
Thermochemistry of the HOSO Radical, a Key Intermediate in Fossil Fuel Combustion

Steven E. Wheeler* and Henry F. Schaefer III
Center for Computational Quantum Chemistry, UniVersity of Georgia, Athens, Georgia 30602

ReceiVed: March 31, 2009; ReVised Manuscript ReceiVed: April 27, 2009

Despite the key role of the HOSO radical in the combustion of sulfur-rich fuels, the thermochemistry of this
simple species is not well-established. Due to the extraordinary sensitivity of the potential energy surface to
basis set and electron correlation methods in ab initio computations, there is no consensus in the literature
regarding the structure of the global minimum syn-HOSO. A definitive enthalpy of formation for HOSO is
presented, based on systematically extrapolated ab initio energies, accounting for electron correlation primarily
through coupled cluster theory, including up to single, double, and triple excitations with a perturbative
correction for connected quadruple excitations [CCSDT(Q)]. These extrapolated valence electronic energies
have been corrected for core-electron correlation, harmonic and anharmonic zero-point vibrational energy,
and non-Born-Oppenheimer and scalar relativistic effects. Our final recommended enthalpy of formation is
∆fH0°(syn-HOSO) ) -58.0 kcal mol-1. The planar anti-HOSO transition state lies 2.28 kcal mol-1 above
the syn-HOSO minimum, while predicted reaction enthalpies for H + SO2 f HOSO, HOSO f OH + SO,
HOSO + H f H2 + SO2, and OH + HOSO f SO2 + H2O are -38.6, 68.0, -64.4, and -80.1 kcal mol-1,
respectively. We provide incontrovertible evidence for a quasi-planar structure of the syn-HOSO radical,
with a remarkably flat torsional energy surface, based on CCSD(T) geometries and harmonic vibrational
frequencies energies with up to quintuple-� quality basis sets. The energy separation between planar syn-
HOSO and the nonplanar global minimum is a mere 5 cm-1 at the cc-pV(T+D)Z CCSD(T) level of theory.
Computed fundamental vibrational frequencies for syn-HOSO and syn-DOSO based on a full quartic force-
field evaluated at the cc-pV(T+d)Z CCSD(T) level of theory are in agreement with available experimental
data. The present results confirm a previously tentative assignment of a band at 1050 cm-1 to the HOS bending
mode.

I. Introduction

There has been renewed interest in the combustion of sulfur-
containing fuels,1–4 due in part to increased efforts to reduce
noxious emissions from the burning of fossil fuels. Sulfur is
present in fossil fuels and despite its low concentration can have
a significant impact on combustion.5 During combustion,
gaseous sulfur is primarily present as sulfur dioxide, which has
profound effects on flame behavior6–11 and explosion limits12

due to the catalytic removal of chain propagating radical
species.7,10,12–18 Specifically, the presence of SO2 inhibits CO
oxidation through the catalytic removal of atomic oxygen and
hydrogen and similarly affects NOx chemistry in flames. The
effect on NOx chemistry occurs via direct interaction of SO2

with nitrogen containing species and indirectly through the
catalytic removal of chain carrying radicals.

The catalytic removal of H atoms by SO2 in flames was
traditionally described as occurring via reactions 1-3, though
recent results5,19 have indicated a more complex mechanism
coupling these processes to additional reaction cycles involving
HSO, SH, and S.

Regardless, the rate-limiting step in the removal of atomic
hydrogen is reaction 1 and enthalpy of formation for the HOSO
radical, as well as the enthalpies of reactions 1-3, are key
parameters in quantitative models of the combustion of sulfur-
containing fuels.2,13,17,18,20–25 Unfortunately, attempts to model
such processes are often mired by uncertainties in the underlying
thermochemistry.13,24

The HOSO radical was first identified in the gas phase in
1996 by Frank, Sadilek, Ferrier, and Tureček26 using neutraliza-
tion-reionization mass spectrometry. This was followed several
years later by two rare-gas matrix isolation studies by Isoniemi,
Khriachtchev, Lundell, and Räsänen,27,28 in which infrared bands
corresponding to three of the vibrational modes were assigned
based on comparisons with harmonic frequencies computed
using second- and forth-order Møller-Plesset perturbation
theory (MP2 and MP4). A fourth transition at 1050 cm-1 was
tentatively assigned to the HOS bending mode.28

Numerous detailed kinetic models have been developed for
the oxidation of sulfur under combustion conditions.2,13,17,18,20–25

These include the early work of Zachariah and Smith,13 as well
as more recent work based on ab initio computed potential
energy surfaces and RRKM-derived rate constants.17,18,20,21

Dagaut and co-workers22–25 published a series of combined
experimental and modeling studies examining the effects of SO2
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Kronenburg, and Lindstedt recently presented2 a detailed
mechanism for sulfur oxidation validated against experimental
flame data. More recently, Blitz, Hughes, Pilling, and Robertson3

examined the pressure and temperature dependence of predicted
rate constants through a solution of the master equation for the
multiwell reaction of H + SO2, using relative energies and
reaction barriers from the work of Frank et al.29 and Goumri
and co-workers.30 However, these master equation results are
potentially tainted by uncertainties in the underlying G2(MP2)
computations, which rely exclusively on spin-unrestricted MP2
(MP2) paired with small basis sets for optimized geometries.
As discussed below, MP2 yields spurious predictions for both
geometries and energies for the HOSO radical when paired with
many popular basis sets. Indeed, all previous modeling studies
have relied on tenuous theoretical predictions of thermochemical
parameters and rate constants for reactions associated with the
HOSO radical.

There have been numerous theoretical investigations of the
HOSO radical and associated reactions over the last three
decades,26,29–43 spanning the gamut of ab initio and DFT
methods. Initially, the consensus was that the global minimum
configuration adopts a planar syn-HOSO structure, while the
corresponding planar anti rotamer is a transition state. The first
theoretical study of Boyd, Gupta, Langler, Lownie, and Pin-
cock31 included optimized geometries and harmonic vibrational
frequencies of HOSO and related radicals, computed using
unrestricted Hartree-Fock theory with a small basis set. A series
of papers was subsequently published in the 1990s by Marshall
and co-workers,30,32,33 detailing thermochemical investigations
of the HOSO radical and the potential energy surfaces for the
H + SO2 and HS + O2 reactions. Among other data, this work
included an enthalpy of formation for syn-HOSO radical of
-56.7 kcal mol-1, computed via the atomization energy using
a G2-like approach.33 Morris and Jackson34 presented geometries
and harmonic vibrational frequencies (as well as potential energy
surfaces for H + SO2) using UMP2 with a DZP basis set,
concluding that both syn- and anti-HOSO are minima on the
potential energy surface, in contrast to previous correlated
computations.30,32,33 Meanwhile, Frank et al.26,29 presented two
joint experimental/theoretical studies including G2(MP2) po-
tential energy surfaces for key HOSO reactions. Again, the
UMP2 optimizations and harmonic vibrational frequencies
utilized in the G2(MP2) approach indicated that both syn- and
anti-HOSO are local minima.

In 1998, Drozdova and co-workers reported36 an ab initio
study of HxSyOz (x, y, z ) 0-2), including ANO UCCSD(T)
energies computed at 6-311+G(d,p) UMP2 geometries for the
planar syn-HOSO radical. Three years later, McKee and Wine37

published 6-31+G(d) B3LYP geometries and vibrational fre-
quencies, indicating that at this level of theory, both syn- and
anti-HOSO configurations are transition states, not minima.
Instead, 6-31+G(d) B3LYP computations place a staggered
HOSO radical as the global minimum, in contrast to previous
ab initio results. Shortly thereafter, Wang and Zhang published38

enthalpies of formation of syn-HOSO, anti-HOSO, and a
staggered HOSO configuration computed via atomization reac-
tions using the G3B3 and G3 methods. Wang and Hou
presented39 a nonplanar syn-HOSO geometry computed at the
aug-cc-pV(T+d)Z B3LYP level of theory.

In 2005, Ballester and Varandas41 published a double many-
body expansion (DMBE) of the HOSO potential, parametrized
in part against complete active space SCF (CASSCF) geometries
and vibrational frequencies computed with DZ and TZ basis
sets. While the CASSCF computations predict a planar syn-

HOSO configuration, the DMBE potential yields a staggered
global minimum structure. This global DMBE potential energy
surface was used in a subsequent quasi-classical trajectory
study42 of the OH + SO f H + SO2 reaction, revealing that
this reaction proceeds via a single intermediate, namely, the
HOSO radical. A more recent study40 by Napolion and Watts
set to resolve the quandary of the planarity of the syn- and anti-
HOSO geometries through coupled cluster computations. Un-
fortunately, the question remained unanswered due to the
encountered basis set sensitivity of the torsional potential energy
surface: 6-31+G(d) UCCSD(T) and 6-311G(d,p) UCCSD(T)
computations predict that both the syn- and anti-HOSO are
transition states, while cc-pVTZ UCCSD(T) optimizations and
frequencies predict a planar syn-HOSO global minimum with
the anti rotamer a first-order saddle point on the PES. Wierze-
jewska and Olbert-Majkut published43 restricted and unrestricted
MP2 results, predicting a nonplanar syn-HOSO minimum with
a restricted open-shell formalism and a planar syn structure with
UMP2, both using a 6-311++G(2d,2p) basis.

Despite the small size of the seemingly simple HOSO radical,
we see that results from previous theoretical studies26,29–44 are
remarkably inconsistent. While many previous results support
a planar syn-HOSO configuration as the global minimum with
the anti rotamer a first-order saddle point, the body of theoretical
results is unsatisfactorily inconsistent in this regard. These
inconsistencies arise primarily from an uncanny sensitivity of
the HOSO potential energy surface to both basis set and electron
correlation method, leading to myriad predictions of both planar
and nonplanar global minimum geometries. Accompanying this
confusion surrounding the geometry is a similarly unsatisfactory
dearth of accurate thermochemical data for HOSO, with
predicted enthalpies of formation for HOSO spanning a stunning
16 kcal mol-1.2,24,32,38,45

Given the importance of the HOSO radical in the combustion
of sulfur-containing fuels (i.e., fossil fuels), and the implications
for NOx chemistry and the oxidation of CO in flames, accurate
theoretical treatments of the thermochemistry of reactions 1-3
and a precise determination of ∆fH0° for the HOSO radical are
long overdue. Definitive thermochemical determinations are
presented, achieved through systematic extrapolations of ab
initio energies, corrected for core-correlation, scalar relativistic,
and non-Born-Oppenheimer effects as well as harmonic and
anharmonic zero-point vibrational energies. The basis set
sensitivity of the HOSO potential energy surface is combated
through the use of large modern basis sets,46 which ameliorate
many of the issues encountered in previous work, combined
with extrapolations to the complete basis set limit.

We proceed by first describing our theoretical approach
(section II), followed by a discussion of optimized structures
for syn- and anti-HOSO (section III) and a thorough examination
of the problematic torsional potential energy surface of the
HOSO radical in section IV. In section V we analyze predicted
vibrational frequencies for the global minimum syn-HOSO
radical, while in section VI the enthalpy of formation of syn-
and anti-HOSO as well as the enthalpies of key reactions are
presented. Results are summarized in section VII.

II. Theoretical Methods

Precise relative energies of stationary points on the HOSO
torsional potential energy surface have been computed using the
focal point analysis (FPA) method of Allen and co-workers.47–50

The focal point paradigm provides a framework within which
one executes dual one- and n-particle expansions, extrapolating
to the complete basis set limit (CBS) using the correlation-
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consistent polarized valence hierarchy (cc-pVXZ) developed by
Dunning. For sulfur, the standard cc-pVXZ basis sets51,52 have
been shown to yield anomalous predictions when extrapolating
to the CBS limit,53–56 prompting the introduction of the
cc-pV(X+d)Z and aug-cc-pV(X+d)Z basis sets in 2001.46 The
latter basis sets were used in the focal point procedure. Electron
correlation is treated through second-order perturbation theory,
and primarily by coupled cluster theory including single and
double excitations (CCSD)57–60 and a perturbative treatment of
triple excitations [CCSD(T)],61–64 as well as CCSDT65–68 with
a perturbative correction for quadruple excitations [CCSDT-
(Q)].69,70 The CCSDT(Q) method was recently implemented by
Bomble, Stanton, Kállay, and Gauss,69 derived from a non-
Hermitian perturbation theory analogous to that used to justify71

the venerable (T) approximation for connected triple excita-
tions.72 CCSDT(Q) computations were done using MRCC73,74

paired with the Mainz-Austin-Budapest version of ACES II.75

Molpro76 was used to evaluate the other energies required for
the focal point analyses.

The enthalpy of formation of the HOSO radical was
determined using the focal-point approach47–50 applied to
reactions 4 and 5. Enthalpies of formation for the reference
compounds (H, SO2, OH, and SO) are provided in Table 1 taken
from the Active Thermochemical Tables (ATcT) of Ruscic and
co-workers.77–81

ROHF-based coupled cluster methods were used, denoted by
ROCCSD and ROCCSD(T).82 The second-order perturbative
contribution to the valence focal point energies was similarly
derived from restricted Møller-Plesset theory (RMP2).83,84 The
CCSDT(Q) method69 is not yet implemented for ROHF refer-
ence wave functions, so corrections to the ROCCSD(T) energies
for connected quadruple excitations were estimated by the
difference between spin-unrestricted UCCSDT(Q) and UCCS-
D(T) computations. Since high-order coupled-cluster wave
functions are only very weakly dependent on reference orbitals,
the use of an unrestricted formalism is expected to have
negligible effects, even in the presence of spin-contamination.
All correlated energy computations involved the freezing of the
carbon 1s orbitals, except for relativistic corrections and where
noted otherwise for the evaluation of the core-correlation
contribution. Hartree-Fock energies were extrapolated using a
standard exponential form85

while the correlation energies were extrapolated via86

Core-electron correlation corrections were computed as the
difference between all-electron and frozen-core cc-pCVTZ
ROCCSD(T) energies. Non-Born-Oppenhiemer effects were
accounted for via the diagonal Born-Oppenheimer correction
(DBOC),87–91 which constitutes the first-order perturbative
correction to the Born-Oppenheimer energy, at the aug-cc-
pV(T+d)Z ROHF level of theory using the Mainz-Austin-
Budapest version of ACES II.75 Similarly, special relativity was
accounted for by the application of standard perturbation
formulas for the mass-velocity and one-electron Darwin scalar
relativistic effects,92–96 computed at the all-electron cc-pCVTZ
ROCCSD(T) level of theory97 using ACES II.98 A first-order
spin-orbit correction of -38.2 cm-1 was applied to the energy
of OH.78 All computations required for the focal point method
were executed at cc-pV(5+d)Z CCSD(T) optimized geometries.

To examine the dependence of the torsional bending fre-
quency of the syn- and anti-HOSO radicals on level of theory,
we have optimized these two stationary points using the cc-
pVXZ (X ) D, T, Q, 5), cc-pV(X+d)Z (X ) D, T, Q, 5), aug-
cc-pVXZ (X ) D, T, Q), and aug-cc-pV(X+d)Z (X ) D, T, Q)
basis sets paired with ROHF, RMP2, ROCCSD, and ROC-
CSD(T), followed by the computation of the torsional harmonic
vibrational frequency by finite differences of energies. Geom-
etries and frequencies were also computed using cc-pVDZ
ROCCSDT and cc-pV(D+d)Z ROCCSDT.

Anharmonic corrections to the cc-pV(5+d)Z ROCCSD(T)
harmonic frequencies come from anharmonicity constants
computed via second-order vibrational perturbation theory
(VPT2)99,100 applied to computed cubic and quartic force
constants. The required force constants were computed in
internal coordinates by finite differences of frozen-core cc-
pV(T+d)Z ROCCSD(T) energies. The program INTDIF2005101,102

was used to determine the necessary displaced geometries and
force constants in internal coordinates. The transformation of
the force constants from internal to normal coordinates was
performed using INTDER2005103–106 while spectroscopic con-
stants were computed using ANHARM.106,107 Due to the large
amplitude motion associated with the torsional mode of syn-
HOSO (ν6), VPT2 cannot be utilized. Consequently, VPT2 was
applied to the remaining vibrational modes, excluding the
contribution from anharmonicity constants involving ν6. The
errors from neglecting these contributions to the fundamental
frequencies are expected to be small (<5 cm-1). The anharmonic
contribution of ν6 to the ZPVE was similarly neglected.
Harmonic and anharmonic frequencies for syn-HOSO were
evaluated at the planar stationary point. However, the perpen-
dicular frequencies change only slightly along the torsional
mode, and the effect on the predicted fundamental frequencies
will be small.

III. Geometries

Optimized geometries for the planar syn- and anti-HOSO
radical are included in Figure 1, computed using ROCCSD(T)
paired with the cc-pVQZ, cc-pV5Z, cc-pV(Q+d)Z, and cc-
pV(5+d)Z basis sets. With these large basis sets the geometries
are well-converged; differences among the results are minor.
Specifically, there is a slight shortening of the S-O bonds with
increased basis set size accompanied by small increases in the
HOS and OSO angles. Comparing the syn- and anti-periplanar
geometries, there are minor changes in bond length upon rotation
about the HOSO torsional angle. The central SO bond expands

TABLE 1: Reference Enthalpies of Formation (kcal mol-1)a

species ∆fH0K° ∆fH298K° uncertainty

H 51.63 52.10 0.00
OH 8.86 8.93 0.01
SO 0.99 0.99 0.04
SO2 –70.75 –71.35 0.04
H2O –57.10 –57.80 0.01

a From the Active Thermochemical Tables (ATcT).77–81

H + SO2 f syn-HOSO (4)

syn-HOSO f OH(2Π) + SO(3Σ-) (5)

EHF ) a + be-cX (6)

Ecorr ) a + bX-3 (7)
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by 0.01 Å while the terminal SO bond contracts an equal
amount. The largest change is observed for the OSO angle,
which shrinks by three degrees going from syn-HOSO to anti-
HOSO. The HOS angle changes only slightly. In contrast to
the observed sensitivity of the torsional potential energy surface
(vide infra) the cc-pVXZ and cc-pV(X+d)Z basis sets yield
similar geometries, with the exception of the HOS angle of syn-
HOSO, which expands by 0.5° going from cc-pV5Z to cc-
pV(5+d)Z.

As discussed below, the minimum energy syn-HOSO struc-
ture adopts a slightly nonplanar geometry, with a torsional angle
of 24.2°. The cc-pV(T+d)Z ROCCSD(T) optimized nonplanar
structure is provided in Figure 2. Bond distances and angles at
the same level of theory for the planar syn-HOSO stationary
point are listed in brackets for comparison. The geometry
changes only slightly along this torsional coordinate, in accord
with the small differences between the structures of planar syn-
and anti-HOSO. The primary change is a decrease in the HOS

and OSO angles of just under 1° in the former case and under
0.5° in the latter case.

IV. Torsional Potential Energy Surface

Previous theoretical work on the HOSO radical is inconsistent
with regard to the nature of the torsional potential energy
surface, with no consensus on the curvature at the planar syn
and anti stationary points.26,29–44 A panoply of torsional harmonic
vibrational frequencies for planar syn- and anti-HOSO radicals
are presented in Table 2 computed using the cc-pVXZ, cc-
pV(X+d)Z, aug-cc-pVXZ, and aug-cc-pV(X+d)Z basis sets
paired with ROHF, RMP2, ROCCSD, and ROCCSD(T) as well
as ROCCSDT with the cc-pVDZ and cc-pV(D+d)Z basis sets.
The effect of inclusion of core-correlation effects was also
studied based on all electron cc-pCVDZ ROHF, RMP2,
ROCCSD, and ROCCSD(T) computations. For the coupled-
cluster results, the shifts due to additional tight basis functions
and inclusion of core-correlation effects are minor, with the
largest deviation of 9 cm-1 occurring for ROCCSD applied to
syn-HOSO. RMP2 behaves less consistently, with the inclusion
of core-electron correlation changing the torsional frequency
of anti-HOSO by over 50 cm-1.

The sensitivity to level of theory of the torsional energy
surface surrounding the planar syn-HOSO radical is astounding,
particularly for the standard cc-pVXZ and aug-cc-pVXZ basis
sets. All methods paired with either the cc-pVDZ or aug-cc-
pVDZ basis sets indicate that syn-HOSO is an energy minimum.
Upon increase to a triple-� basis set, the curvature of the RMP2
surface at the syn-HOSO stationary point switches, indicated
by the imaginary torsional frequency for cc-pVTZ RMP2 and
aug-cc-pVTZ RMP2. With these correlation consistent basis sets
up to quadruple-� quality, coupled cluster methods consistently
predict syn-HOSO to be an energy minimum, though the
curvature of the torsional surface at this stationary point
decreases with increasing basis set size. With the cc-pVDZ basis
set, the full inclusion of triple excitations (CCSDT) shifts the
torsional frequency by about 10%, indicating the CCSD(T)
approach is adequately recovering the effect of triple excitations.
It is not until the cc-pV5Z basis set that coupled cluster theory
predicts an imaginary torsional frequency for planar syn-HOSO.

The anti-HOSO radical shows a similar, though less pro-
nounced, sensitivity to basis set and method. Again, RMP2
exhibits somewhat erratic behavior, predicting that anti-HOSO
is a minimum when paired with either the cc-pVDZ or aug-
cc-pVDZ basis sets but a transition state for larger basis sets.
ROHF theory predicts that the anti-HOSO radical is an energy
minimum, while coupled cluster theory consistently predicts an
imaginary frequency for ν6. Again, the difference between the
CCSD(T) and CCSDT torsional frequency with a double-� basis
set is small, and the CCSD(T) result should be well converged
toward the full configuration interaction limit.

The cc-pV(X+d)Z and aug-cc-pV(X+d)Z basis sets46 yield
much more consistent behavior with respect to the curvature of
the torsional energy surface of the HOSO radical. Specifically,
while with the cc-pVXZ basis sets the qualitatively correct
curvature at the planar syn-HOSO geometry was not attained
until the very large cc-pV5Z basis set, with these new basis
sets triple-� quality is sufficient. While previous work53–56 has
focused on errors in extrapolated cc-pVXZ energies for sulfur-
containing species,53–56 we see here a stark example of the
standard cc-pVXZ basis sets providing exiguous predictions of
qualitative features on the potential energy surface. For the anti-
HOSO configuration the cc-pVXZ and cc-pV(X+d)Z basis sets
yield very consistent results, and anti-HOSO is undoubtedly a

Figure 1. Optimized ROCCSD(T) geometries with the indicated basis
sets for planar syn-HOSO and anti-HOSO. Distances are in angstroms
and angles in degrees.

Figure 2. Optimized cc-pV(T+d)Z ROCCSD(T) geometry for non-
planar syn-HOSO. The cc-pV(T+d)Z ROCCSD(T) geometric param-
eters of the planar syn-HOSO radical are provided in brackets. Distances
are in angstroms and angles in degrees.
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planar transition state corresponding to rotation about the
H-O-S-O torsional angle.

To further explore the sensitivity of the MP2 torsional energy
surface of the HOSO radical to basis set and address the
inconsistencies in the literature,26,29–44 relaxed energy curves
along the H-O-S-O torsion angle (φ) are presented in Figures
3 and 4. In Figure 3, potential energy curves are given for RMP2
paired with the 6-31G(d), 6-31+G(d), cc-pVDZ, aug-cc-pVDZ,
and cc-pVTZ basis sets, computed by performing constrained
geometry optimizations for values of φ between 0 and 360° at
10° intervals. Unrestricted MP2 (UMP2) performs similarly. For
comparison, a relaxed cc-pV(T+d)Z ROCCSD(T) curve is also
included. The sensitivity of RMP2 is immediately apparent.
Addition of diffuse functions to the basis set preferentially
stabilizes the anti-HOSO rotamer for both 6-31G(d) and cc-
pVDZ. RMP2 paired with cc-pVDZ incorrectly predicts anti-
HOSO to be an energy minimum, as seen earlier in Table 2
and the addition of diffuse functions exacerbates this deficiency.
Similarly, while 6-31G(d) RMP2 correctly predicts the curvature
at φ ) 180°, the highly anharmonic shape of the potential at
this point is not in accord with the CCSD(T) results. Inclusion
of diffuse functions [6-31+G(d)] again lowers the energy of
the anti-HOSO rotamer relative to surrounding configurations,
yielding a remarkably flat potential between φ ) 120 and 240°.
The cc-pVTZ basis set delivers a more adequate description of
the potential surrounding φ ) 180° but falters for φ near 0°. A
close-up of the potential energy curves for φ ) 0 and 60° is
provided in the bottom panel of Figure 2. RMP2 with the cc-
pVTZ basis set correctly predicts the syn-HOSO radical to be
a first-order saddle point but overestimates the extent of energy
lowering upon breaking planarity. The smaller basis sets all
predict a planar minimum and the curvatures of these surfaces
at φ ) 0° vary widely. The energies of anti-HOSO relative to
the syn-rotamer predicted by RMP2 with these basis sets range

from about 2.5 to almost 5 kcal mol-1. Overall, MP2 is unsuited
for the HOSO radical, exhibiting a profound sensitivity to basis
set and yielding spurious predictions for geometries and relative
energies of the syn- and anti-HOSO rotamers.

The cc-pV(D+d)Z and cc-pV(T+d)Z basis sets (see Figure
4) ameliorate many of these issues, correctly predicting the syn-
HOSO radical to be a transition state when paired with RMP2.
However, the curvature of the torsional potential at φ ) 0 still
varies considerably, and cc-pV(T+d)Z RMP2 overestimates the
energy lowering of the nonplanar syn-HOSO minimum slightly
more than the cc-pVTZ basis set.

A focal point extrapolation47–50 has been carried out in order
to pinpoint the energy difference between syn- and anti-HOSO
(Table 3). At the highest level for which explicit optimizations
of the nonplanar syn-HOSO radical are currently practical [cc-
pV(T+d)Z ROCCSD(T)], the energy lowering due to breaking
planarity is less than 0.02 kcal mol-1. As such, the focal point
extrapolation was carried out using the planar syn- and anti-
HOSO geometries. The effect of nonplanarity is simply
subsumed into the error estimate in the final syn-anti energy
difference of (0.1 kcal mol-1. The energy of anti-HOSO
relative to syn-HOSO exhibits surprisingly little dependence on
basis set, converging to an estimated valence complete basis
set limit CCSDT(Q) value of 2.16 kcal mol-1. Upon further
corrections for core-correlation effects, harmonic zero-point
vibrational energy, scalar relativistic effects, and non-
Born-Oppenheimer effects, the final recommended energy of
anti-HOSO relative to syn-HOSO is 2.28 ( 0.1 kcal mol-1.
This value is 0.5 kcal mol-1 higher than that reported by Frank
et al.29 based on the G2(MP2) model chemistry.

V. Fundamental Vibrational Frequencies

VPT2 has been applied to derive fundamental vibrational
frequencies for syn-HOSO and the isotopologue syn-DOSO,

TABLE 2: Harmonic Vibrational Frequencies (cm-1) for the Torsional Mode (ω6) of the Planar syn- and anti-Rotamers of the
HOSO Radical

basis set ROHF RMP2 ROCCSD ROCCSD(T) ROCCSDT

syn-HOSO
cc-pVDZ 109 206 104 135 119
cc-pVTZ 133 100i 61 72
cc-pVQZ 125 118i 23 29
cc-pV5Z 102 127i 52i 54i
cc-pV(D+d)Z 69 55 50i 29 34
cc-pV(T+d)Z 98 135i 71i 68i
cc-pV(Q+d)Z 107 134i 67i 68i
cc-pV(5+d)Z 112 126i 57i 61i
aug-cc-pVDZ 180 108 111 120
aug-cc-pVTZ 148 102i 68 72
aug-cc-pVQZ 133 105i 57 52
aug-cc-pV(D+d)Z 154 106i 38 23
aug-cc-pV(T+d)Z 117 128i 60i 61i
aug-cc-pV(Q+d)Z 115 117i 40i 44i

anti-HOSO
cc-pVDZ 192i 53 193i 172i 179i
cc-pVTZ 31 154i 125i 125i
cc-pVQZ 83 150i 102i 106i
cc-pV(D+d)Z 152i 116i 185i 175i 186i
cc-pV(T+d)Z 48 161i 127i 129i
cc-pV(Q+d)Z 87 145i 102i 106i
aug-cc-pVDZ 78 124 94i 73i
aug-cc-pVTZ 93 129i 89i 85i
aug-cc-pVQZ 100 123i 78i 78i
aug-cc-pV(D+d)Z 119 108i 86i 88i
aug-cc-pV(T+d)Z 108 128i 89i 91i
aug-cc-pV(Q+d)Z 102 131i 77i 81i
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neglecting the coupling with the problematic torsional mode
(ν6). Results are presented in Table 4 Overall the agreement
between the predicted fundamental frequencies and the results
from the matrix isolation studies of Isoniemi and co-workers27,28

is reasonable. IR data are available for syn-HOSO in Ar, Kr,
and Xe matrices, providing a glimpse of the magnitude of
matrix effects on the frequencies. Deviations between the
present theoretical predictions and the experimental data
decrease systematically going from Xe to Kr to Ar and the
data suggest that our predicted values provide reliable
estimates of the gas-phase fundamental frequencies. For each
rare gas matrix, the largest deviation is for the OH stretch
of HOSO (31, 51, and 71 cm-1 for the Ar, Kr, and Xe matrix
results, respectively), in accord with expected magnitudes
of matrix effects on different vibrational modes.108 The
predicted OD stretch in syn-DOSO is similarly 37 cm-1 larger
than the experimental Kr value.27 The other predicted
fundamental frequencies are within about (15, 20, 25) cm-1

of the (Ar, Kr, Xe) experimental values. Isoniemi et al.28

tentatively assigned the HOS stretch (ν3) to 1050 cm-1. The
presently predicted ν3 fundamental of 1055 cm-1 confirms
this tentative assignment. Still more precise theoretical
fundamental frequencies would be expected if the coupling
to the highly anharmonic ν6 were included.

VI. Enthalpy of Formation and Reaction
Thermochemistry

The enthalpy of formation of the global minimum syn-HOSO
radical has been computed using the focal point procedure of
Allen and co-workers,47–50 applied to reactions 4 and 5. Valence
focal point tables for these reactions are provided in Table 5.
Both reactions exhibit protracted convergence with respect to
both basis set incompleteness and the inclusion of electron
correlation. In reaction 4, the basis set dependence is largely
recovered by the HF and MP2 contributions, with the aug-cc-
pV(D+d)Z and CBS limit CCSD(T) increments differing by a
mere 0.2 kcal mol-1. In reaction 5, on the other hand, the
double-� and CBS limit CCSD(T) increments differ by a more
substantial 0.7 kcal mol-1. Regardless, the final extrapolated
CCSD(T) reaction energies are converged to well within 0.1
kcal mol-1 of the CBS limit in both cases. The slow convergence
of the coupled cluster series is demonstrated by the CBS limit
δROCCSD(T) increments of 2.4 and 3.3 kcal mol-1 for reactions
4 and 5, respectively. While these contributions are large, the
CCSDT(Q) corrections are only 0.28 and 0.26 kcal mol-1,
suggesting that the final valence reaction energies are converged
with respect to inclusion of electron correlation to our target
accuracy of (0.2 kcal mol-1. Correlation effects overall are
significantly greater in the case of reaction 5, for which the HF

Figure 3. Relaxed energy scans along the H-O-S-O torsional angle
φ at the 6-31G(d) RMP2, 6-31+G(d) RMP2, cc-pVDZ RMP2, aug-
cc-pVDZ RMP2, cc-pVTZ RMP2, and cc-pV(T+d)Z ROCCSD(T)
levels of theory.

Figure 4. Relaxed energy scans along the H-O-S-O torsional angle
φ at the cc-pV(D+d)Z RMP2, aug-cc-pV(D+d)Z RMP2, cc-pV(T+d)Z
RMP2, and cc-pV(T+d)Z ROCCSD(T) levels of theory.
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and final valence focal point energies differ by over 30 kcal
mol-1. The CBS limit MP2 results are in error by over 4 kcal
mol-1 for both reactions 4 and 5, further demonstrating the
unsuitability of MP2 for this system.

Upon inclusion of corrections for core-correlation, harmonic
and anharmonic ZPVE, relativistic and non-Born-Oppenheimer
effects, and spin-orbit coupling (for OH), the final 0 K
enthalpies for reactions 4 and 5 are -38.64 and 68.03 kcal
mol-1, respectively. The former ∆rH0° value is 0.8 kcal mol-1

less exothermic than the G2(MP2) result of Frank et al.29 (-39.4
kcal mol-1) while the latter value is 1.1 kcal mol-1 smaller than
Frank’s suggested value of 69.1 kcal mol-1.

Combining the enthalpies for reactions 4 and 5 with the
reference enthalpies of formation for OH, SO, and SO2 (Table
1), we arrive at ∆fH0°(syn-HOSO) ) -57.76 and -58.18 kcal
mol-1, respectively. The final recommended 0 K enthalpy of
formation of the syn-HOSO radical is the average of these two
values, -58.0 ( 0.4 kcal mol-1. The corresponding 298 K value,
in the rigid-rotor harmonic-oscillator approximation using cc-
pV(T+d)Z CCSD(T) harmonic frequencies for the nonplanar
syn-HOSO radical, is -58.8 ( 0.4 kcal mol-1. Previously
reported ∆fH0° values range from -44.7 to -60.9 kcal
mol-1.2,24,32,38,45 The current recommendations are higher than
the 0 K value of Marshall and co-workers33 (-56.7 kcal mol-1)
and the 298 K values of Glarborg and co-workers24 (-57.7 kcal
mol-1) and Wang and Zhang38 (-57.1 kcal mol-1).

The final recommended enthalpy of formation of HOSO can
be combined with standard reference enthalpies for H, OH, SO2,
and H2O from Table 1 to arrive at a recommended reaction
enthalpy (0 K) for reactions 2 and 3 of -64.4 ( 0.4 and -80.1
( 0.4 kcal mol-1, respectively.

VII. Summary and Conclusions

The HOSO radical is central to combustion models of sulfur-
containing fuels.2,13,17,18,20–25 However, neither the enthalpy of
formation nor thermochemistry of relevant reactions has been
previously established. This is due in large part to the profound
sensitivity to basis set in ab initio computations on the HOSO
radical, which render many popular black-box approaches to
computational thermochemistry less than satisfactory. This basis
set sensitivity is particularly severe for the torsional energy
surface.

The nonplanarity of the syn conformer has been conclusively
established. HOSO adopts a quasi-planar structure with a broad,
exceptionally flat torsional potential with a very small (5 cm-1)
barrier to planarity. The sensitivity of the torsional potential
energy surface of HOSO has been studied at the MP2 level of
theory, demonstrating the origin of previous discrepancies in
the literature.26,29–44 MP2 is unsuitable for application to the
HOSO radical, casting doubt on results obtained using composite
model chemistries that rely on MP2 for structures and energetics.
It has also been shown that the standard cc-pVXZ and aug-cc-
pVXZ basis sets yield a qualitatively incorrect potential energy
surface when paired with ROCCSD(T) until basis sets of
quintuple-� quality are reached. The cc-pV(X+d)Z and aug-
cc-pV(X+d)Z basis sets46 yield much more consistent results,
providing a qualitatively correct ROCCSD(T) torsional PES
already at the triple-� level. On the basis of systematically
extrapolated ab initio energies, the recommended energy of the
planar anti-HOSO transition state is 2.3 kcal mol-1, relative to
syn-HOSO.

TABLE 3: Incremental Valence Focal Point Table (kcal mol-1) for the Energy of anti-HOSO Relative to syn-HOSOa

basis set ∆Ee[ROHF] +δ[RMP2] +δ[ROCCSD] +δ[ROCCSD(T)] )∆Ee[ROCCSD(T)]

aug-cc-pV(D+d)Z 2.87 -0.77 +0.20 -0.07 [+2.22]
aug-cc-pV(T+d)Z 2.77 -0.73 +0.21 -0.09 [+2.17]
aug-cc-pV(Q+d)Z 2.75 -0.69 +0.22 -0.09 [+2.19]
aug-cc-pV(5+d)Z 2.75 -0.68 +0.22 -0.09 [+2.20]
aug-cc-pV(6+d)Z 2.74 -0.68 [+0.23] [-0.09] [+2.20]
CBS limit [+2.74] [-0.67] [+0.23] [-0.09] [+2.21]

δ[UCCSDT(Q)/cc-pV(D+d)Z] ) -0.05 kcal mol-1; Final ∆Efp(V) ) 2.21 - 0.05 ) 2.16 kcal mol-1

E0(final) ) ∆Efp(V) + ∆Ecore + ∆ZPVE + ∆rel + ∆DBOC

) 2.16 + 0.02 + 0.07 + 0.03 + 0.00 ) 2.28 kcal mol-1

fit a + be-cX a + bX-3 a + bX-3 a + bX-3

points (X)) 4, 5, 6 5, 6 4, 5 4, 5

a The symbol δ denotes the increment in the energy difference (∆E) with respect to the previous level of theory. Bracketed numbers are the
result of basis set extrapolations (using the fits denoted in the table), while unbracketed numbers were explicitly computed. ∆Ecore )
core-correlation corrections at the cc-pCV(T+d)Z ROCCSD(T) level of theory; ∆ZPVE ) zero-point vibrational energy correction from
cc-pV(5+d)Z ROCCSD(T) harmonic frequencies; ∆rel ) scalar relativistic corrections [cc-pCVTZ ROCCSD(T)]; ∆DBOC ) diagonal
Born-Oppenheimer correction [aug-cc-pV(T+d)Z ROHF].

TABLE 4: Predicted Harmonic (ωi) and Fundamental Vibrational Frequencies (νi) for the syn-HOSO Radical and Deuterated
syn-DOSO, Evaluated at the Planar Geometrya

syn-HOSO syn-DOSO

mode ωi νi exptl (Ar) exptl (Kr) exptl (Xe) ωi νi exptl (Kr)

ν1 OH stretch 3757 3576 3544 3525 3504 2734 2639 2602
ν2 SO stretch 1202 1184 1168 1164 1158 1190 1175 1160
ν3 HOS bend 1085 1055 1050c 842 826
ν4 SO stretch 798 784 776 773 767 789 775 763
ν5 OSO bend 392 389 368 365

a Harmonic frequencies evaluated at the frozen-core cc-pV(5+d)Z ROCCSD(T) level of theory; anharmonic corrections from a frozen-core
cc-pV(T+d)Z ROCCSD(T) full quartic force field. For comparison, experimental rare gas matrix isolation results are also included.27,28 All
values are in cm-1. b Experimental fundamental vibrational frequencies are from matrix isolation studies in the indicated noble gas (ref 27).
c Tentatively assigned in ref 28.
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Fundamental vibrational frequencies for syn-HOSO and syn-
DOSO have been computed based on harmonic frequencies
evaluated at the cc-pV(5+d)Z ROCCSD(T) level of theory,
corrected for anharmonicity based on a cc-pV(T+d)Z
ROCCSD(T) quartic force field. The resulting frequencies are
in good agreement with results from rare gas trapping
experiments,27,28 especially considering the observed differences
among Ar, Kr, and Xe matrix results. A previously tentative
assignment28 of a feature at 1050 cm-1 to the HOS bending
mode has been confirmed.

A definitive enthalpy of formation for syn-HOSO has been
provided based on the focal point approach,47–50 along with
reliable enthalpies for key reactions in the combustion of sulfur-
containing fuels. The recommended (0 K) enthalpy of formation
for syn-HOSO is -58.0 kcal mol-1, while we recommend
∆rH0K°) -38.6, 68.0, -64.4, and -80.1 kcal mol-1 for H +
SO2f HOSO, HOSOf OH + SO, HOSO + Hf H2 + SO2,
and OH + HOSO f SO2 + H2O, respectively.

The present results represent the confluence of cutting edge
computational methods paired with modern computer technol-
ogy, which has enabled the definitive characterization of a
seemingly simple radical species that is central to combustion
of fossil fuels, yet has escaped accurate theoretical description
in the previous decades.26,29–44 The incorporation of the present
thermochemical data into detailed kinetic models of combustion
processes should enable more reliable predictions of the role
of sulfur in the combustion of fossil fuels and the associated
effects on NOx chemistry in flames.
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PROPS (Taylor, P. R.), and ABACUS (Helgaker, T.; Jensen, Aa.; Jørgensen,
P.; Olsen, J.). See also: Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale,
R. J.; Bartlett . See also: Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale,
R. J.; Bartlett, Int. J. Quantum Chem., Quantum Chem. Symp. 1992, 26,
879. For current version see: http://www.aces2.de.

(76) Werner, H. J.; Knowles, P.; Lindh, R.; Manby, F. R.; Schütz, M.;
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