrons in 7,* single occupied molecular orbitals (SOMO).
The SOMOs of X* interact with the 7,* and 7, orbitals of Y,"*
and lead to the formation of six orbitals that are doubly
degenerated (two bonding oy, two antibonding oyx™*, and two
nonbonding ny) and occupied with eight electrons. This comes
down to forming two X—Y electron-pair bonds involving the
two perpendicular 7,* SOMOs of YY, which explains the
dihedral £XSSX close to 90°. It is obvious that, when X°
becomes less electronegative, ﬂp* orbitals have a more
important role in the bonding, explaining the lengthening of
the S—S distance with the decrease of electronegativity. This
agrees with IR frequency studies showing that the frequency for
the S—S bond decreases in the order FSSF > CISSCl >
BrSSBr.””® The relatively long X—S bonds can be ascribed to
the destabilizing interactions of the X groups with the closed-
shell S—S bonding 7, orbitals.

On the other hand, for the X,YY isomer, Figure 2 depicts the
corresponding MO diagram. Starting from infinitely separated
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X* fragments, one can approach the two X°® fragments and
generate the positive (oxy) and negative (6xx*) combination of
the SOMOs of X* that interact with the 7,* and 7, orbitals of
Y,** and drive to the formation of six nondegenerate orbitals
(two bonding oyy, two antibonding oyx*, and two nonbonding
ny) with eight electrons. The contribution of the m,* orbitals in
the occupied orbitals is somewhat smaller in this X,SS isomer if
one takes into account that, for all X, the S—S bond is shorter
than that in the XSSX species. The effect of the electro-
negativity of X* on S—S bonds is the same as that for the XSSX
isomer. The X—S bond in X,SS is longer than that in XSSX
(except for X = F), which can be ascribed to a stronger steric
repulsion between X* groups when they bind to the same sulfur
atom. Therefore, from the MO diagrams above, we can justify
the longer S—S bond lengths in XSSX than in X,SS because of
the larger participation of the antibonding 7,* orbitals in the
former, especially for the heavier X substituents. It is likely that
the fact that 7z, * orbitals participate more in XSSX than in X,SS
is because X—S can become stronger in XSSX as there is less
steric X---X repulsion.

For X = Li and Na, we get the opposite case to X = F. Now
2s and 3s orbitals for Li and Na, respectively, are really high in
energy; thus the corresponding electrons go to the 7,* orbital
of S—S§, which causes the long S—S bond lengths and a system
that can be simplified as an ionic X*S,>"X". This shows up in
the 7* populations (averaged over 7,,* and 7, *) of the XSSX
species which go from 1 in S$°* to 0.71 (X = Fg, 0.96 (X = Cl),
1.00 (X = Br), 1.14 (X = 1), 1.39 (X = H), 1.82 (X = Li), and
1.88 (X = Na; see Table 2). This trend in 7* populations is also
confirmed by the VDD atomic charges of Table 1. Thus, we
find a net electron flow from the S,°** fragment to X* for X =
halogen (—0.132, —0.109, —0.090, and —0.048 e are the
Voronoi charges on the halogen atom in FSSF, CISSCI, BrSSBr,
and ISSI, respectively), whereas the opposite is found for X =
H, Li, and Na (0.038, 0.322, and 0.457 e on H, Li, and Na
atoms of HSSH, LiSSLi, and NaSSNa, respectively). The
charge on X* (X = halogen) is more negative for X,SS than
XSSX with the exception of X = F. The geometry of these
X*S,>"X* (X = Li and Na) does not correspond to the usual C,
or C, isomers, but to a rhombic tetrahedral structure. In this
structure, the S—S bond length is close to that of a single S—S
bond. The reason for the change in the molecular structure is
related to the increased contribution of 7(SS) donating back
into X(ns) orbitals. In XSSX (X = Li and Na), the originally
neutral SS fragment starts becoming effectively negatively
charged, and that, in turn, makes the 7 MOs better donor
orbitals. These 7 orbitals favor a bridging structure as soon as X
becomes rather large and diffuse, that is, for X = Li and Na, but
not in H.

With the aim of a better comprehension of the nature of the
X—S bond in both isomers, an energy decomposition analysis
has been carried out (see Table 2). As mentioned above, we
have considered the process SS°** + 2X* — X,S,/XSSX. Results
in Table 2 show that the AE,,, term is, in all cases, very small
except for X = Li and Na. In these latter cases, the S—S bond
length in the disulfide is large for the reasons explained above
and AE,,., is about 80 kJ mol™". With the exception of X = F,
the interaction energy and the bonding energy are more
stabilizing for the isomers XSSX than X,SS, and the difference
increases when the electronegativity of X decreases. Along X =
F to I, the X—S bond becomes less polar and thus less stable for
both X,SS and XSSX (see Table 2).5°7%' However, in the
former, the X—S bond weakens more quickly because it is also
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more and more hampered by the increasingly bulky X. Thus,
while for X = F, the isomers are within some 4 k] mol™ of
equal energy, the gap between X,SS above XSSX increases as X
becomes more electronegative. A seemingly irregular behavior
is observed for X = H, in which case H,SS is significantly higher
in energy than HSSH. In this case, we deal with the
consequence of the very short hydrogen—element (here: H—
S) bond distance, which, in turn, translates in a short,
destabilizing H—H contact in the H,SS isomer. Because of
the shorter X—S bond length, isomers XSSX present larger
values (in absolute value) of AV, AEp,;, and AE, than
X,SS, with the exception of X = F. Longer X—S distances cause
smaller Pauli repulsion, as well as smaller electrostatic and
orbital interactions (in absolute value). If we now compare the
attractive terms AV, and AE; for XSSX and X,SS isomers,
we see that AAV,,., and AAE; differences between XSSX and
X,SS isomers favor the XSSX, except for X = F. In this latter
case, the enhanced charge transfer and polarization promoted
by the higher electronegativity of F (see Voronoi charges in
Table 1) increases the contribution of double ionic resonance
structure b (Figure 3) that is more stabilizing in F,SS than
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Figure 3. Some resonance structures for FSSF and F,SS isomers.

FSSE. As a consequence, the two isomers become almost
isoenergetic. This effect is more pronounced when the
difference of electronegativity between X and Y is larger, and
this is the case for F,S,. Moreover, it provides a rationale for the
F—S distance in F,SS that is shorter than that in FSSF.
XYYX and X,YY Isomers (Y = O, Se, and Te). The most
relevant geometrical parameters referred to the equilibrium
structures of both XOOX and X,00 are listed in Table 1.
Table S3 in the Supporting Information compares the
calculated BP86/QZAP parameters with experimental data
and calculations available for some of the compounds analyzed.
It is found that, in most of the cases, BP86/QZ4P parameters
are quite close to those obtained experimentally, the main
exception being the CIOOCI species, for which calculated bond
lengths present non-negligible differences from experimental
values. The O—O bond length gets longer with the decrease of
the electronegativity of X along the series F < Cl < Br <I < H <
Li < Na. As for the X,S, isomers, this O—O bond distance is
longer in XOOX than in X,00 with the exception of X = H.
Molecular O, in its triplet ground state presents a O—O bond
length of 1.221 A at the BP86/QZAP level of theory, longer
than the O—O bond in FOOF and in X,00 (X = F, Cl, and
Br). However, at variance with ,SS, I,OO has a longer O—O
bond than O,, thus indicating that, in this compound, the O—0O
bond has a slightly lower double bond character than in the O,
molecule. This change can be explained by the higher
electronegativity of O, as compared to S, that stabilizes the
m,* orbitals and makes the depopulation of these orbitals
during bond formation more difficult. The double bond
character of the O, molecule is clearly, however, kept in
X,0, for the more electronegative X substituents. On the other
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Table 3. Geometrical Parameters of XSeSeX, X,SeSe, XTeTeX, and X,TeTe Isomers (Bond Lengths in A and Angles in deg),
Voronoi Charges of X and Y Atoms (in Electrons), and Isomerization Relative Energies (in kJ mol™*)“

X Ty—y -y ZYYX  ZXYYX QUx) Q(Yy)
X,SeSe
F 2.161 1.805 106.9 96.9 —-0.162 —0.108
Cl 2.180 2.292 109.1 106.0 —0.152 —0.074
Br 2.186 2.469 109.7 108.6 -0.133 —0.068
1 2.198 2.706 110.7 111.5 —0.096 —0.071
H 2.276 1.516 106.5 91.9 0.062 —0.346
Li 2491 2.369 58.2 113.8 0.289 —0.289
Na 2.519 2.709 62.2 126.4 0.441 —0.441
X,TeTe
F 2.558 1.935 10S.1 92.5 —0.165 —0.120
Cl 2.575 2426 107.3 100.7 —0.168 —0.100
Br 2.580 2.605 107.8 103.4 —0.151 —0.090
I 2.591 2.850 108.8 106.6 —0.119 —0.087
H 2.651 1.712 108.7 90.2 0.034 —0.318
Li 2.881 2.609 56.4 107.9 0.246 —0.246
Na 2.909 2.943 60.3 117.5 0.401 —0.401

“Calculated rg,_g, for Se, is 2.198 A and ry,_q, for Te, is 2.597 A.

Q(Y,) ry—y x—y ZYYX  ZXYYX QUX) AE,
XSeSeX
0.432 2.200 1.810 107.0 88.9 —0.173 -3.8
0.379 2.240 2.240 108.7 88.6 —0.140 —-39.3
0.334 2.244 2.402 109.4 88.5 —0.114 —41.8
0.264 2.266 2.605 109.9 87.7 —0.069 —49.8
0.221 2.356 1.486 96.6 90.4 0.013 —105.9
—0.289 2.491 2.369 58.2 113.8 0.289
—0.441 2.519 2.709 62.2 126.4 0.441
XTeTeX
0.450 2.599 1.957 104.1 89.1 —-0.177 9.6
0.435 2.634 2.404 106.1 88.8 —0.168 —25.9
0.393 2.640 2.567 106.8 88.7 —0.146 -30.5
0.325 2.659 2.782 107.5 88.3 —0.104 -39.3
0.251 2.737 1.684 96.1 90.3 —0.010 —85.4
—0.246 2.881 2.609 56.4 107.9 0.246
—0.401 2.909 2.943 60.3 117.5 0.401

hand, for the more electropositive X groups, the charge transfer
from the SOMO of X* to the 7z,* orbitals is favored by the
stabilization of these mz,* orbitals in O,. This effect is clearly

seen in the long 0—6 bond present in both HOOH and
H,0O0 species, not far from the bond distance in LIOOLi and
NaOONa that corresponds to a single O—O bond. As found
for the X,S, isomers, the O—X bond in X,00 is longer than
that in XOOX, now even for the case of X = F. The ZO0X
angle opens up for larger X in both XOOX and X,00 species.
The £XOOX dihedral angle in the XOOX isomer is close to
90° in all cases and somewhat decreases for larger X. This
dihedral angle becomes close to 180° for X = Li and Na. In
these two cases, we get again a unique conformation, but now
with a rhombic planar shape.

With respect to the relative energies given in Table 1, in all
cases, the isomer XOOX is more stable than X,00, and the
energy difference increases with the decrease in the electro-
negativity of X from F (—50.2 kJ] mol™) to H (—196.2 kJ
mol™"). The energy differences in the X,0, isomers are in
absolute value larger than those corresponding to the X,S,
isomers. The smaller electronegativity difference between F and
O makes the contribution of double ionic resonance structure b
less decisive for the relative energy of the FOOF and F,00
isomers. It must be mentioned that Misra and Marshall
analyzed four isomers of 1,0,, and they found that O,II (but
not the OO species here) and IOIO are isomers more stable
than IOOL®

The higher electronegativity of the O,*® group, which is
translated into lower ﬂp* orbitals, reduces the transfer of charge
from the O,** fragment to 2X* for X = halogen when compared
to the analogous X,S, species. On the other hand, the charge
transfer from X to O,°® found for X = H, Li, and Na is always
larger in X,0,.

Table S4 in the Supporting Information contains the results
of the energy decomposition analysis carried out for these
isomers. The results do not differ significantly from the analysis
given in Table 2 for X,S, isomers, except in the following two
aspects: first, the large deformation energy of HOOH and
H,0O0 isomers that is due to the long O—O bond length found
in these systems, as discussed above, and second, the fact that
the attractive AV, and AE,; terms are in absolute value larger
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for FOOF than F,0O0. This translates into a more stable FOOF
than F,00, at variance to what is observed for the FSSF
species. As said before, for X more electronegative than Y, the
larger the electronegativity difference, the more stable the X,YY
system is. In FOOF, the electronegativity difference is not
enough to make F,OO more stable than FOOF.

If we would like to find X,Y, species with the X,YY isomer
more stable than the XYYX form, we should try less
electronegative chalcogen atoms. According to both Pauling63
and Allen® electronegativity scales, ¥(S) > y(Se) > y(Te). For
this reason, we analyze in this last section the X,Se, and X,Te,
isomers. The results obtained for the geometry, Voronoi
charges, and relative energies are given in Table 3. As can be
seen, trends in Y=Y and X—Y bond distances are the same as
those found for X,S, and X,0,. Thus, with no exception, Y=Y
distances are longer in XYYX systems and Y—X bond lengths
are shorter in XYYX species, FYYF being the only exception to
the Y—X bond distance. However, for Y = Se and Te, the F—Y
bonds lengths in FYYF and F,YY species differ by only a few
hundredths or even a few thousandths of an Angstrom. It is
worth noting that experimental results for FSeSeF (d[Se—Se] =
225 A, d[Se—F] = 1.77 A),*® F,SeSe (d[Se—Se] = 2.15 A,
d[Se—F] = 1.77 A),*® and BrSeSeBr (d[Se—Se] = 2.241(1) A,
d[Se—Br] = 2.366(1)—2.369(1) A, £SeSeBr = 103.86(5)—
104.51(5)°, and £BrSeSeBr = 93.58°)* are not far from the
optimized BP86/QZA4P geometries. On the other hand, the
slightly longer Se—Se bond in BrSeSeBr as compared to
ClSeSeCl agrees with the reduction in the Se—Se frequency
when going from ClSeSeCl to BrSeSeBr.>® As for the disulfide
systems, the XYYX (X = Li and Na; Y = Se and Te) species
have a rhombic tetrahedron shape.

Relative energies between the C, and C; isomers for X,S, and
X,Se, for each X differ by less than 4 kJ mol™". This is not
completely unexpected since the two atoms have almost the
same electronegativity. However, in this case, the FSeSeF
isomer is marginally more stable than the F,SeSe form. On the
other hand, and because of the lower electronegativity, X,Te,
presents the lowest energy differences between forms XTeTeX
and X,TeTe. Interestingly, F,TeTe is found about 9 kJ mol™
more stable than FTeTeF. We can conclude that, for X,Y, (Y =
0, S, Se, and Te), the XYYX isomer is more stable than X,YY
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except for difluorides of S, Se, and Te, for which the X,YY
system can coexist with the XYYX isomer. Since the
electronegativies of Te and Po are quite similar,*>** we expect
similar trends for X,Po, as those observed for X,Te,.

In this work, we have analyzed the X,Y, (Y = O, S, Se, and
Te) species for a series of monatomic substituents X of
different electronegativities. For polyatomic X substituents of
the type CH; or CF;, the analysis becomes more complex
because of other aspects apart from electronegativity (for
instance, hyperconjugation), play a determinant role. Here, we
report in Table S7 (Supporting Information) the energetic and
geometric results for Y = O, S and X = CH; CF; The
molecular structure of these species was experimentally
characterized by microwave and electron diffraction stud-
ies.> "% The results obtained show that trends in the Y=Y
bond distances for CH; and CF; are the same as those found in
monoatomic substituents, i.e., the Y=Y bond length is shorter
for the more electronegative X = CF; substituent (see Table S7,
Supporting Information). From a geometric point of view, X =
CHj; yields results quite close to X = H, as expected from the
fact that both substituents have similar electronegativities.
However, the X = CF; results are in between those of X = H
and X = I, when they should be closer to X = CI from
electronegativity arguments.”” It is likely that flow of charge
from the 7 orbital to the o*c_p orbital through hyper-
conjugation is responsible for the lengthening of the Y=Y bond
observed in X = CF; as compared to X = CL

B CONCLUSIONS

In this work, we have analyzed the structure and stability of the
isomers XYYX and X,YY (Y = O, S, Se, and Te, and X = H, F,
Cl, Br, I, Li, and Na) at the ZORA-BP86/QZ4P level of theory,
in the framework of quantitative MO theory in combination
with an energy decomposition analysis. We have observed that
the X—Y bond weakens as the electronegativity difference
decreases, for example, along X = F, Cl, Br, and I This is in line
with the more general phenomenon that increased polarity
across bonds leads to enhanced stability.

Furthermore, the XYYX isomers appear to be, in general,
more stable than X,YY because of the short, destabilizing X—X
contact in the latter. In the case of X = F, the difference in
energy between the isomers is small, but it increases along X =
F, Cl, Br, and I due to increasing steric hindrance in X,YY as X
becomes more bulky. For X = Li and Na, only one X,Y,
equilibrium structure is obtained in which the alkali atoms
adopt a bridging position between the Y atoms of the YY
fragment.

Finally, our results show that the character (single versus
double) and length of the Y—Y bond can be tuned quite
generally by the X—Y electronegativity difference. If X is more
electronegative (or electropositive) with respect to Y, the z*
orbital of the YY becomes effectively depopulated (or
populated) in X,YY and in XYYX. This corresponds to a
formal decrease (or increase) of the Y—Y bond order and
translates into a shortening (or lengthening) of this bond.

B ASSOCIATED CONTENT

© Supporting Information

Table S1 with the optimized Cartesian coordinates of all
studied species. Tables S2 and S3 with experimental and
calculated geometrical parameters of XYYX and X,YY (Y = O
and S). Table S4 with the energy decomposition analysis for
XOOX and X,00 species. Table S5 with the geometrical
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parameters of XTeTeX and X,TeTe isomers calculated with
relativistic and dispersion corrections. Table S6 with calculated
Y-Y stretching frequencies. Table S7 with calculated geo-
metrical and energetic parameters of XYYX and X,YY (Y = O,
S and X = CH;, CF;). Table S8 with XYYX to X,YY (Y=0, S)
isomerization energies at different levels of theory. Figure S1
with a Pauling electronegativity versus S—S bond length plot
for the XSSX and X,SS series of compounds. This material is
available free of charge via the Internet at http://pubs.acs.org.
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