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The SX diatomics, X) first- or second-row atom, have been studied employing coupled cluster theory and
the aug-cc-pV(X+d)Z basis sets. To estimate∆fH°298, we have included a correction for core-valence (CV)
correlation, spin-orbit splitting, and scalar-relativistic (SR) effects. For SO and SC, the estimated∆fH°298

values are 0.5 kcal/mol within the experiment. However, for the remaining molecules, a revision of their
∆H°f,298 are required. Deviations as large as 10 kcal/mol have been found between our best estimates and the
values adopted by the NIST-JANAF tables. The proposed∆fH°298 ((0.5kcal/mol) are 67.6 (SB), 66.7 (SN),
0.8 (SF), 47.4 (SAl), 27.9 (SSi), 38.1 (SP), 29.4 (S2), and 27.1 (SCl) kcal/mol. For comparative purposes we
performed BD(T), G3, CBS-QB3, B3LYP, and B3PW91 calculations. The mean absolute error (MAE) of the
G3 and CBS-QB3∆fH°298 with respect to our best results is 1.0 kcal/mol for both methodologies, whereas
for B3LYP/6-311+G(3df) and B3PW91/6-311+G(3df), the MAE is 1.6 and 2.0 kcal/mol, respectively. At
the coupled cluster level of theory, with respect to the experiment, the MAE of the equilibrium bond lengths
is 0.0013 and 0.0012 Å for the first- and second-row SX, respectively. This result involves extrapolation to
the CBS limit, a correction for CV and SR effects, and also a correction for complete triple excitations. Two
molecules presented an unstable HF wave function, SN and SP. In both cases, the use of the CCSDT and
BD(T) methods outperformed CCSD(T). Our spin-orbit corrected coupled cluster adiabatic electron affinities
(EAad) are(0.7 kcal/mol within the experiment for SN, SO, SF, and S2. However, some discrepancies were
found for SC and SAl. Our best estimates are EAad(SC)) 2.3 kcal/mol and EAad(SAl) ) 62.5 kcal/mol, 2.4
and 1.6 kcal/mol larger than the experimental EAad, respectively. For SB, SSi, SP, and SCl, we propose new
EAad of 53.7, 12.4, 36.5, and 59.0 kcal/mol, respectively. The MAE of the CBS-QB3 and G3 EAad with
respect to our estimated EAad is 0.9 kcal/mol for both methodologies, whereas for B3LYP/6-311+G(3df) and
B3PW91/6-311+G(3df), the MAE are 1.9 and 2.7 kcal/mol, respectively, but 50% of the error is provided
only by SC and SN.

Introduction

The SX molecules, X) first- or second-row atom, constitute
a very attractive set of molecules for experimental and theoreti-
cal chemists because of the importance that they have in modern
chemistry.1-28 Among the various areas in which the SX are
important, combustion chemistry, the semiconductor industry,
and astrochemistry can be highlighted. For example, the SF
radical and SSi are important in the semiconductor industry,2,7

SO, SC, and S2 are key intermediates in combustion chem-
istry3,25-27 and atmospheric chemistry,4 and very recently, SB
has been used in new propellants.5 SN is also important in
combustion chemistry as well as in solid-state chemistry since
the (SN)x polymers have metallic conductivity properties.6 In
the past decades, several experimental and theoretical studies
have been performed to characterize the SX.2-28 However, the
difficulties in studying these species experimentally and the lack
of an adequate treatment of the dynamical correlation in the ab
initio calculations2,5,7,8,12,20,70-71 have made that characterization
incomplete. Regarding thermochemistry, only the∆fH°298 of
SO and SC have been determined properly. As proof of this,
there is the inclusion of only three SX (SO, SC, and S2) in the
G2 test set.42 For the remaining molecules, their thermochemical

properties are not well established. Thus, they cannot be used
to construct model chemistries such as G3 and the CBS-QB3
methodologies, and they also cannot be used to determine new
parametrizations at the DFT level of theory. Some examples
about the recent discrepancies between the theoretical and
experimental determinations of the enthalpies of formation of
the SX are SN, SF, and SB. For SF, the JANAF thermochemical
tables propose∆fH°298(SF) ) 2.9 ( 1.5 kcal/mol, whereas it
has been determined theoretically to be 0.72 kcal/mol by
Bauschlicher and Ricca11 and 1.7 kcal/mol by Irikura.12 The
situation is similar for SN, where the difference between the
coupled cluster estimation of Peebles and Marshall13 and the
JANAF recommendation is 3 kcal/mol. Quite recently, Chin et
al.5 reported a difference of 10 kcal/mol for SB between their
G3 estimation and the JANAF value. The problems in the
characterization of the SX molecules are not only limited to
thermochemistry but also to adiabatic electron affinities (EAad).
The EAad of SC, SN, SO, SF, SAl, and S2 have been reported.
However, there are some discrepancies in the estimated EAad.
For example, in the case of S2, Jones et al.27 determined
EAad(S2) ) 36.1( 1.2 kcal/mol, whereas Moran and Ellison25

determined EAad(S2) ) 38.5 ( 0.4 kcal/mol by employing
photoelectron spectroscopy. For this reason, we decided to
perform an extensive study of the SX molecules, X) first- or
second-row atom. The properties determined were enthalpies
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of formation, electron affinities, bond distances, and harmonic
vibrational frequencies. The selected methodology was coupled
cluster theory, more specifically, the CCSD(T) method with the
correlation consistent basis sets of Dunning and co-workers that
were employed to extrapolate to the complete basis set limit. A
correction for core-valence correlation and relativistic effects
has also been considered. At this level of theory, it is possible
to obtain highly accurate results that on several occasions have
proved to be more accurate than the experimental estima-
tions.11,51,61-64 This allowed us to compare the performance of
lower levels of theory such as G3, CBS-QB3, and the density
functionals B3LYP and B3PW91, which have been employed
to study the SX.

Theoretical Methods

Three coupled cluster formulations have been employed:
CCSD(T),29 CCSDT,30 and BD(T).31 The basis sets selected
were the aug-cc-pV(X+d)Z and cc-pwCVXZ correlation con-
sistent basis sets,32-35 X ) D, T, Q, 5. For neutral molecules,
we optimized geometries with all the basis sets and methods
considered, except the CCSD(T)/cc-pwCVQZ full and DKCCSD-
(T)/cc-pVQZ_DK calculations for which we used the CCSD-
(T)/cc-pwCVTZ full and DKCCSD(T)/cc-pVTZ_DK geom-
etries, respectively. For anions, we optimized with basis sets
up to aug-cc-pV(T+d)Z. However, for the aug-cc-pV(X+d)Z,
X ) Q, 5, calculations for anions were performed at the aug-
cc-pV(T+d)Z geometry. Core-valence (CV) correlation effects
were estimated as the difference between the full- and frozen-
core CCSD(T) results employing the cc-pwCVXZ basis sets,
X ) T, Q. The CV and CCSDT corrections to bond lengths
were determined by employing the cc-pwCVTZ basis set. The
frozen-core approximation was used for the coupled cluster
calculations. The extrapolations to the complete basis set limit
were performed with the two-parameter extrapolationE ) B
+ C/L3 suggested by Wilson et al.37 We performed a separated
extrapolation of the correlation binding energies from the HF
binding energies. The latter were determined with the aug-cc-

pV(5+d)Z basis set. The scalar relativistic (SR) effects were
estimated at the DKCCSD(T)/cc-pVQZ_DK level of theory,65-67

where the cc-pVQZ_DK basis set is a recontraction for
relativistic calculations33 of the cc-pVQZ basis set. The T1
diagnostic of Lee and Taylor50 was used to asses the quality of
the reference HF wave function.

The spin-orbit splitting for atoms was taken from Moore60

and for molecules from the compilation of Huber and Herzberg,28

except for that of SCl, SO-, SC- S2-, for which we used
Yamada,14 Lineberger,15-16 and Moran25 determinations, re-
spectively. Zero-point energies (ZPE) were taken from the
experiment, except for that of SCl. The ZPE of SCl was
estimated as one-half of the sum of the theoretical harmonic
and experimental fundamental values, following the advice of
Grev and Schaefer.36 Theoretical harmonics were determined
at the CCSD(T)/aug-cc-pV(T+d)Z level of theory.

For comparative purposes, we employed the B3LYP38,39and
B3PW9138,40functionals. For the DFT calculations, the 6-311+G-
(3df)41 and cc-pV6Z basis sets were employed. We also
determined the∆fH°298 and EAad of the SX molecules with the
aid of G342 and CBS-QB3 methodologies.43

The bulk of the coupled cluster calculations were performed
with ACESII44,45and Gaussian 03.46 The Brueckner, DFT, G3,
and CBS-QB3 calculations were carried out with Gaussian 03.
The CCSD(T) calculations for SP and SN presented some spin
contamination,S2 ) 1.08. We were able to lower spin
contamination toS2 ) 0.80 employing the same procedure that
we used for the XOO radicals X) F, Cl, Br.47,48 We first
performed a ROHF calculation, and with this density, we started
a UHF calculation; finally, we performed a UCCSD(T) calcula-
tion.

Results and Discussion

Bond Distances.In Tables 1 and 2, we report the coupled
cluster, DFT bond distances, and mean absolute errors (MAE)
with respect to the experimental bond lengths. We excluded
SP when we estimated the MAE for two reasons. First, the

TABLE 1: Calculated Bond Distances for the SX Molecules, X) First-Row Atom at the CCSD(T), CCSDT, BD(T), B3LYP,
and B3PW91 Levels of Theory (Results in Å)

SB SC SN SO SF ma-error

CCSD(T) aug-cc-pV(D+d)Z 1.6389 1.5620 1.5245 1.5197 1.6498 0.0359
aug-cc-pV(T+d)Z 1.6206 1.5460 1.5062 1.4924 1.6083 0.0116
aug-cc-pV(Q+d)Z 1.6157 1.5414 1.5000 1.4858 1.6014 0.0058
aug-cc-pV(5+d)Z 1.6142 1.5398 1.4976 1.4831 1.5983 0.0035
cc-pwCVTZ, fc 1.6170 1.5434 1.5035 1.4872 1.6005 0.0072
cc-pwCVTZ, full 1.6126 1.5397 1.5005 1.4844 1.5980 0.0040
∆core 0.0044 0.0037 0.0030 0.0028 0.0025

CCSDT cc-pwCVTZ, fc 1.6187 1.5434 1.5031 1.4872 1.6015
∆Tc 0.0017 0.0000 -0.0004 0.0000 0.0010
∞(T,D) 1.6129 1.5393 1.4985 1.4809 1.5908 0.0036
∞(Q,T) 1.6121 1.5380 1.4955 1.4810 1.5964 0.0016
∞(5,Q) 1.6126 1.5381 1.4951 1.4803 1.5951 0.0012
∞(5,Q)+ ∆core 1.6082 1.5344 1.4921 1.4775 1.5926 0.0020
∞(5,Q)+ ∆core
+ ∆T

1.6099 1.5344 1.4942 1.4775 1.5936 0.0015

∞(5,Q)+ ∆core
+ ∆T + ∆Rd

1.6095 1.5340 1.4940 1.4778 1.5943 0.0013

BD(T) cc-pwCVTZ, fc 1.6170 1.5424 1.5020 1.4867 1.5999 0.0065
BD(T) cc-pwCVQZ, fc 1.6144 1.5396 1.4969 1.4831 1.5983 0.0034
BD(T) ∞(wCQ,wCT) 1.6125 1.5376 1.4931 1.4803 1.5971 0.0013
B3LYP 6-311+G(3df) 1.6101 1.5320 1.4903 1.4883 1.6145 0.0066
B3PW91 6-311+G(3df) 1.6084 1.5310 1.4872 1.4826 1.6055 0.0045
B3PW91 cc-pV6Z 1.6070 1.5296 1.4847 1.4800 1.5987 0.0040
expt 1.6092a 1.5349a 1.4940a 1.48109a 1.5962b

a From ref 28.b From ref 22.c Estimated as the difference between the CCSD(T)/cc-pwCVTZ and CCSDT/cc-pwCVTZ calculations.d Estimated
as the difference between the DKCCSD(T)/cc-pVTZ_DK and CCSD(T)/cc-pVTZ calculations.
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experimental determinations17,18,28differ too much to allow us
to estimate the MAE. For example, the difference between the
Herzberg28 and Kawaguchi18 results is 0.003 Å, more than the
MAE that can be obtained with CCSD(T), as we will show later.
The second reason to exclude SP is that it presents some
methodological problems that we will explain in detail later. It
is important to note that the bond length of SCl was not
determined from direct observation because Yamada et al.14

were unable to identify spectral lines from the2Π1/2 state;
therefore, they could not determine the internuclear distance.
They estimated it approximately with the aid of the relation of
Dixon and Kroto.54 By assuming that the spin densities in SCl
are very similar to that of SF, they obtained the spin-orbit
coupling constant of SCl,Ao ) -402 cm-1; therefore, they
predicted the internuclear distance as 1.97465 Å. The assumption
of similar spin densities in SCl and SF is supported by our
CCSD(T) calculations.

The MAE determined with each aug-cc-pV(X+d)Z basis set
follows an exponential decay, showing that it is very difficult
to reduce the MAE to less than 0.003 Å by systematically
increasing the size of the basis set. Indeed, the differences
between the MAE determined for the aug-cc-pV(Q+d)Z and
that of the aug-cc-pV(5+d)Z basis sets are only 0.0023 and
0.0020 Å for the first- and second-row SX, respectively. This
is a little disappointing if we consider that the former basis set
has 169 basis functions and the aug-cc-pV(5+d)Z has 263. The
extrapolation to the CBS limit tremendously improves the results
for the smaller basis sets. For example, if we use the double-
and triple-ú basis set,∞(T,D), to extrapolate to the CBS limit,
then the MAE obtained is almost the same as that determined
with the aug-cc-pV(5+d)Z basis set. The∞(Q,T) and∞(5,Q)
extrapolations gave very similar MAE for the first-row SX.
However, for the second-row SX, the MAE is smaller with the
aug-cc-pV(Q+d)Z basis set.

The CV effects on the estimated bond distances are surpris-
ingly important.68 They were evaluated at the CCSD(T)/
cc-pwCVTZ level of theory. According to the results of Peterson
and Dunning,35 this basis set recovers at least 70% percent of
the total effect for first-/second-row compounds (SiO 70%, PN
72%, BCl 79%). It is important to comment on the quality of
the results obtained with the CCSD(T) frozen-core cc-pwCVTZ
calculations. Despite having nearly the same number of basis
functions as the aug-cc-pV(T+d)Z basis set, the MAE obtained
with the cc-pwCVTZ basis set is 40% lower than with the
former basis set, showing that the cc-pwCVXZ family of basis
sets can be an excellent choice over the aug-cc-pV(X+d)Z. On
average, the inclusion of CV effects reduces the bond lengths
by 0.003 and 0.005 Å for the first- and second-row SX,
respectively. If we consider the CV effects on the∞(5,Q) bond
distances, the MAE becomes 0.0019 and 0.0029 Å for the first-
and second-row SX, respectively. In all cases (except SP), the
∞(5,Q) + ∆core bond distances are smaller than the experi-
mental results, an indication that CCSD(T) systematically
underestimates bond distances as noted previously by Dixon
and Feller.51 Performing some expensive FCI or estimated FCI
calculations, they were able to appreciate the underestimation
of bond lengths at the CCSD(T) level of theory. For the SX
compounds, an FCI calculation with a TZ basis set is very
expensive. However, we performed CCSDT/cc-pwCVTZ op-
timizations to explore the differences between CCSD(T) and
CCSDT. For the molecules with singlet (SC, SSi) and triplet
(SO, S2) ground states, there is almost no difference between
the bond distances predicted by both coupled cluster formula-
tions. However, there is an important elongation of the bond
lengths for the doublet states of SB, SF, SAl, and SCl. Finally,
for two molecules, SN and SP, CCSDT reduces the bond
distances obtained with CCSD(T). This is related to the
instability of the HF wave function of SN and SP, as we will

TABLE 2: Calculated Bond Distances for the SX Molecules, X) Second-Row Atom at the CCSD(T), CCSDT, BD(T), B3LYP,
and B3PW91 Levels of Theory (Results in Å)

SAl SSi SP SS SCl ma-error

CCSD(T) aug-cc-pV(D+d)Z 2.0821 1.9643 1.9375a 1.9250 2.0249 0.0435
aug-cc-pV(T+d)Z 2.0501 1.9475 1.9181a 1.9060 1.9955 0.0192
aug-cc-pV(Q+d)Z 2.0394 1.9394 1.9126a 1.8970 1.9837 0.0093
aug-cc-pV(5+d)Z 2.0365 1.9368 1.9117a 1.8940 1.9803 0.0063
cc-pwCVTZ, fc 2.0447 1.9432 1.9164a 1.9028 1.9925 0.0153
cc-pwCVTZ, fc 1.9007b

cc-pwCVTZ, full 2.0391 1.9380 1.9144a 1.8987 1.9884 0.0105
∆core 0.0056 0.0052 0.0024 0.0041 0.0039

CCSDT cc-pwCVTZ, fc 2.0470 1.9433 1.9127 1.9031 1.9944
∆Tf 0.0023 0.0001 -0.0037 0.0003 0.0019
∞(T,D) 2.0366 1.9404 1.9099a 1.8928 1.9831 0.0077
∞(Q,T) 2.0316 1.9335 1.9086a 1.8904 1.9751 0.0021
∞(5,Q) 2.0335 1.9341 1.9108a 1.8909 1.9767 0.0033
∞(5,Q)+ ∆core 2.0256 1.9280 1.9083a 1.8857 1.9712 0.0029
∞(5,Q)+ ∆core
+ ∆T

2.0279 1.9290 1.9047a 1.8871 1.9747 0.0009

∞(5,Q)+ ∆core
+ ∆T + ∆Rg

2.0276 1.9286 1.9045a 1.8873 1.9753 0.0012

BD(T) cc-pwCVTZ, fc 2.0449 1.9420 1.9108 1.9023 1.9922 0.0148
cc-pwCVQZ, fc 2.0370 1.9363 1.8949 1.9816 0.0069
∞(wCQ,wCT) 2.0312 1.9321 1.8895 1.9739 0.0015

B3LYP 6-311+G(3df) 2.0451 1.9384 1.9018 1.9026 1.9939 0.0145
B3PW91 6-311+G(3df) 2.0342 1.9332 1.8946 1.8913 1.9761 0.0032
B3PW91 cc-pV6Z 2.0307 1.9308 1.8929 1.8894 1.9747 0.0009
expt 2.029g 1.9293g 1.9009c 1.8892c 1.97465f

expt\ 1.899d

expt\ \ 1.897404e

a Low-spin contamination (S2 ) 0.81). b High-spin contamination (S2 ) 1.11). c From ref 28.d From ref 17.e From ref 18.f Estimated as the
difference between the CCSD(T)/cc-pwCVTZ and CCSDT/cc-pwCVTZ calculations.g Estimated as the difference between the DKCCSD(T)/
cc-pVTZ_DK and CCSD(T)/cc-pVTZ calculations.

11094 J. Phys. Chem. A, Vol. 108, No. 50, 2004 Denis



discuss later. If we correct∞(5,Q) + ∆core bond distances for
complete triple excitations and SR effects, the MAE is reduced
to 0.0013 and 0.0012 Å for first- and second-row SX,
respectively. The maximum absolute deviation (MAD) is
obtained for SO. TherS-O is underestimated by 0.0033 Å,
probably because of problems in the extrapolation scheme
employed and convergence problems of the properties of SO.32

The use of BD(T) has minor advantages for all the molecules
considered, except SP and SN; again, this is related to the
instability of the wave function as we will discuss later.
Employing the cc-pwCVTZ basis set, BD(T) improves the MAE
over CCSD(T) only by 0.0007 and 0.0005 Å in the first- and
second-row SX, respectively.

The DFT functionals considered gave excellent results. For
the first-row SX, B3PW91 performs a little better than B3LYP.
However, for the second-row SX, the differences are quite
appreciable, and the MAE obtained with B3PW91 is 5 times
lower than that obtained with B3LYP. One important question
is what is the CBS limit in these sulfur compounds for the
functionals considered. We have addressed this topic in previous
articles52,53where we studied the molecules SO, SO2, SO3, and
HSO2 with the correlation consistent basis sets up to cc-pV6Z.
We concluded that the 6-311+G(3df) basis set gave results that
are better than those obtained with the cc-pVQZ basis set, but
slightly worse than the cc-pV5Z results. Therefore, we optimized
the geometries of the SX compounds with the cc-pV6Z basis
set. For the first-row SX, the MAE changes only 0.0005 Å.
However, the variation in bond distances with respect to the
results obtained by employing the 6-311+G(3df) basis set are
quite appreciable, especially for SF, 0.006 Å. The optimizations
performed with the cc-pV6Z basis set for the second-row SX
lower the MAE of B3PW91 to 0.0009 Å, but even with this
basis set the B3PW91 results are not converged (to 0.0001 Å),

showing that the basis set dependence is very strong, not only
for the ab initio methodologies, but also for the density
functionals considered.

Vibrational Frequencies.The harmonic vibrational frequen-
cies of first-row and second-row SX are presented in Tables 3
and 4, respectively. We found experimental harmonics for all
the molecules considered except SCl. Only the fundamentalν
was determined by Yamada14 et al., ν ) 574.6 cm-1, and by
Willner19 et al.,ν ) 574.2 cm-1. We cannot compare ourωe

results with the fundamental experimental results, but from a
qualitative stand point, we conclude that the agreement is
reasonable. To estimate the MAE, we have excluded SP, as we
did in the discussion of the bond distances.

The aug-cc-pV(D+d)Z basis set considered gives a reasonable
approach to the experimental results. The MAE with this basis
set is 49.1 and 33 cm-1 for first- and second-row SX,
respectively; the MAE is improved 1 order of magnitude with
the use of the aug-cc-pV(T+d)Z basis set. The performance of
the cc-pwCVTZ basis set is superb, with an MAE of 5.1 cm-1.
Again, the cc-pwCVTZ basis set seems to be a smart choice
when second-row atoms are involved. The extrapolation to the
CBS limit worsens the agreement with the experiment for first-
row SX. Indeed, the CCSD(T)/∞(6,5) stretch obtained for SO
by Dunning et al.32 is 1163.89 cm-1, 10 cm-1 smaller than our
CBS limit but 13 cm-1 larger than the experimental results.
When we performed an extrapolation to the CBS limit with the
frequencies obtained for second-row SX employing the double-
and triple-ú basis set, the MAE is reduced to 5.1 cm-1. This
result is fortuitous because our extrapolation underestimates
the correct CBS limit. For example, in the case of S2, the
CCSD(T)/CBS limit determined by Peterson and Dunning35 is
733.9 cm-1 , 10.6 cm-1 larger than our best estimation. This
error explains the smaller MAE observed for SX2. The SR

TABLE 3: Calculated Harmonic Vibrational Frequencies for the SX Molecules, X ) First-Row Atom with Different
Methodologies (Results in cm-1)

SB SC SN SO SF ma-error

CCSD(T) aug-cc-pV(D+d)Z 1157.9 1259.7 1179.9 1082.5 804.6 49.1
aug-cc-pV(T+d)Z 1172.6 1270.4 1217.4 1146.7 829.0 6.9
∞(T,D) 1178.8 1275.0 1233.2 1173.7 839.3 10.4
cc-pwCVTZ 1179.2 1274.4 1224.1 1154.6 840.7 5.1
cc-pwCVTZ,full 1187.7 1282.1 1236.7 1166.6 851.4 11.9
∆core 8.5 7.7 12.6 12.0 10.7

BD(T) cc-pwCVTZ 1178.2 1280.0 1216.8 1156.6 843.1 4.4
B3LYP 6-311+G(3df) 1183.6 1311.0 1260.4 1156.4 814 20.4
B3PW91 6-311+G(3df) 1198.9 1321.0 1277.8 1180.5 835 29.5
expt 1180.2a 1285.08a 1218.7a 1149.2a 837.6b

a From ref 28.b From ref 22.

TABLE 4: Calculated Harmonic Vibrational Frequencies for the SX Molecules, X ) Second-Row Atom with Different
Methodologies (Results in cm-1)

SAl SSi SP SS SCl ma-error

CCSD(T) aug-cc-pV(D+d)Z 570.6 722.6 783.2 697.6 537.0 33.9
aug-cc-pV(T+d)Z 609.2 738.2 852.2 715.7 566.3 9.8
∞(T,D) 625.5 744.8 723.3 578.6 5.2
cc-pwCVTZ-fc 614.3 741.7 784.9a 718.2 571.5 6.1
cc-pwCVTZ-fc 753.9b

cc-pwCVTZ-fu 613.3 744.6 721.1 572.1 4.5
∆core 2.9 2.9

BD(T) cc-pwCVTZ-fc 608.9 745.2 719.8 571.0 6.2
BD(T) aug-cc-pVTZ 730.9
B3LYP 6-311+G(3df) 596.7 745.5 747.2 718.0 561.6 10.8
B3PW91 6-311+G(3df) 616.2 757.0 763.9 737.8 585.0 6.8
expt 617.1c 749.64c 739.1d 725.7c

expt\ 739.5e

expt\ \ 733.6f

a Low-spin contamination (S2 ) 0.81). b High-spin contamination (S2 ) 1.11). c From ref 10.d From ref 28.e From ref 17.f From ref 18.
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effects have very little effect on the estimated vibrational
frequencies as demonstrated by Visscher et al. in the study of
dihalogen56 and halogen hydrides.49 The inclusion of CV effects
increases the harmonics, deviating more the theoretical results
from the experimental estimations. It is quite interesting that
the CV effects on the harmonics of the second-row SX are
significantly lower than those determined for first-row SX. As
expected, the behavior of BD(T) in the prediction of vibrational
frequencies is similar to that observed for bond distances,
showing almost no improvement over CCSD(T).

The performance of the functionals considered is quite
different for the first- and second-row SX. For second-row SX,
the MAE is smaller than that obtained for first-row SX. Indeed,
the MAE is reduced by 50% for B3LYP and by 80% for
B3PW91 when we move to the second row. We do not expect
serious improvement of the vibrational frequencies if larger basis
set are used in the DFT calculations. In previous articles,52,53

we estimated the S-O stretch in SO by employing the cc-pV5Z
basis set as 1158 and 1182 cm-1 with the B3LYP and B3PW91
functionals, respectively, only 2 cm-1 higher than the results
with the 6-311+G(3df) basis set, showing that the basis set
dependence for vibrational frequencies is not as strong as those
observed for bond distances. This is also true with the ab initio
methodologies.

Wave Function Stabilities, SN and SP Instabilities.We
performed an analysis of the stability of the HF wave function
with the cc-pVTZ basis set. All wave functions are stable, except
those of SN and SP. The problem arises in the spin contamina-
tion. The unstable wave functions present lower spin contamina-
tion, S2 ) 0.80, whereas the stable wave functions have large
spin contamination,S2 ) 1.2. For both molecules, we performed
UCCSD(T)/cc-pVTZ calculations over the stable HF wave
function. In both cases, the UCCSD(T) energy with a contami-
nated HF reference is higher than the UCCSD(T) energy of an
HF reference with low-spin contamination, 1 and 0.6 kcal/mol
for SN and SP, respectively. The spin densities obtained with
both wave functions are widely different. For the unstable HF
wave function, the spin densities are 0.45 on S and 0.55 on N
or P, whereas in a contaminated wave function, they are 0.5 on
S and 1.5 on N or P. Thus, the contaminated wave function
allocates 1.5 unpaired electrons over N or P in contrast to the
experimental evidence. For this reason, we believe that despite
employing an unstable HF wave function, we can obtain a
reasonable description of the properties of the SN and SP
radicals studied at the CCSD(T) level of theory. Indeed, our
best estimation of the S-N distance employing the unstable
HF reference is identical to the experimental result, whereas
the contaminated wave function underestimates the S-N
distance by 0.0063 Å. We have faced a similar problem for
FOO recently.47-48 In this case, we obtained wave functions
with S2 ) 0.76 and 1.40. The contaminated wave function did
not describe properly the F-O distance, (rF-O ) 1.56 Å), F-O
stretch (684 cm-1), and ∆fH°298(FOO) ) 10.5 kcal/mol. The
use of the wave function with low-spin contamination allowed
us to obtain results closer to the experimental determinations.
The F-O distance was improved to 1.63 Å, the F-O stretch
was reduced to 614 cm-1, and∆fH°298(FOO) ) 7.5 kcal/mol.
To gain further insight in to this problem, we performed
CCSDT/cc-pwCVTZ and BD(T) optimizations for SN and SP
by employing the unstable HF reference. The inclusion of
complete triple excitations reduces the CCSD(T) bond distances,
improving the agreement with experiment. This is in contrast
to the results obtained for the remaining SX, for which CCSDT
also improved the CCSD(T) results but increased the equilibrium

bond lengths. The contraction is very small for SN, 0.0004 Å.
However, for SP it is more noticeable, 0.0037 Å, showing that
CCSDT performs much better than CCSD(T) in the prediction
of structural parameters of molecules with stability problems
in the HF reference. Overall, the closest agreement with
experiment is obtained employing BD(T), especially for the S-P
stretch. The S-P bond distance predicted by BD(T) is shorter
than that determined with CCSD(T), and even than that
estimated with the CCSDT method. The contraction of the bond
distances at the BD(T)/cc-pwCVTZ level are 0.0015 and 0.0056
Å for SN and SP, respectively, both with respect to the results
obtained from the unstable HF reference. The spin densities
determined using BD(T) are very reasonable, 0.27 and 0.73 for
S and P, respectively.

In contrast to the results observed for the ab initio methodolo-
gies, we found that the wave functions of SN and SP are stable
if we employ the B3PW91 and B3LYP functionals. For both
molecules, the errors in the estimated bond lengths are in line
with those observed for the remaining molecules. However,
B3PW91 presents a particularly huge error in the S-P stretch.
The spin densities determined at the DFT level are almost
identical to those obtained with BD(T). Thus, in the present
work, the description obtained for SN and SP with the
functionals considered is very reasonable.

Thermochemistry. In Table 5 we present our best estimations
of the ∆fH°298 for the 10 molecules studied with the inclusion
of CV and SR effects and spin-orbit splitting. We also included
in Table 5 the values determined by employing the G3, CBS-
QB3, B3LYP/6-311+G(3df), and B3PW91/6-311+G(3df) meth-
ods and the atomization reaction. We can divide the 10
molecules considered into two groups. On one hand, we have
the molecules for which their∆fH°298 is known accurately, SC
and SO. Thus, they can be used to test the methodology
employed in the present article. On the other hand, we have
the remaining eight molecules whose∆fH°298 are not known
accurately.

Test Cases SC and SO.The estimated∆fH°298 for SO and
SC are in excellent agreement with experiment; our best
estimations are 0.35 and 0.44 kcal/mol larger than the experi-
mental results, respectively. Since we have considered SR and
CV effects, spin-orbit splitting, and large basis sets up to aug-
cc-pV(5+d)Z, the remaining error can be attributed to high-
order correlation effects. In a recent article, we investigated the
CCSD(T)-CCSDT difference in the estimated∆fH°298 of sulfur
compounds.58 For all the SX considered in the present article,
CCSDT was predicted to have a larger∆fH°298 than CCSD(T).
As explained by Jorgensen et al.,59 this is because of an error
cancellation between the missing triple and quadruple excita-
tions. However, it is important to notice that some situations
have been found for which this empirical rule is not valid. Some
examples47,48are the XOO and XO radicals, X) F, Cl, Br, the
triplet ground state of BN, and also CN as explained by Feller
and Sordo.69 In these cases, the enthalpies of formation
determined by employing CCSDT were lower than those
estimated with CCSD(T). Since the rule of Jorgensen et al.59 is
effective for SX, it is necessary to include quadruple excitations
to obtain better estimations for∆fH°298(SX). Indeed, in a recent
article, Boese et al.55 determined the T4 effects, i.e., CCSDT-
CCSDTQ, on the total atomization energies of SC and SO as
1.0 and 0.82 kcal/mol. With the aid of the T3 effects, that is,
CCSD(T)-CCSDT calculated by us58 at 0.60 and 0.39 kcal/
mol for SC and SO, respectively, we determine the CCSDTQ
contribution to the estimated∆fH°298 as 0.40 and 0.43 kcal/
mol, respectively. Employing these corrections, the errors in
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the estimated∆fH°298 of SC and SO are reduced to 0.1 kcal/
mol. Therefore, we confirm that the main source of error in
our estimations is because of quadruple excitations. With this
evidence we will assume an uncertainty of(0.5 kcal/mol in
our proposed values.

First-Row SX.For SB, we propose∆fH°298(SB) ) 67.6 (
0.5 kcal/mol. Our result differs 11 kcal/mol from the JANAF
recommended10 value, 58.1 kcal/mol, but is in reasonable
agreement with the G3 and CBS-QB3 results. There is an
important difference in the estimated∆fH°298(SB) with B3LYP
and B3PW91. The latter functional differs from our results 3.3
kcal/mol . The estimated value for SN is∆fH°298(SN) ) 66.70
( 0.5 kcal/mol, which is 3.65 kcal/mol larger than the JANAF
value, but it is in excellent agreement with the RCCSD(T) result
of Peebles and Marshall,13 66.40 ( 0.5 kcal/mol. The small
difference between our UCCSD(T) estimation and that of
Peebles and Marshall13 is attributable to the use of a different
HF reference. At the UCCSD(T)/aug-cc-pV(5+d)Z level of
theory, the total atomization energy of SN is 110.7 kcal/mol,
whereas, by employing the same basis set and the ROCCSD-
(T) method of ref 13, we find it is 112.2 kcal/mol, 0.5 kcal/mol
larger than our estimation. We also note that our estimation is
1.5 kcal/mol lower than the prediction of Benson,21 68( 5 kcal/
mol, obtained with the group additivity method. With the default
procedure, we were not able to obtain the∆fH°298(SN) with
G3; however, it would be possible to obtain this result after
some manipulation of the wave function. Finally, we propose
∆fH°298(SF) ) 0.83 ( 0.5 kcal/mol. This value is nearly the
same as suggested by Bauschlicher and Ricca,11 0.71 kcal/mol,
but it is 0.9 kcal/mol lower than the estimation of Irikura,12 1.7
kcal/mol. At this point, there is no doubt that the JANAF
recommendation10 of 2.9 ( 1.5 kcal/mol is too high.

Second-Row SX.The ∆fH°298 of the entire second-row SX
are not known accurately. Thus, our estimations will be the most
accurate to date.

SAl. For SAl we found only one theoretical determination
by Boldyrev et al.70 Their estimation of the dissociation energy
of SAl was 3.5 kcal/mol larger than the experimental result.
However, in the present work we found a larger discrepancy

between experiment and theory. We propose∆fH°298(SAl) )
47.4 ( 0.5 kcal/mol, which is 10 kcal/mol lower than the
JANAF10 result, 57.0 kcal/mol. Our estimation is supported by
G3 and CBS-QB3 calculations.

SSi.There are two previous determinations of the binding
energy of SSi, both performed by employing MRCI methodolo-
gies by Dunning and Woon20 and Das et al.7 In both cases, the
binding energy of SSi is underestimated by 5-7 kcal/mol. Since
Dunning et al.20 extrapolated to the CBS limit, we can attribute
this discrepancy to an incomplete description of the dynamic
correlation by the MRCI methodology employed. Our proposed
value is ∆fH°298(SSi) ) 27.90 ( 0.5 kcal/mol, which is 2.6
kcal/mol larger than the JANAF10 estimation of 25.325 kcal/
mol. Both model chemistries, G3 and CBS-QB3, also indicated
that the experimental∆fH°298(SSi) is underestimated. The G3
and CBS-QB3 determinations are 0.5 and 1.7 kcal/mol lower
than our best result. As observed for its first-row counterpart
SC, both density functionals considered have some problems
in estimation of the∆fH°298(SSi). The errors are around 4 kcal/
mol, very similar to that observed for SC.

SP.Although SP presented some problems in the prediction
of the S-P equilibrium bond distance and the SP stretch, there
is no difference between∆fH°298 determined by employing
BD(T) or CCSD(T). We propose∆fH°298(SP) ) 38.1 ( 0.5
kcal/mol, which is 5 kcal/mol larger than the JANAF10 value,
33.216 kcal/mol. Dunning and Woon20 predicted the binding
energy SP by employing MRCI and correlation consistent basis
sets, but again, their result is 3 kcal/mol higher than our
estimation. Some problems in the convergence of the SCF made
estimations of G3 and CBS-QB3 impossible. However, there
are G2 results available from the work of Boldyrev et al.70 that
support the idea of a larger enthalpy of formation than that
recommended by the JANAF tables. Their G2 estimation of
the dissociation energy of SP is 5.8 kcal/mol lower than the
experimental result, nearly the same difference found in the
present work at a higher level of theory.

S2. We obtained∆fH°298(S2) ) 29.39( 0.5 kcal/mol, which
is 1.1 kcal/mol lower than the experimental estimation of 30.736
kcal/mol. Our findings are in line with the W2 results of Partiban

TABLE 5: Calculated Enthalpies of Formation for the SX Molecules (Results in kcal/mol).

SB SC SN SO SF

CCSD(T)/CBS 68.03 67.67 67.00 1.16 0.48
core correlation -1.27 -1.11 -0.87 -0.63 -0.45
spin-orbit 0.59 0.64 0.32 0.78 0.57
scalar Relativistic 0.26 0.15 0.25 0.33 0.23
proposed value 67.61( 0.5 67.35( 0.5 66.70( 0.5 1.64( 0.5 0.83( 0.5
T1 diagnostic 0.033 0.025 0.036 0.019 0.018
G3 67.60 65.90 1.70 2.20
CBS-QB3 67.81 66.58 65.05 0.41 2.12
B3LYP 6-311+G(3df) 68.44 72.0 65.0 0.1 0.6
B3PW91 6-311+G(3df) 64.24 70.5 66.6 -0.8 0.8
expta 58.0( 4 67.0( 0.2 63.0( 25 1.2( 0.3 3.1( 1.5
Bensonb 67.6( 6 68( 5 1.2 3( 2

SAl SSi SP S2 SCl
CCSD(T)/CBS 46.38 27.40 38.20 28.72 26.75
core correlation -0.20 -0.78 -0.82 -0.75 -0.41
spin-orbit 0.77 0.99 0.46 1.12 0.57
scalar Relativistic 0.41 0.29 0.30 0.30 0.22
proposed value 47.36( 0.5 27.9( 0.5 38.14( 0.5 29.39( 0.5 27.13( 0.5
T1 diagnostic 0.027 0.023 0.033 0.017 0.019
G3 46.92 27.44 31.60 29.29
CBS-QB3 44.91 26.22 29.29 27.29
B3LYP 6-311+G(3df) 49.9 32.5 37.4 29.6 28.2
B3PW91 6-311+G(3df) 47.4 31.8 37.7 26.7 25.5
expta 57.0 25.3( 3 33.1( 25 30.7( 0.1 37.4( 4
Bensonb 30.7 36.5( 2

a From ref 10.b From ref 21.
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and Martin.57 Their estimated enthalpy of formation for S2 is
0.9 kcal/mol lower than that of the experiment. We note that
for S2, the difference between the use of RCCSD(T) instead of
UCCSD(T) to estimate the∆fH°298(S2) is 0.3 kcal/mol with the
aug-cc-pV(5+d)Z basis set. This result was obtained by
comparing our estimations and those of Dunning et al.32 There
are some differences between the G3 and CBS-QB3 estimations.
G3 is 1 kcal/mol higher than the experimental result, whereas
CBS-QB3 is 1.5 kcal/mol lower. The latter supports our
estimation. The functionals considered presented some differ-
ences between them. The B3LYP estimation is very close to
our recommended value, but it is 1 kcal/mol lower if a B3LYP/
cc-pV6Z calculation is performed.52,53

SCl. For the last molecule in the group of second-row SX,
we propose∆fH°298(SCl) ) 27.1 ( 0.5 kcal/mol, again very
far from the JANAF10 value of 37.397 kcal/mol. As previously
noted for S2, G3 presented some problems in the predicted
∆fH°298(SCl). The difference between G3 and the∆fH°298

recommended by us is 2 kcal/mol. The performance of CBS-
QB3 is very good, again supporting our estimations. Among
the DFT functionals considered, the B3LYP estimation is better
than the result obtained with B3PW91 by about 3 kcal/mol.

The MAE of the G3 and CBS-QB3∆fH°298 with respect to
our proposed values is 1.0 kcal/mol for both methodologies,
although there are deviations larger than 1 kcal/mol. For G3
the most problematic molecules are SF (1.4 kcal/mol), SCl (2.1
kcal/mol), and SC (1.45 kcal/mol), whereas for CBS-QB3 the
major problem is SAl. The performance of the B3LYP and
B3PW91 functionals is very good, especially if we consider
that we are employing atomization reactions and not isodesmic
reactions.52-53 The MAE of both functionals with respect to
our proposed values is 1.8 kcal/mol for both methodologies in
the first row, and in the second row it is respectively 1.4 and
2.2 kcal/mol for B3LYP and B3PW91. For six molecules, SC,
SN, SF, SAl, SSi, and SP, B3PW91 is closer to our recom-
mended∆fH°298 than B3LYP.

Electron Affinities. In Table 6 we report the estimated EAad

with CCSD(T), CCSD, G3, CBS-QB3, and the density func-
tionals considered. The convergence of the SX EAad with the
basis set and correlation treatment is faster than that observed
for distances, vibrational frequencies, and∆fH°298. We found
that the perturbative triple excitations have a minor effect on
the estimated EAad, changing them no more than 1.7 kcal/mol
in the worst cases. For some molecules, the estimated EAad are
nearly converged with the basis set employed. The largest

differences between the estimated EAad with the aug-cc-pV-
(Q+d)Z and aug-cc-pV(5+d)Z basis sets are observed for SP
and SCl, 0.5 and 0.4 kcal/mol, respectively. As expected, the
agreement between extrapolations performed with different basis
sets is very good.

For a precise evaluation of EAad, it is important to consider
molecular spin-orbit splitting. However, we will work under
the assumption that the SR and CV effects are nearly the same
for neutrals and anions. Four anions have molecular spin-orbit
splitting, SC-, SSi-, SO-, and S2-. The spin-orbit coupling
constantAo has been determined experimentally for SC- and
SO- by Lineberger15,16and for S2

- by Moran and Elliot.25 For
SSi-, we did not find experimental determinations of the
splitting between theΠ states. However, because of the similar
Ao found for the pairs SN, SP and SF, SCl, we are going to
consider the splitting in SSi- to be the same as that in SC-.
For neutrals, theAo is the same as that used to estimate the
∆fH°298. The estimated EAad for SN, SO, SF, and S2 are in
excellent agreement with experiment; the deviations are 0.2,
0.1, 0.01, and 0.7 kcal/mol, respectively. However, SC and SAl
exhibit large discrepancies, 2.4 and 2.6 kcal/mol, respectively.
On the basis of the accuracy achieved for SN, SO, SF, and S2,
we believe that a reexamination of the experimental EAad of
SC and SAl is necessary. Our best estimations are EAad(SC))
2.3 kcal/mol and EAad(SAl) ) 62.5 kcal/moly. We did not find
experimental EAad for SB, SSi, SP, and SCl. For these
molecules, we propose 53.7, 12.4, 36.5, and 59.0 kcal/mol as
EAad values, respectively.

The CBS-QB3 and G3 results are very close to the EAad

proposed by us; the MAE is 0.9 kcal/mol for both methodolo-
gies. The most problematic EAad for G3 is that of SO, which is
1.4 kcal/mol larger than the experimental result. SSi, SCl, and
SO represent a problem for CBS-QB3; the EAad of SSi is
underestimated by 1.6 kcal/mol and that of SCl is overestimated
by 1.4, both with respect to the values proposed by us. At the
B3LYP/6-311+G(3df) and B3PW91/6-311+G(3df) levels of
theory, the MAE is 1.9 and 2.7 kcal/mol, respectively, but this
result is somewhat tricky because a large percentage of the error
is only provided by two molecules, SC and SN. For both
functionals predicted, the EAad of SC and SN are 5 kcal/mol
larger than the values proposed by us. If we exclude SC and
SN from the set, the MAE is reduced by more than 50%.

TABLE 6: Calculated Adiabatic Electron Affinities with Different Methodologies for the SX (Results in kcal/mol)

SB SC SN SO SF SAl SSi SP S2 SCl MAEh

CCSD(T) aug-cc-pV(D+d)Z 51.2 -2.1 25.2 21.9 50.8 60.4 8.5 33.0 33.7 56.5
CCSD(T) aug-cc-pV(T+d)Z 52.7 0.6 27.0 23.7 51.4 61.4 11.3 35.4 36.6 57.4
CCSD(T) aug-cc-pV(Q+d)Z 53.3 1.5 27.8 25.0 52.7 62.1 11.8 35.9 38.0 58.8
CCSD(T) aug-cc-pV(5+d)Z 53.5 1.7 27.9 25.3 53.0 62.3 11.9 36.4 38.3 59.2
CCSD aug-cc-pV(5+d)Z 52.3 2.3 29.6 24.5 52.0 61.8 11.6 36.9 37.3 57.5
∆(T) 1.2 -0.6 -1.7 1.0 1.0 0.5 0.3 -0.5 1.0 1.7
CCSD(T) ∞(T,D) 53.3 1.7 27.8 24.5 51.7 61.8 12.5 36.4 37.8 57.8
CCSD(T) ∞(Q,T) 53.7 2.2 28.4 25.9 53.7 62.6 12.2 36.3 39.0 59.8
CCSD(T) ∞(5,Q) 53.7 1.9 28.0 25.5 53.3 62.5 12.0 36.9 38.6 59.6
CCSD(T) ∞(5,Q)+S.O. 53.7 2.3 27.7 25.9 52.7 62.5 12.4 36.5 39.2 59.0
B3LYP 6-311+G(3df,2p) 53.5 7.2 33.0 26.8 53.3 60.7 13.8 38.1 38.3 58.1 1.8
B3PW91 6-311+G(3df,2p) 51.0 6.9 33.0 24.9 51.4 59.7 15.0 38.0 37.1 56.5 2.8
G3 54.7 0.9 27.2 53.5 63.4 11.8 38.5 59.5 0.9
CBS-QB3 54.2 1.3 26.7 27.1 53.6 61.8 10.8 39.0 60.4 0.9

expt 4.7( 0.5a 27.5( 0.3a 25.8( 0.1b 52.7( 0.1c 59.9( 0.7d 38.5( 0.4e

38.2( 0.9f

36.2( 1.2g

a From ref 16.b From ref 15.c From ref 23.d From ref 24.e From ref 25.f From ref 26.g From ref 27.h MAE estimated with respect to
CCSD(T)+SO results.
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Conclusions

We have determined the geometries, harmonic vibrational
frequencies,∆fH°298, and EAad for SX molecules where X)
first- or second-row atom. The MAE of equilibrium bond lengths
found with respect to the experiment was 0.0013 and 0.0012 Å
for first- and second-row SX, respectively. This result involves
extrapolation to the CBS limit, a correction for CV and SR
effects and also for complete triple excitations. The MAE
deviations determined for the bond distances and vibrational
frequencies support the idea that the cc-pwCVXZ basis sets
would be preferred over the aug-cc-pV(X+d)Z basis sets to
study molecules composed by second-row atoms.

Two molecules presented an unstable HF wave function, SN
and SP. In both cases, the use of the CCSDT method
outperformed CCSD(T) and improved agreement with the
experiment for bond distances. Overall, the best results for these
two molecules were obtained with BD(T).

For SO and SC, the estimated∆fH°298 are 0.5 kcal/mol within
the experiment. However, for the remaining molecules, a
revision of their∆fH°298 is required. Deviations as large as 10
kcal/mol have been found between our recommended∆fH°298

and the experimental ones. The proposed∆fH°298 ((0.5 kcal/
mol) are the following: ∆fH°298(SB) ) 67.6, ∆fH°298(SN) )
66.7,∆fH°298(SF)) 0.8,∆fH°298(SAl) ) 47.4,∆fH°298(SSi))
27.9,∆fH°298(SP)) 38.1,∆fH°298(S2) ) 29.4, and∆fH°298(SCl)
) 27.1 kcal/mol. The MAE of the G3 and CBS-QB3∆fH°298

with respect to our proposed values is 1.0 kcal/mol for both
methodologies. Differences larger than 1.5 kcal/mol for G3 have
been found for SC, SCl, and S2, whereas for CBS-QB3 the major
problem is SAl, for which the estimated∆fH°298 is 2.5 kcal/
mol lower than our proposed value. The MAE of the B3LYP
and B3PW91 functionals is 1.8 kcal/mol in the first row, and,
in the second row, 1.4 and 2.2 kcal/mol for B3LYP and
B3PW91, respectively.

Finally, the spin-orbit corrected CCSD(T) EAad are within
( 0.7 kcal/mol of the experiment for SN, SO, SF, and S2. Some
discrepancies were found for SC and SAl, for which the
theoretical estimations are 2.4 and 2.6 kcal/mol larger than the
experimental EAad. Our proposed values are 2.3 and 62.5 kcal/
mol for SC and SAl, respectively. For SB, SSi, SP, and SCl we
propose new EAad of 53.7, 12.4, 36.5, and 59.0 kcal/mol,
respectively. The G3 and CBS-QB3 EAadare in good agreement
with the EAad proposed by us; the MAE is 0.9 kcal/mol for
both methodologies. The B3LYP and B3PW91 functionals
presented MAE of 1.9 and 2.7 kcal/mol, respectively, but a large
percentage of the error (50%) is provided by two molecules,
SC and SN.
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