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A theoretical study has been made on six isomers &® using coupled-cluster singles and doubles with
noniterative triple excitations (CCSD(T)). The isomers studied are sulfoxylic acid ($(@)and Cs
conformers), sulfinic acid (HS¥O)OH; 2 C; conformers), dihydrogen sulfone £8I0,; C,,), sulfhydryl
hydroperoxide (HSOOHC,), thiadioxirane Cs), and dihydrogen persulfoxide §BOO; C;). Molecular
geometries, harmonic vibrational frequencies, and infrared intensities of all species were obtained using the
CCSD(T) method and the 6-311#G(2d,2p) basis set. All aforementioned species were found to be local
minima, with the exception of thiadioxirane, which has one imaginary frequency. A prior possible infrared
observation of sulfinic acid was reassessed on the basis of the present data. In agreement with previous MP2
results, the present CCSD(T) data provide support for at most 4 of the 8 observed frequencies. The CCSD(T)
frequencies and intensities should be of assistance in future identificatiopSa), lsomers by vibrational
spectroscopy. Relative energies were calculated using the CCSD(T) method and several larger basis sets. As
found previously, the lowest energy specieCis S(OH), followed by Cs S(OH), HSEO)OH, H,SO,,

HSOOH, thiadioxirane, and 43300. Expanding the basis set significantly reduces the relative energies of
HSE=O)OH and HSO,. The CCSD(T) method was used with extended basis sets (up to aug-cerpy4R

and basis set extrapolation in two reaction schemes to calculatAHfg5 °C) of C, S(OH). The two

reaction schemes gave285.8 and—282.7 kJ mot?, which are quite close to a prior theoretical estimate
(—290 kJ mot?).

Introduction 9]

Species having the chemical formula$®, are expected to o o é,_
be involved in the atmospheric and/or combustion chemistry / \s/ % H—O/ 4,
of sulfur-containing compounds® Examples include the reac- H * H
tion between Hand SQ and that between 4$ and Q. Montoya Sulfoxylic acid (C,) Sulfinic Acid (C;)
et al® have recently noted that although the reactions between
H,S and oxygen atoms and hydroxyl radicals have been quite H

. . . L . H H
well studied, comparatively little attention has been given to 2, , '
the kinetics and mechanism of the reaction betwee® &hd s O S
. . N

0O,. Knowledge about species on the3®, potential energy o/ \o N o
surface is important for the understanding of this and related , one (C ‘
reactions. Various bSO, isomers are also parents of several Difydrogen Sulfone (Czv) Sulfhydryl hydroperoxide (Cy)
families of organosulfur compounds. H

There are, of course, several possible structures that contain /”/ st = S o)
two hydrogen atoms, two oxygen atoms, and one sulfur atom. /S\ -~ l \
Hereafter, following the notation of several groups, we shall O0——0 H o
use [H, S, O] to denote general species of this composition. Thiadioxirane (Cy) Dihydrogen persulfoxide (Cy)

They include sulfoxylic acid, also called dihydroxysulfane

(S(OHY), sulfinic acid (HSEO)OH), sulfone or dinydrogen  o-re 1+ 1semers of the form [5iS., 0]

sulfone (HSQ,), sulfhydryl hydroperoxide (HSOOH), thiadioX-  data, Steiger and Steufetjuestioned whether all of the

irane (a three-membered SOO ring with H atoms bonded to S), absorptions observed by Fender et al. should be assigned to

and dihydrogen persulfoxide (8O0). These species are shown gylfinic acid. About the same time, Laakso and Mar$hall

in Figure 1. As might be expected from consideration of bond calculated frequencies that matched 3 of the observed frequen-

energies, theoretical calculations (discussed in more detail cies reasonably, but there were large deviations from the other

below) suggest that S(Oklls the most stable species, followed  ohserved frequencies. Several years later, Otto and Stéudel

by HSEO)OH and HSO,, with the other isomers being  repeated the concerns of Steiger and Steudel. Frank !t al.

somewhat higher in energy. detected sulfoxylic acid by neutralization-reionization mass
There have been very few experimental observations gf [H spectrometry (NRMS). lonization of dimethyl sulfate ;&

S, Q)] species. Fender at &lattributed 8 infrared absorptions  (OCHg),) was followed by loss of 2 formaldehyde molecules,

to sulfinic acid. These bands were observed after the photolysisleading to the radical cation S(Oft) which then captured an

of H,S and SQ@in an Ar matrix. On the basis of their calculated electron by collisional neutralization with dimethyl disulfide
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(CH3S),, yielding S(OH). Otto and Steudé&! referred to the TABLE 1: CCSD(T)/6-311++G(2d,2p) Geometries and
work of Frank et al! as the “only reliable experimental —Energies of theC, and Cs Conformers of Sulfoxylic Acid

information on [F, S, Q]". Wang and Zhan cite an estimated (S(OH).)*

standard enthalpy of formation of S(OH)f —290 + 17 kJ G Cs

mol~! that was derived by Bensbhby his group additivity r(S-0) 1.668 1.668

scheme. r(0O—H) 0.962 0.962
Several prior theoretical studies have been made on various zgagg)) %8%_’3 igg:i

[H2, S, @] isomers. Initial calculations were made by Plummer 7(HOSO) 83.0 90.3

et al? and Boyd et al* using the STO-3G(*) basis set. Later energy —549.064972 —549.062817

Basch® performed some HF calculations with the 6-31G* basis ZPE 774 77.0

set. The first calculations with a correlated method were those 2Bond lengths are in A; angles are in degrees. The electronic energies

of Steiger and Steudehnd Laakso and Marsh&llThe former are given in atolmic units, and the zero-point vibrational energies are

authors performed calculations @ and Cs conformers of given in kJ mot™.

S(OH), sulfinic acid (oneC; conformer), and dihydrogen

sulfone C»,). Geometries and harmonic vibrational frequencies ] ) )

were obtained at the HF/6-31G(d) and MP2/6-31G(d) levels. (i?lculatlonsgwere performed with the ACES,’ Gaussian

MP4 single-point calculations were made at the MP2 geometries, 98.'° and PSI3® programs. The [b S, O] species studied are

It was found thaiC, S(OH) was the most stable species, the @S follows: C; andCs conformers of S(OH) two C, conformers

Cs conformer being only #8 kJ mol? higher in energy. MP4 og. quflryc acid; .dlhydrogen sulfone G,); HS(?OH Ca):

calculations indicated sulfinic acid and dihydrogen sulfone to g[lzmli(;);{izl:]z vx(/:é)re Sggo:-r?wseggn ﬁ]s()e.ggﬁr?c?gtl-zte gfeg;?;itizomer

be 57 and 129 kJ mot higher in energy tharC, S(OH), ) : > S

respectively. As mentioneogll earlier Steig)ér and ZSt §( )ZI | using the 6-313+G(2d,2p) basis sét24 Harmonic vibrational
ared their MPZ frequencies of SL'J|finiC acid to the observed frequencies and infrared intensities were calculated at this level

\F/)alues of Fender etqaﬂ but they found no conclusive match for each stationary point located. Enthalpies were obtained using

and questioned  the éssignm)(lent Using MP2/3-21G(*) for thermal corrections based on the standard rigid rotor/harmonic

L . : oscillator/ideal gas model. To provide improved relative energies
geometry optimizations and MP4/6-31G* for single-point ener-

) s and thermochemical data, single-point CCSD(T) energies were
gies, Laakso and MarshaBtudiedC, S(OH), two C, conform- obtained with several other basis sets. These basis sets are as

ers of sulfinic acid, dihydrogen sulfone, sulfhydryl hydroper-  fojiows: (1) the improved correlation-consistent polarized
oxide, and the dihydrogen persulfoxide. They also compared yalence double-, triple- and quadrugesets (cc-pV(D-d)Z,
their sulfinic acid frequencies with those reported by Fender et cc-pv/(T4d)z, and cc-pV(GQ-d)Z)?5-27 (these include a larger
al., noting reasonable agreement with the 3 largest observedand improved d set for sulfi, which leads to improved
frequencies, but not for the other frequencies measured byenergetics compared with the original cc-pVnz28&9; (2) the
Fender at al. The two conformers of sulfinic acid differ in energy diffuse function-augmented cc-pV{¥d)Z and cc-pV(G-d)Z
by only 1 kJ mot?, and the lowest energy conformer is that basis sets (aug-cc-pV{id)Z and aug-cc-pV(6d)Z);2527.30(3)
studied by Steiger and Steudel. the 6-31H+G(3df,3pd) set~24 (4) an atomic natural orbital
Along with their experimental work, Frank et 8lperformed ~ Set of triple¢ valence plus polarization quali#}> In all
calculations orC, andCs S(OH), and sulfinic acid, using MP2/ calculgtions, the core electrons were not correlated, and real
6-31-+G(d) for geometry optimizations and the G2(MP2) SPherical harmonic d, f, and g functions were used.
method for energies and enthalpies at the MP2/6G(d) The CCSD(T) method mvo_lves a coupled-cluster_smgl_es-
geometries. As well as these local minima of neutra, [S, anql-doubles (CCSBj calculation, follqwed by.a noniterative
0,], they studied transition states and various cationic species. €Stimate of the effect of connected triple excitations based on

Again, C; S(OH), was found to be the most stable species, but ':Ee Cﬁ?D ter\‘mpgtuies. The dCCI:S[.)(Tl) dmetfhf(t)r? isd cor_npllete
the reported G2(MP2) enthalpy of sulfinic acid is only 20 kJ - roudh fourth order terms, and aiso incluces tiith-order singies-

1 ST . triple terms. In the absence of large multireference effects, the
mol~* higher, which is significantly smaller than the differences CCSD(T) method, in combination with appropriate basis sets
reported in earlier calculations. G2 and CBS calculations by ! bprop ’

) . . is a highly reliable method for structures, energies and other
Otto and Steudé&! confirmed this smaller dlffe_rence. Wang and molecular propertie¥3 On the basis of the size of the CCSD
Zhand? have used G3 methodology to estimate the heats of

. ; amplitudes, the species studied in this work do not have
formatlon of both conformers of S(QH)Usmg the B3LYP significant multireference character, so the CCSD(T) method
functional and G2, Montoya et aistudied all of the structures  ghouid be suitable for this study.

in Figure 1, as well as several transition states.
In this paper we report a series of calculations on the speciesResults and Discussion

in Figure 1 using the highly correlated CCSD(T) method for Sulfoxylic Acid (S(OH),). In agreement with prior work,
geometry optimizations and vibrational frequency calculations. qnformers ofC, andCs symmetry were found and determined
No prior calculations on [b] S, O} species have used amethod (g pe |ocal minima. The plana,, species was determined not
of this quality for geometry optimizations and vibrational {5 pe g local minimum, in contrast to what has been found for
frequency calculations. Also, the G2 methodology depends onthe cation. Table 1 shows the geometries and CCSD(T)/6-
various additivity approximations and, and it is of interest to  311++G(2d,2p) energies. The geometries of the species have
compare the G2 data on relative energies and heats of formatiorbeen determined at the MP2 level in several prior studies. Steiger
with calculations that do not depend on these approximations. and Steudél obtained MP2/6-31G* geometries. Laakso and
The CCSD(T) frequencies can be used to make a reassessmemiarshalP obtained MP2/3-21G(*) geometries. Frank etal.

of the results obtained by Fender et al. as well as make reported MP2/6-3%+G(d,p) geometries. Wang and Zhaag
predictions for other species. calculated MP2/cc-pVTZ geometries. Montoya et® also

Computational Methods
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TABLE 2: CCSD(T)/6-311++G(2d,2p) Harmonic TABLE 3: CCSD(T)/6-311++G(2d,2p) and MP2/6-31G*
Vibrational Frequencies (cm 1) and Infrared Intensities (km Geometry and Energies of Sulfinic Acidt
mol~1) of the C, and Cs Conformers of Sulfoxylic Acid
conformer 1 conformer 2
C Gs CCSD(T) MP2/6-31G* CCSD(T) MP2/3-21G(*)
infrared infrared approximate . g-nm)" 1685 1.690 1.666 1.668
symmetry o intensity symmetry o intensity description r(S—0®) 1.476 1.483 1.479 1.487
A 333 09 KA 343 1.4 0OSO bend r(O®-H®)  0.963 0.978 0.966 1.000
A 499 1320 A 446  54.6 Torsion r(S—H®) 1.362 1.363 1.369 1.380
B 520 100.4 A 542 112.2 Torsion 0(0S0) 111.0 112.8 110.2 112.0
B 748 1753 A 749 184.3 SO stretch O(HMOWS)  106.3 106.9 108.1 112.2
A 759 583 A 757 53.7 SO stretch 6(H®SOY) 869 86.0 935 93.5
B 1220 476 A 1205 59.7 HOS bend 7(HYOMWSO?) 88.8 84.4 45.1 44.4
A 1221 240 A 1218 317 HOSbend  t(H®SOYO®)106.3 1078 ~ —1068 = -110.3
A 3813 190 A 3820 40.0 OH stretch ZPVE 724 715

aBond lengths are in A, angles are in degrees, and energies are in
reported MP2/6-31G* geometries. They also obtained B3LYP atomic units. The electronic energies are given in atomic units, and

/6-31G(d) and B3LYP/6-31t+G(3df,2p) geometries, although  the zero-point vibrational energies are given in kJ thoThe MP2/
these were not reported. Our CCSD(T)/6-31G(2d,2p) 6-31G* data are from ref 8. The MP2/3-21G(*) data are from ref 9.

. . : ’ . i 2)OWH®)
geometries are in fact very close to the MP2/6-31G* geometries. The labeling of atoms refers to the structural formufiS¢=0@)OOH®),
This close correspondence is the result of two opposing

effects: going from MP2 to CCSD(T) leads to an increase in TABLE 4: CCSD(T)/6-311++G(2d,2p) and MP2 Harmonic

bond lengths, and going from the 6-31G* to 6-34#G(2d,- Vibrational Frequencies (cnm?) and Infrared Intensities (km
2p) basis sets decreases bond lengths. The primary differencenol™*) of Sulfinic Acid
between the CCSD(T)/6-3#tG(2d,2p) and MP2/6-31G* conformer 1 conformer 2

geometries is in the ©H bond length, the CCSD(T) value being  ccsp(T) MP2  CCSD(T) MP2

about 0.015 A smaller than the MP2/6-31G*. In contrast, the approximate normal

S—0 bond distances differ by only 0.002 A. The angles differ : o | @ : © | mode d(_escnpmh
by less than 1 Regarding the MP2/6-31G(d,p) geometries 323 632 341 20 299 449 311 torsion

. . 387 624 431 144 445 79.4 467 OSO bend
of Frank et al., the ©H distance is betvve_en our QCSD(T) value 93 1453 741 151 706 1754 749 —8 stretch
and the MP2/6-31G* value, and the-® distance is about 0.002 988 27.5 1018 29 993 22.1 1003 HSO bend
Alonger than our CCSD(T) value. Presumably, the values Frank 1100 7.3 1153 15 1090 21.5 1151 HSO bend
et al. report for the OSO angle (128.8nd 128.2 for the C; 1149 169.3 1241 135 1123 104.8 1185  =Gstretch
andCs conformers, respectively) are typographical errors: quite %igj ?ig ;ggg igg %g%g 1?2% %gg ggitﬁ;’;ﬂ
possibly these values are the OSX angles, where, folCthe 3820 88.8 3722 87 3781 67.1 3438 OH stretch

conformer, X is a point on th€, axis. The S-O bond distance
reported by Wang and Zhang (1.651 A) is 0.017 A smaller than ~ * Reference 82 Reference 9.
our value. They do not report a value for the-B distance, o ) )
and their torsional angle for th€, conformer (89.9) is similar general pattern. With one exception for each conformer,
somewhat different from our value and other MP2 results. ~ the CCSD(T) frequencies are all smaller than the MP2 values.
HF, MP2, and B3LYP harmonic vibrational frequencies have For the O-H stretching mode, the CCSD(T) frequency is 98
been calculated in several prior studies. However, for the most ¢M™* greater than the MP2 value, which is consistent with the
part the frequencies have been used to calculate zero-poingmaller CCSD(T) value for the ©H bond length. The situation
vibrational energies and thermal corrections but have not beeniS not as clear for the modes that are nominally SO and SH
analyzed further. An exception is the work of Steiger and Stretching modes. The CCSD(T) frequencies for these modes
Steudef who report HF/6-31G* and MP2/6-31G* frequencies are smaller than the MP2 values, yet the CCSD(T) SO and SH
and infrared intensities. We report (unscaled) CCSD(T)/6- bond lengths are smaller (Table 3). In fact, it is an oversimpli-
311++G(2d,2p) results in Table 2. Overall there is broad fication to describg these modgs asllocalized stretching modes,
agreement between our results and those of Steiger and Steudef0 the customary inverse relationship between bond length and
In particular, both sets of calculations indicate quite small frequency for a pure stretching mode is not observed. Regarding
splittings between the SO stretching modes, the OH stretching"he infrared Intensities, one sees not only some significant
modes, and the HOS bending modes. The intensity patterns ardlifferences in the two sets of data but also some close
quite similar in both sets of calculations, too. As expected from Similarities.
the Lewis structure, the SO stretching modes have frequencies Having obtained CCSD(T) frequencies for sulfinic acid for
in the range expected for single-® bonds. the first time, it is interesting to assess the observed frequencies
Sulfinic Acid (HS(=0)OH). Table 3 shows the CCSD(T)/  of Fender et al.that were thought to arise from sulfinic acid.
6-311+G(2d,2p) structure of sulfinic acid. Also shown are As noted earlier, on the basis of their MP2 frequencies, Steiger
the MP2/6-31G* data of Steiger and Stelfdmhd the MP2/3- and Steudélquestioned the assignments of some of the observed
21G(*) data of Laakso and MarshdllThe CCSD(T) bond bands to sulfinic acid. Laakso and MarsRallso only found
lengths tend to be somewnhat smaller than the MP2 values. Inplausible agreement for 3 modes.

both sets of data, the formaF® bond length is about 0.2 A Fender et al. reported four frequencies below 500 %m
smaller than the SO bond length. There is fairly close namely 270, 340, 450, and 476 thOn the basis of the CCSD-
agreement between the angles. (T) harmonic frequencies of conformer 1, it appears that only

CCSD(T)/6-311++G(2d,2p) vibrational frequencies and in-  the two lowest of these could reasonably be assigned to sulfinic
frared intensities are shown in Table 4, along with the MP2 acid. For conformer 2, only one CCSD(T) frequency seems to
data from previous work. The two sets of frequencies have a provide a plausible fit, i.e., 299 crh. The CCSD(T) harmonic
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TABLE 5: CCSD(T)/6-311++G(2d,2p) and MP2/6-31G*
Geometries and Energies of Dihydrogen Sulforfe
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TABLE 7: CCSD(T)/6-311++G(2d,2p) Geometries and
Energies of Sulfhydryl Hydroperoxide, Thiadioxirane, and
Dihydrogen Persulfoxide!

CCSD(T) MP2/6-31G*
1(S-0) 1.445 1458 HSOOH C1) thiadioxirane Cs) H,SOO0 Cy)
r(S—H) 1.350 1.358 r(0—0) 1.495 r(s-0) 1713 r(0—0) 1.505
6(0S0) 123.3 124.4 r(S-0) 1.675 r(S-H)  1.365 r(S-0) 1.571
O(HSH) 99.4 99.1 r(O—H) 0.965 [m[e}]e) 55.2 r(S-H) 1.358
energy —549.026261 —548.795048 r(S—H) 1.342 OH:SOL  89.8 0SOO 1013
ZPE 74.1 77.4 0sO0O 110.0 OH.SG, 89.8 OHSO 995
OHOO 99.2 7(H:SO0,) 141.5 7(HSO0)+45.7
aBond lengths are in A; angles are in degrees. The electronic energiesgHSO 97.4 7(H2S001) —141.5
are given in atomic units, and the zero-point vibrational energies are 7(D1) 102.8
given in kJ mot!. The MP2/6-31G* data are from ref 8. 7(D2) 82.2
energy —548.976177 —548.882866 —548.883448
TABLE 6: CCSD(T)/6-311++G(2d,2p) and MP2/6-31G* A . . . . .
Harmonic Vibrational Frequencies (cm™?) and Infrared unitElStanceS are in A, angles are in degrees, and energies are in atomic

Intensities (km mol~t) of Dihydrogen Sulfonet

CCSD(T) MP2°
harmonic infrared harmonic infrared

approximate TABLE 8: CCSD(T)/6-311++G(2d,2p) Vibrational

h : : ; o Frequencies (cnm?) and Infrared Intensities (km mol 1) of
symmetry frequency intensity frequency intensity descriptiofi Sulfhydryl Hydroperoxide, Thiadioxirane, and Dihydrogen
Aq 485 29.7 490 34  0OSO bend Persulfoxide
B; 885 23.0 912 38  Skrock .
A, 999 0 1019 0  HSH twist HSOOH thiadioxirane ;:510]0)
Ax 1123 67.9 1171 62 SO symstr o [ w | w I
B, 187 137 1273 8  Shag a 198 1105 @& 394i 77 4 310 7.0
Aq 1329 26.8 1366 60  Skkcis
" a 350 239 @& 542 91 & 335 438
B, 1354 263.3 1445 303 SO antisym str
- a 397 0.8 a 671 822 a 698 8.1
B1 2490 58.1 2612 137  SH antisym str
A 2504 533 2635 121 SHsymstr a 6/6 88 a 79 346 a 765 87
! ’ a 726 23.1 a 1020 53 4 880 2.0
2The MP2 data are from ref 8.Reference 8. a 1008 84 4 1075 50 & 988 27.3
a 1340 419 ‘a 1429 252 a 1263 8.9
frequency of 445 cm! is close to an observednharmonic a 2616 76 4 2386 651 4 2454 0.8
frequency, but it seems unwise to read much into this agreement. @ 3785 426 a 2413 751 a 2493 461

The next observed band is at 762 @mWhether this is from stretching modes are 900 cnt?! higher than for the corre-
sulfinic acid is debatable: the CCSD(T) frequencies for mode sponding mode in sulfinic acid. The CCSD(T) difference
3 will probably increase with basis set expansion, but the between the symmetric and antisymmetric SH stretching modes
corresponding fundamental frequency will be smaller, so one is 14 cnt!, compared to the (unscaled) MP2 value of 23ém
questions whether the fundamental frequency will be much The difference between the two SO stretching modes is much
above 700 cml. The next two observed bands, at 1093 and larger (231 cm?! for CCSD(T) and 195 cm' for MP2).
1209 cnt?l, are somewhat consistent with the CCSD(T) data.  Higher Energy Isomers: Sulfhydryl Hydroperoxide, Thi-
As for the band at 2591 cm, it is hard to reconcile this with adioxirane, and Dihydrogen Persulfoxide.On the basis of
the CCSD(T) frequency to which it is closest. First, the closest prior calculations, these three isomers are at somewhat higher
CCSD(T) frequency is 2404 cmy, and the corresponding energies than those discussed above. Our CCSD(T)/6-
fundamental frequency will be lower. Of course, basis set 311++G(2d,2p) results are shown in Tables 7 and 8. MP2/6-
expansion will probably raise it somewhat, but presumably not 31G(d) geometries and vibrational frequencies have been
as much as 200 cm. Second, the calculated infrared intensity reported by Montoya et #.who have also reported G2 energies.
is quite significant, yet the band at 2591 chis the weakest For the peroxide, the differences between our CCSD(T)/6-
of the observed absorptions. In summary, it seems that only 4311++G(2d,2p) geometry and that of Montoya et al. are minor.
bands observed by Fender ef’ alan reasonably be attributed For the lower frequency modes, the CCSD(T) frequencies tend
to sulfinic acid. At the same time, one must remember that the to be similar or slightly below the scaled MP2 results, but for
matrix effects and the effects of basis set expansion andthe 3 highest frequencies, the reverse is true. For thiadioxirane,
anharmonicity have yet to be assessed. there are again only minor differences between the MP2 and
Dihydrogen Sulfone. CCSD(T)/6-31%+G(2d,2p) bond CCSD(T) geometries. The situation is different for the frequen-
lengths and angles of dihydrogen sulfone are shown in Table 5cies, however. According to the CCSD(T) calculations, @3e
along with the MP2/6-31G* values from Steiger and Steddel. structure has an imaginary'Arequency of 394i cmt, implying
MP2/6-31G* data have also been reported by Montoya &t al. a lower energyC; structure. In theCs MP2/6-31G(d) structure
The CCSD(T) bond lengths are about 0.01 smaller than the MP2reported by Montoya et al., all frequencies are real, although
values. The angles are quite similar. One anticipates significantthe smallest one is only 57 crh Interestingly, Shangguan and
double-bond character for the SO bonds in dihydrogen sulfone. McAllister3” report MP2 and QCISD calculations on G
This is reflected by the bond lengths, which are quite close to thiadioxirane, which is perhaps the structure that would arise if
that of the formal SO bond in sulfinic acid. the Cs species were optimized without symmetry constraints.
Harmonic vibrational frequencies and infrared intensities are For the persulfoxide, the most significant difference in the MP2
shown in Table 6. The CCSD(T) frequencies are somewhat and CCSD(T) geometries is the-® bond distance, the CCSD-
smaller than the unscaled MP2 values, but greater than the scaledT) value being a little over 0.03 A greater than the MP2 value.
MP2 values. Both sets of calculations agree that the largestThe overall patterns of vibrational frequencies are similar,
intensity is for the antisymmetric SO stretching mode. However, although there are some differences in the details. The frequency
there are some significant differences, particularly for the two of the CCSD(T) G-O stretching mode (698 cm) is smaller
SH stretching modes. The CCSD(T) frequencies for the SH than the scaled MP2 value (721 cti
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TABLE 9: Comparison of CCSD(T) and QCISD(T) Relative TABLE 10: CCSD(T) Relative Energies of the Lowest

: ; ; Energy Conformers of Sulfoxylic Acid, Sulfinic Acid, and

Energies (6-31#+G(3df,3pd) Basis Set) with the G2 : h ;

Relative Energies and Enthalpies and CBS-Q Relative Dihydrogen Sulfone as a Function of Basis Sét

Enthalpies® S(OHY (C)) HSE)OH (C1)  H2SO0s (Ca)
QCISD(T) CCSD(T) G2 GZ* CBS-Q cc-pV(T+d)Z 0.0 32.0 62.3

cc-pV(Q+d)Z 0.0 25.3 52.3

g%g:gzz(% > >0 29 9y 2 extrapolatioh 0.0 20.4 45.0

HS(=)OH 25.9 270 245 236 185 6-311+-+G(2d,2p) 0.0 43.7 101.6

H,S0, 59.5 609 620 610 505 6-311++G(3df3pd) 00 210 609

HSOOH 247.4 242.3 235.3 aThe calculations were performed at the CCSD(T)/6-3+5G(2d,2p)

thiadioxirane 467.3 468.9  455.6 geometries. The units are kJ mal® X3 extrapolation of the cc-

H.SO0 475.9 4778 4615 pV(T+d)Z and cc-pV(Q-d)Z results.

2The QCISD(T) and CCSD(T) calculations were performed at the
CCSD(T)/6-31%#+G(2d,2p) geometries. The relative energies and L o )
enthalpies are in kJ mol. P Reference 6¢Reference 10 (relative ~ from the G2 results, and it is nat priori clear which set are

enthalpies). more accurate. The higher level correction employed in G2 has
no effect on isomer energy differences, whereas the CBS-Q
method uses a separate extrapolation for each system.

We have studied the basis set effects on the relative energies
through a series of calculations with the cc-pWd)Z, and cc-
pV(Q+d)Z basis sets. The results are shown in Table 10. These
species is th€, conformer of sulfoxylic acid, which is a few ShO.W. quite a S|gn|f|c§nt basis ;et effect. This might be

anticipated given the different environments of sulfur and the

kJ mol™ lower in energy than th€s conformer. Next comes consequent need for multiple sets of polarization functions, as
sulfinic acid, followed by dihydrogen sulfone. At the same time, q muttip P ’
well as a good description of the valence space. One sees a

there is not a consensus on the energies (or enthalpies) of sulfinic_. =" . - : . . - .
acid and dihydrogen sulfone relative to that of sulfoxylic acid. S|_gn|f|cant decrease in the Te'a""e energies of sulfinic acid and
MP2 and MP4 calculations by Steiger and Stetidizice sulfinic dihydrogen sulfone on going from cc-pWT)Z to cc-pV-
acid about 56 kJ mol above sulfoxylic acid, and they place (Q+d)Z. The cc-pV(QI_—d)Z_reIatlve energy 1s sll_ghtly above
dihydrogen sulfone 120 (MP2) or 129 (MP4,) kJ mbhbove the G2 value for sulfinic acid (see Table 9), but it is somewhat
sulfoxylic acid. Similar conclusions were reached by Laakso below it for the _sulfone (_see Table 9). Extrapolation further
and MarshalP.In contrast, at least two sets of later calculations 1?;;’5;2 tginzelgﬁg: vsi?ﬁ rgllg;_solgtrileg :r:'?ha?loEZ t')l'eall(t))\llé ghe G2
using the G2 methodology, indicated much smaller energy . P @ tive enthaip g ),
differences. First, Otto and Steudielobtained G2 relative our extrapolated result for sulfinic acid is slightly above thg
enthalpies of sulfinic acid and dihydrogen sulfone of 23.6 and bcsg\;v(gth\;agglsyg(\e:lsz our result for dihydrogen sulfone is
61.0 kJ mot?, respectively. These authors also reported CBS-Q . : .
relative enthalpies of 18.5 and 50.5 kJ molMontoya et af Thermochemistry. There haye been a few prior attempts to
report G2 relative energies of 24.5 and 62.0 kJhfr sulfinic galculate the heats of formation of oneoo_r more; [13, C.}Z]
acid and dihydrogen sulfone, respectively. isomers. Wang and Zhaif?gcalculatedA!—|f in 2 ways using
Otto and Steudel and Montoya et al. noticed the differences the G3B3 and G3//MP2 procedures. First, they calculated the

between their results and earlier MP2 and MP4 results, but they €Nthalpy changoe for dissociation to atoms. Then they used
did not attempt to analyze the situation further. We have €XPerimental\H; of atoms to obtain &H;'for S(OH). In this
attempted to gain some further insight into the issue through Way they obtained values 6f272.7 (G3B3) and-275.6 kJ
several sets of calculations. First, we are able to use CCSD-MolI™* (G3//MP2), which are in line with Benson’s estimate.
(T)/6-311H+G(2d,2p) geometries: G2 calculatidhare based ~ However, Wang and Zhang were concerned about errors in the
on MP2/6-31G(d) geometries. Second, we have been able toatomlzatlon .proced.ure, SO 'ghey also a.pplled a procedure involv-
perform CCSD(T) and QCISD(T) calculations using the N9 isodesmic reactions. This gave estimates in the rar&$o.3
6-311++G(3df,3pd) basis set: the G2 methasstimates (0 ~290.8 kJ mof* (G3B3) and—285.9 t0—293.0 kJ mot*
QCISD(T)/6-311#++G(3df,3pd) energies using additivity ap- (G3/MP2). Wang and Zhang's preferred value wa290 kJ
proximations. Third, we have tried to isolate the role of the MOl _ _
effects of diffuse and multiple polarization functions on the  In this work we have obtained estimates/dfi; (298.15 K)
relative energies. Fourth, we have performed a series of for S(OH) (C. conformer) from two reaction schemes using
calculations using the cc-pV@d)Z, and cc-pV(G-d)Z cor- several basis sets:
relation-consistent basis sets. SCHEME 1 _

The first results are shown in Table 9. This table includes  The standard enthalpy change for the reaction
the G2 relative energies from Montoya et al., the G2 and CBS-Q
relative enthalpies from Otto and Steudel, and our CCSD(T) S(OH), (9) —~ SO, (9) + H, (9)
and QCISD(T) energies and relative energies. In general, there
is a close correspondence between the G2 data and our QCISDwas calculated. ThAH{ was then calculated from
(T) relative energies, thus indicating the reliability of the G2
additivity scheme in this case. There is only a minor difference AH° = AH(SQ,) + AHY(H,) — AHS,, =
between CCSD(T) and QCISD(T) results in this case, which 1 o
reflects the fact that the cluster amplitudes are quite small and —296.8 kI mol” — A H,
that methods such as CCSD(T) and QCISD(T) thus ought to
be capable of giving a good account of electron correlation for using the calculatedhH
the studied systems. The CBS-Q results are somewhat differentH,.

Relative Energies and Enthalpies of [H, S, O;] Isomers.
Since the 1992 studies of Steiger and Stetidetl Laakso and
Marshall? there has been a consensus on the stability order of
the four lowest energy [K'S, Q] isomers. Thus, the most stable

o]

mn @nd experimental data for S@nd
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TABLE 11: CCSD(T) Results for AE and AH° for the
Reaction S(OH) (g) — SO, (g) + H2 (g) and

AH{ of S(OH), (g) (C, Conformer)?2

basis set AE AHe AHP
6-311++G(2d,2p) 34.1 7.4 —304.2
6-311++G(3df,3pd) 21.2 -55 —291.3
ANO-TZP 337 7.0 —303.8
cc-pV(D+d)z 35.9 9.2 —306.0
cc-pV(T+d)Z 16.5 —10.2 —286.6
cc-pV(Q+d)Z 16.8 -9.9 —286.9
aug-cc-pV(Drd)Z 55.5 28.8 —325.6
aug-cc-pV(Hd)z 23.0 —-3.7 —293.1
aug-cc-pV(Qrd)Z 18.8 -7.9 —288.9
extrapolatiof 17.0 -9.7 —287.1
extrapolatiofi 15.7 —-11.0 —285.8

2 AH° and AHY are for 25°C. The units are kJ mot. The thermal
correction, i.e., the difference betweAk andAH?, is —26.7 kJ mot?,
which was obtained at the CCSD(T)/6-33+G(2d,2p) level? Ex-
trapolation based on the cc-p\H0)Z and cc-pV(@-d)Z data.c Ex-
trapolation based on the aug-cc-pWd)Z and aug-cc-pV(@d)Z data.

TABLE 12: CCSD(T) Results for AE and AH® for the
Reaction S(OH) (g) — H2S (g) + O, (g) and

AH?{ of S(OH), (g) (C, Conformer)?2
basis set AE AH° AHY?

6-311++G(2d,2p) 236.5 214.1 —234.3
6-311++G(3df,3pd) 261.9 239.5 —259.7
ANO-TZP 267.5 2451 —265.3
cc-pV(D+d)Z 181.4 159.0 —-179.2
cc-pV(T+d)Z 257.0 234.6 —254.8
cc-pV(Q+d)Z 273.4 251.0 —271.2
aug-cc-pV(Drd)Z 240.4 218.0 —238.2
aug-cc-pV(F-d)Z 270.2 247.8 —268.0
aug-cc-pV(Qrd)Z 278.7 256.3 —276.5
extrapolatiof 285.4 263.0 —283.2
extrapolatiofi 284.9 262.5 —282.7

2 AH° and AHY are for 25°C. The units are kJ mot. The thermal
correction for the reaction, i.e., the difference betwA&handAH?, is
—22.4 kJ mot?, was obtained at the CCSD(T)/6-383+G(2d,2p) level.
b Extrapolation based on the cc-p\¥#)Z and cc-pV(G@-d)Z data.
¢ Extrapolation based on the aug-cc-pWd)Z and aug-cc-pV(@d)Z
data.

SCHEME 2
The standard enthalpy change for the reaction

S(OH), (9) —~ H;S (9)+ O, (9)

was calculated. Th&H; was then calculated from

AH? = AHY(H,S) + AHY(O,) — AHS,, =
—20.15 kI molt — A H°

rxn

using the calculatedH’,, and experimental data for23 and
Os.
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complete results yield a difference 3.1 kJ mot?, which is
within “chemical accuracy”. This indicates the suitability of our
methodology for calculating thAH? of S(OH).

Tables 11 and 12 show 3 quantiti@s is the energy change
of the reaction for stationary nuclei at 0 KHC is the calculated
standard enthalpy change of the reaction at 298.15 K, obtained
from AE and the unscaled CCSD(T)/6-3t+G(2d,2p) thermal
correction (-26.7 and—22.4 kJ mot* for Schemes 1 and 2,
respectively). AH? is the calculated standard enthalpy of
formation at 298.15 K, obtained as indicated above frbH?
and experimental data for $(H,, H,S, and Q. Looking first
at Table 11, one can see that basis set extension usually lowers
the AHO, leading to less negativaH; values. Evidently, a
very large basis set is necessary to obtain well converged results.
Going from 6-31%#+G(2d,2p) to 6-31++G(3df,3pd) increases
the AH? by 12.9 kJ mot™. The ANO-TZP results are very
close to those from the 6-33H-G(2d,2p) basis set. Looking
at the results from the correlation-consistent basis sets, those
from cc-pV(D+d)Z and aug-cc-pV(B-d)Z differ significantly
from those with the larger basis sets. The difference between
cc-pV(T+d)Z and cc-pV(@-d)Z results, however, is very small
(0.3 kJ mot?), whereas for the augmented sets the correspond-
ing difference is more significant (4.2 kJ mé) but not very
large. The cc-pV(@-d)Z and aug-cc-pV(@d)Z results are quite
close to the extrapolated values, differing by 0.2 and 3 kJ ol
respectively. The 6-31+G(3df,3pd) results are between the
cc-pV(T+d)Z and aug-cc-pV(Fd)Z results, which is sensible
given the composition of these basis sets. There is fairly close
agreement between our most complete results and those of Wang
and Zhangd? although our results favor the higher end of their
suggested range-£85.9 to—293.0 kJ mof?). At the same time,
it must be borne in mind that all calculated results are sensitive
to the value of the thermal correction.

We now consider the results in Table 12. For complete
theoretical methods, th&H? values obtained from Schemes 1
and 2 would be identical. ThAH{ values in Table 12 are
somewhat higher (less negative) than those in Table 11. Also,
the basis set effects in Table 12 are more pronounced. In
particular, there are significant differences between the cc-pV-
(T+d)Z and cc-pV(Q-d)Z results (16.4 kJ mol) and between
the aug-cc-pV(#d)Z and aug-cc-pV(@d)Z results (8.5 kJ
mol~1). Consequently, the difference between the extrapolated
results and the cc-pV(®d)Z and aug-cc-pV(@d)Z results is
larger than in Table 11. However, there is only a small difference
(about 3 kJ motl) between the extrapolatetiH values in
Tables 11 and 12. Given the larger basis set effects in Table
12, one might anticipate that theH{ value in Table 11 is the
more reliable. The present results and those of Wang and
Zhand? therefore suggest that thAH; of C, S(OH) is
probably betweer-285 and—290 kJ mof?, which is slightly
above the mean of Benson’'s estim&dyut well within his
range. It also appears that the decomposition of S{@HEO,
and H is slightly exothermic, but entropy further favors the

For both reaction schemes the thermal corrections were basediecomposition, of course. Decomposition teSHand Q is

on the CCSD(T)/6-311+G(2d,2p) harmonic vibrational fre-
quencies and geometries. CCSD(T) single-point calculations
were performed at the CCSD(T)/6-3t+G(2d,2p) geometries

using the 6-31%+G(3df,3pd), ANO-TZP, cc-pV(B-d)Z, cc-

pV(T+d)Z, cc-pV(Qt+d)Z, aug-cc-pV(Drd)Z, aug-cc-pV-
(T+d)Z, and aug-cc-pV(@d)Z basis sets. The results of

strongly endothermic.
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