
Bond Dissociation Energies in Second-Row Compounds

Daniel J. Grant, Myrna H. Matus, Jackson R. Switzer, and David A. Dixon*
Chemistry Department, The UniVersity of Alabama, Shelby Hall, Box 870336, Tuscaloosa, Alabama
35487-0336

Joseph S. Francisco
Department of Chemistry, H. C. Brown Laboratory, Purdue UniVersity, West Lafayette, Indiana 47907-1393

Karl O. Christe
Loker Research Institute and Department of Chemistry, UniVersity of Southern California, California
90089-1661

ReceiVed: October 26, 2007; In Final Form: December 19, 2007

Heats of formation at 0 and 298 K are predicted for PF3, PF5, PF3O, SF2, SF4, SF6, SF2O, SF2O2, and SF4O
as well as a number of radicals derived from these stable compounds on the basis of coupled cluster theory
[CCSD(T)] calculations extrapolated to the complete basis set limit. In order to achieve near chemical accuracy
((1 kcal/mol), additional corrections were added to the complete basis set binding energies based on frozen
core coupled cluster theory energies: a correction for core-valence effects, a correction for scalar relativistic
effects, a correction for first-order atomic spin-orbit effects, and vibrational zero-point energies. The calculated
values substantially reduce the error limits for these species. A detailed comparison of adiabatic and diabatic
bond dissociation energies (BDEs) is made and used to explain trends in the BDEs. Because the adiabatic
BDEs of polyatomic molecules represent not only the energy required for breaking a specific bond but also
contain any reorganization energies of the bonds in the resulting products, these BDEs can be quite different
for each step in the stepwise loss of ligands in binary compounds. For example, the adiabatic BDE for the
removal of one fluorine ligand from the very stable closed-shell SF6 molecule to give the unstable SF5 radical
is 2.8 times the BDE needed for the removal of one fluorine ligand from the unstable SF5 radical to give the
stable closed-shell SF4 molecule. Similarly, the BDE for the removal of one fluorine ligand from the stable
closed-shell PF3O molecule to give the unstable PF2O radical is higher than the BDE needed to remove the
oxygen atom to give the stable closed-shell PF3 molecule. The same principles govern the BDEs of the
phosphorus fluorides and the sulfur oxofluorides. In polyatomic molecules, care must be exercised not to
equate BDEs with the bond strengths of given bonds. The measurement of the bond strength or stiffness of
a given bond represented by its force constant involves only a small displacement of the atoms near equilibrium
and, therefore, does not involve any reorganization energies, i.e., it may be more appropriate to correlate
with the diabatic product states.

Introduction

There is substantial interest in the bond dissociation energies
in compounds containing second- and higher-row main group
elements with coordination numbers beyond the standard values.
These types of compounds have many practical applications and
are of substantial interest as model systems.1 In addition, they
are broadly used as examples in basic chemistry courses. In a
diatomic molecule, there is only one bond, and the dissociation
products are the two atoms. In polyatomic molecules, the
situation is more complicated, as each bond dissociation energy
(BDE) can be quite different as one product is an atom and the
other is a molecule that may have a substantially different
electronic structure than the reactant molecule. The BDEs for
individual steps in the stepwise dissociation of a polyatomic
binary compound can be very different, as they depend on the
relative stabilities of the starting compound and the products
and can differ significantly from the average bond energy (total
atomization energy divided by the number of broken bonds) in

the molecule. In addition, there are different ways to define the
BDE. The diabatic BDE is dissociation to the configurations
most closely representing the bonding configuration in the
reactant, and the adiabatic BDE is dissociation to the ground
state of the separated species. The adiabatic BDE will always
be equal to or less than the diabatic BDE. The adiabatic BDE
may not be representative of the bonding near the minimum,
so when comparing different BDEs, it may be more appropriate
to compare diabatic BDEs, especially when addressing bond
distances, stretching frequencies, and bond force constants that
are representative of the minimum, and not to the lowest energy
dissociation channel. Note that for the diabatic BDE, we require
that the spin be conserved, whereas in the adiabatic BDE, the
process may not occur on the same spin surface. We also
constrain the diabatic BDE to correlate with no more than one
excited state of the product atoms and molecules. The difference
in the adiabatic and diabatic BDEs represents a reorganization
or relaxation energy of the product atom or molecule. The
difference in diabatic and adiabatic BDEs has been discussed* Corresponding author. E-mail: dadixon@bama.ua.edu.
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relative to the strength ofπ-bonds in olefins and main group
compounds.2-4

Because the separate experimental measurement of each
individual step often is either very difficult (often due to the
formation of atomic and polyatomic radicals) or cannot be
measured under comparable conditions, high-level theoretical
calculations of these processes offer a unique opportunity to
obtain accurate self-consistent values for these processes.5

Modern computational chemistry methods implemented on high-
performance computer architectures can now provide reliable
predictions of chemical bond energies to within about 1 kcal/
mol for most compounds that are not dominated by multiref-
erence character. We can use the approach that we have been
developing with collaborators at Pacific Northwest Laboratory
and Washington State University for the prediction of accurate
molecular thermochemistry6 to determine BDEs in compounds
containing a second-row element as the central atom. Our
approach is based on calculating the total atomization energy
of a molecule and using this value with known heats of
formation of the atoms to calculate the molecular heat of
formation at 0 K. The approach starts with coupled cluster theory
with single and double excitations and including a perturbative
triples correction [CCSD(T)],7-9 combined with the correlation-
consistent basis sets10,11 extrapolated to the complete basis set
limit to treat the correlation energy of the valence electrons.
This is followed by a number of smaller additive corrections
including core-valence interactions and relativistic effects, both
scalar and spin-orbit. The zero-point energy can be obtained
from experiment, theory, or a combination of the two. Correc-
tions to 298 K can then be calculated by using standard
thermodynamic and statistical mechanics expressions in the rigid
rotor-harmonic oscillator approximation12 and appropriate
corrections for the heat of formation of the atoms.13

Due to their large range of possible oxidation states, sulfur
and phosphorus fluorides and oxofluorides are ideally suited
for such an investigation. There have been numerous theoretical
and experimental studies of the thermochemistry and BDEs of
PFxOy and SFxOy compounds, but many of them have not been
as accurate as one would hope for, and there are not as many
reliable main group dissociation energies known as one would
like. Many of the results are derived from the heats of formation
in NIST-JANAF Thermochemical Tablesor the updated values
from the NIST Web site14 and have recently been compiled by
Luo.15 The experimental P-F and S-F bond energies for a
number of compounds are summarized in Table 1. Ahlrichs et
al.16 reported mass spectrometric and matrix isolation infrared
investigations of PFO and obtained a value of-96.7 kcal/mol
for the heat of formation at 298 K. They also reported ab initio
calculations at the SCF (self-consistent field), CISD (single and
double configuration interaction), and CPF (coupled pair
functional) levels. Beckers et al.17 further studied PFO by
millimeter-wave spectroscopy, high-resolution infrared spec-
troscopy, and high-level ab initio calculations at the MP2
(second-order Møller-Plesset) and CCSD(T) levels with a series
of correlation-consistent basis sets including additional diffuse
functions andd-functions. Gustev18 has studied the structure
and stability of the phosphorus fluorides PFn and their singly
charged anions PFn

- (n ) 1-6) using density functional theory
(DFT). Tschumper et al.19 studied these systems with a range
of density functional methods (four exchange-correlation func-
tionals using DZP and DZP++ basis sets). Gu and Leszczyn-
ski20 also studied the PFn/PFn

- series for (n ) 1 - 6) with G2
theory and several of its modified versions and predicted bond

dissociation energies as well as the atomization energies,
enthalpies of formation, and adiabatic electron affinities.

There have been a number of experiments measuring the
thermochemistry of the sulfur fluorides. Bott and Jacobs21

performed shock-tube experiments and used RRK reaction rate
theory to determine the first S-F bond dissociation energy in
SF6 to be 75.9 kcal/mol. Thynne and Harland22 studied negative
ion formation of sulfur tetrafluoride and estimated the SF3-F
BDE to be e83.9 kcal/mol. Hildebrand23 reported mass
spectrometric studies of gaseous sulfur fluorides measuring the

TABLE 1: Experimental and Calculated Bond Dissociation
Energies in kcal/mol at 0 Ka

calculated

bond energy reaction experiment DTQ Q5

PF5 f PF4 + F 132.8
PF4 f PF3 + F 54.5
PF3 f PF2 + F 130.2( 5.9b 132.0 131.8
PF2 f PF+ F (123.2)c 119.2 119.1
PFf P + F 106( 5b 107.2 [107.1] 107.1 [107.0]
PF3O f PF3 + O 129.0( 2.8b 131.6 [131.4] 132.4 [132.2]
PF3O f PF2O + F 143.8 143.9
PF2O f PF2 + O 119.7 120.3
PF2O f PFO+ F 74.3 74.2
PFOf PF+ O 164.6 [164.5] 165.2 [165.2]
PFOf PO+ F 130.9 [130.8] 130.8 [130.7]
POf P + O 141.8( 1b 140.9 [140.8] 141.6 [141.4]
SF6 f SF5 + F 92.2( 3.8b 104.8

(100.4( 2.4)d
75.92e
78f

92.0g

(91.1( 3.2)h
88.1( 3.2i

(94.5( 3.0)j
SF5 f SF4 + F 72f 37.7

(53.1( 6.0)h
57.9( 3.0i

SF4 f SF3 + F 80( 13b 95.5 95.7
e83.9( 1.2k

83f

(84.1( 3.0)h
89.2( 2.3i

86.2( 7.8l

SF3 f SF2 + F 63f 54.8 54.6
(63.7( 7.1)h
60.9( 2.8i

SF2 f SF+ F 91.8( 5.5b 89.1 [89.2] 89.3 [89.3]
94f

(91.7( 4.3)h
94.3( 4.6i

SFf S + F 81.0( 1.6b 83.2 [83.1] 83.2 [83.1]
82f

(81.2( 1.6)h
77.5( 4.2i

SF5O f SF5 + O 71.6
SF5O f SF4O + F 21.1
SF4O f SF4 + O (102( 6)m 88.2 [88.0] 88.9 [88.7]
SF4O f SF3O + F 89.7 89.8
SF3O f SF2O + F 20.0 20.0
SF3O f SF3 + O 94.0 94.8
SF2O f SFO+ F 93.6 93.7
SF2O f SF2 + O 118( 29.0b 128.8 [128.7] 129.4 [129.5]
SFOf SO+ F 85.4 86.2
SFOf SF+ O 124.3 125.0
SF2O2 f SF2O + O (109( 27)b 98.7 [98.5] 99.7 [99.3]

(110( 5)m
SF2O2 f SFO2 + F 106.9 107.2
SFO2 f SO2 + F 40.4n
SFO2 f SFO+ O 85.4 86.2
SOf S + O 123.58o 123.1 [123.0] 123.7 [123.6]

a Values in parentheses are at 298 K. Calculated values have scalar
relativistic MVD correction. Calculated values in brackets have scalar
relativistic DKH correction.b Reference 14.c Reference 15.d Reference
29. e Reference 21.f Reference 23.g Reference 24.h References 26 and
27. i Reference 30.j Reference 28.k Reference 22.l Reference 31.
m Reference 25.n Calculated using the experimental heat of formation
of SO2 from ref 14.o Reference 55.
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heats of formation of SF, SF2, and SF4. Coupled with other data,
this gives the stepwise BDE of SF6. Lyman24 reanalyzed their
data for the thermal dissociation of SF6 using RRKM unimo-
lecular reaction rate theory and found a value of 92 kcal/mol
for the S-F BDE. Benson25 reviewed the thermochemistry of
sulfur-containing molecules and provided estimates for the heats
of formation of SF5, SF4O, and SF5O as well as the SF4dO
BDE. Kiang et al.26,27 studied the chemiluminescent reactions
of SF6 and SF4 with metastable calcium and strontium atoms
under single-collision conditions. Their experiments allowed
them to determine the F5S-F (91.1( 3.2 kcal/mol) and F3S-F
(84.1( 3.0 kcal/mol) BDEs, and when combined with known
heats of formation, they obtained the stepwise BDEs for SF6.
Babcock et al.28 measured the first BDE of SF6 from ion-
molecule reactions and found a value of 94.5( 3.0 kcal/mol at
298 K. Tsang and Herron29 reevaluated most of the data for
the F5S-F BDE and derived a new value for the BDE of 100.4
( 2.4 kcal/mol at 298 K. Fisher et al.30 used collision-induced
dissociation and charge-transfer experiments to measure ioniza-
tion energies of the sulfur fluoride ions, and when combined
with BDEs, they were able to derive heats of formation for both
ionic and neutral species. Later, Stevens-Miller et al.31 used
negative ion-molecule reactions in a selected ion flow tube
and determined a SF3-F BDE of 86.2( 7.8 kcal/mol. Endo et
al.32 studied the FSO radical by microwave spectroscopy and
obtained geometrical parameters and vibrational frequencies.
Kronberg et al.33 reported the spectroscopic characterization of
the SF5, SF5O, and SF5OO radicals as well as quantum chemical
calculations at the DFT [B3LYP/6-311++G(3df,3pd] level.
Their experiments examined the species resulting from the
atmospheric oxidation of SF6, a long-lived atmospheric species,
initiated by photodissociation that breaks an S-F bond.

Ziegler and Gustev34 studied the molecular and electronic
structure of the sulfur fluorides using DFT. Irikura35 used G2
theory to predict the molecular structure and thermochemistry
of the sulfur fluorides SFn (n ) 1-5). Cheung et al.36 have
also reported G2 and G2(MP2) results for the heats of formation
of the neutral, cationic, and anionic sulfur fluorides and their
corresponding BDEs. King et al.37 reported the BDEs of SFn
(n ) 1-6) at the DFT level with a DZP++ basis set.
Bauschlicher and Ricca38 predicted the heats of formation of
the SFn (n ) 1-6), series together with the corresponding ions
SFn

+ and SFn- at the CCSD(T) level of theory with extrapolation
to the complete basis set limit. Miller et al.39 also investigated
the thermochemistry, specifically bond enthalpies and electron
affinities, of the sulfur fluoride neutrals SFn and anions SFn-

(n ) 1-6) at the G3 and G2 level of theory as well as at the
G3(MP2) and G2(MP2) levels.

Computational Approach

For the current study, we started with the augmented
correlation consistent basis sets aug-cc-pVnZ for O, F, P, and
S (n ) D, T, Q, 5).10,11 For the sake of brevity, we abbreviate
the names to aVnZ. Only the spherical components (5-d, 7-f,
9-g, 11-h) of the Cartesian basis functions were used. It has
recently been found that tightd functions are necessary for
calculating accurate atomization energies for second-row ele-
ments,40 so additional tightd functions on P and S were included
in our calculations. Basis sets containing extra tightd functions
are denoted aug-cc-pV(n+d)Z, in analogy with the original
augmented correlation consistent basis sets. We use aug-cc-
pV(n+d)Z to represent the combination of aug-cc-pV(n+d)Z
(on the second-row atoms P and S) and aug-cc-pVnZ (on O
and F) basis sets and abbreviate this as aV(n+d)Z.

All of the current work was performed with the MOLPRO
suite of programs.41 The open-shell CCSD(T) calculations for
the atoms were carried out at the R/UCCSD(T) level. In this
approach, a restricted open-shell Hartree-Fock (ROHF) cal-
culation was initially performed, and the spin constraint was
relaxed in the coupled cluster calculation.42-44 All of the
calculations were done on a massively parallel HP Linux cluster
with 1970 Itanium-2 processors in the Molecular Sciences
Computing Facility in the William R. Wiley Environmental
Molecular Sciences Laboratory or on the 144 processor Cray
XD-1 computer system at the Alabama Supercomputer Center.

The geometries were optimized numerically at the frozen core
CCSD(T) level with the aVDZ and aVTZ as well as the aV-
(D+d)Z and aV(T+d)Z correlation-consistent basis sets. The
geometries of the diatomics were also optimized at the aV-
(Q+d)Z level. The CCSD(T)/aug-cc-pV(Q+d)Z geometries
were then used in single-point CCSD(T)/aV(5+d)Z calculations.
For the polyatomic molecules, the CCSD(T)/aV(T+d)Z geom-
etries were then used in single-point CCSD(T)/aV(Q+d)Z and
CCSD(T)/aV(5+d)Z calculations. For the large open-shell
molecules, due to the computational expense of open-shell
CCSD(T) calculations, the largest basis set used for the CBS
extrapolations for PF4, SF5, and SF5O was the aV(Q+d) basis
set.

Frequencies for the polyatomic molecules were calculated at
the MP2/aug-cc-pV(T+d)Z level using the Gaussian program
system45 in order to obtain zero-point energies and thermal
corrections at 298 K. Zero-point energies were obtained either
directly from the experimental values or from the calculated
frequencies if experimental values were not available. Bond
distances, harmonic frequencies, and anharmonic constants for
the diatomics were obtained from a fifth-order fit46 of the
potential energy curve at the CCSD(T)/aug-cc-pV(Q+d)Z level.

The CCSD(T) total energies were extrapolated to the CBS
limit by using a mixed exponential/Gaussian function of the
form

with n ) 2 (DZ), 3 (TZ), and 4 (QZ), as first proposed by
Peterson et al.47 This extrapolation method has been shown when
combined with the other corrections given below to yield
atomization energies in the closest agreement with experiment
(by a small amount) as compared to other extrapolation
approaches up throughn ) 4.6 The total atomization energies
for the molecules were also obtained by extrapolating the aug-
cc-pV(Q+d)Z and aug-cc-pV(5+d)Z values using the formula

We abbreviate the extrapolation with eq 1 as the DTQ
extrapolation and that with eq 2 as the Q5 extrapolation. The
T1 diagnostics48 (Supporting Information) are small, with the
largest values being 0.025 for the diatomics PO and SO,
suggesting that our CCSD(T) approach based on a single
reference should provide good results.

Core-valence corrections,∆ECV, were obtained at the CCSD-
(T)/cc-pwCVTZ level of theory.49 Scalar relativistic corrections
(∆ESR), which account for changes in the relativistic contribu-
tions to the total energies of the molecule and the constituent
atoms, were included at the CISD level of theory using the cc-
pVTZ basis set.∆ESR is taken as the sum of the mass-velocity
and one-electron Darwin (MVD) terms in the Breit-Pauli
Hamiltonian.50 ∆ESR were also calculated at the MP2 level with
the cc-pVTZ DK basis set and the spin-free, one-electron

E(n) ) ECBS + A exp[-(n - 1)] + B exp[-(n - 1)2] (1)

E(lmax) ) ECBS + B/lmax
3 (2)
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Douglas-Kroll-Hess(DKH)Hamiltonianforsomemolecules.51-53

As shown below, the two approaches for∆ESR are in agreement
within better than 0.5 kcal/mol in the worst case and usually
within 0.3 kcal/mol.6i,n Most calculations using available
electronic structure computer codes do not correctly describe
the lowest energy spin multiplet of an atomic state as the spin-
orbit in the atom is usually not included. Instead, the energy is
a weighted average of the available multiplets. For P in the4S
state, no spin-orbit correction is needed, but corrections of 0.22,
0.38, and 0.56 kcal/mol for O, F, and S, respectively, are needed
and are taken from the excitation energies of Moore.54 The
spin-orbit corrections for the diatomic molecules PO and SF
were taken from Huber and Herzberg.55

By combining our computed∑D0 (total atomization energies)
values with the known heats of formation14 at 0 K for the
elements∆Hf

0(O) ) 58.99 kcal/mol,∆Hf
0(F) ) 18.47 kcal/

mol, ∆Hf
0(P) ) 75.42 kcal/mol, and∆Hf

0(S) ) 65.66 kcal/
mol, we can derive∆Hf

0 values for the molecules under study
in the gas phase. We obtain heats of formation at 298 K by
following the procedures outlined by Curtiss et al.13

Results and Discussion

Geometries.The optimized geometry parameters for the P
derivatives are shown in Table 2 and for the S derivatives in
Table 3. The point groups and ground-state symmetry labels
are given in these tables for the molecules under study. For the
P derivatives, the P-F and P-O bond distances are too long
as compared to experiment by>0.013 Å at the CCSD(T)/aug-
cc-pV(T+d)Z level, and by>0.006 Å at the CCSD(T)/aug-cc-
pV(Q+d)Z level. In fact, we found that it was very important
to include the tightd functions in the geometry optimizations
of these species, as the bond lengths were much too long without
their inclusion. For PFO, even larger calculations showed that
inclusion of core-valence correlation as well as large basis sets
up to aV5Z with a correction for the tightd functions was
required to obtain the best agreement with experiment.17 Similar
results are found for the MP2 optimizations for the S derivatives.

For the diatomics PO (2Π), PF (3Σ-), SF (2Π), and SO (3Σ-),
our calculated values are in agreement with the experimental
data,55 with the largest discrepancy in the S-F distance being

0.0073 Å longer than experiment. High level calculations on
SO have been discussed in detail previously, and we note that
it is important to include tight d functions in the description of
the structures and energetics.40,56,57 Our values, which are
included for completeness, are in agreement with the previous
calculations.

The P-F distance in PF3 was found to be 0.01 Å longer than
the experimental value of 1.561 Å,58 whereas the∠FPF was
slightly smaller by 0.3° than the experimental value of 97.7°.58

In PF3O, the calculated P-F and P-O distances of 1.531 and
1.443 Å are in agreement with experiment, being only 0.007
and 0.008 Å longer, respectively, whereas the bond angles∠FPF
and ∠FPO are 0.5° smaller and 0.4° larger compared to
experiment.59,60 In PF5, the P-Feq bond is slightly longer by
0.008 Å than the experimental value of 1.534 Å,61 and the P-Fax

bond is also slightly longer by 0.004 Å as compared to the
experimental value of 1.577 Å.61

For SF2, the geometrical parameters are in agreement with
experiment, with the S-F bond distance being only 0.009 Å
longer than the experimental value of 1.58745(12) Å62 and the
∠FSF being only 0.3° larger. The S-F and S-O distances in
SF2O are both slightly longer by 0.01 Å compared to experi-
ment, while the∠FSF and∠FSO angles are within 0.2° of
experiment.63 For SF4, the calculated S-Feq bond of 1.553 Å
is slightly longer by 0.008 Å as compared to experiment,
whereas the S-Fax bond of 1.654 Å is only 0.008 Å longer
than the experimental value. The∠FSFeq bond angle is
practically the same as the experimental value of 101.5° (with
only a 0.01° difference), whereas the∠FSFax angle is 0.7° larger
than experiment.64,65In SF2O2, the S-F and S-O bond distances
are slightly longer than experiment by 0.015 and 0.007 Å,
respectively.66 The ∠FSF bond angle is slightly smaller than
the experimental value of 96.1° by 0.8°, whereas the∠OSO
angle is 1.2° larger than experiment. There have been several
experimental studies65,67,68of the molecular geometry of SF4O.
The S-F bond of 1.567 Å in SF6 is in agreement with the
experimental bond distance of 1.561 Å.58

Vibrational Frequencies. The calculated MP2 frequencies
for the P derivatives are in excellent agreement with the
experimental values17,55,69-72 considering the level of the

TABLE 2: Optimized Bond Lengths (Å) and Angles (deg) for PFxOy Equilibrium Geometriesa

molecule basis set RPF RPO ∠FPF ∠FPO

PO (2Π, C∞V) aV(T+d)Z 1.4889
aV(Q+d)Z 1.4828
expb 1.4759

PF (3Σ-, C∞V) aV(T+d)Z 1.6028
aV(Q+d)Z 1.5960
expb 1.5897

PFO (1A′, Cs) aV(T+d)Z 1.5855 1.4646 110.13
expc 1.5727( 0.0002 1.4528( 0.0001 110.16( 0.02

PF2 (2B1, C2V) aV(T+d)Z 1.5883 98.16
PF3 (1A1, C3V) aV(T+d)Z 1.5723 97.45

expd 1.561(1) 97.7(2)
PF2O (2A′Cs) aV(T+d)Z 1.5581 1.4654 98.93 115.94
PF3O (1A1, C3V) aV(T+d)Z 1.5314 1.4429 100.84 117.13

expe 1.522 1.437 101.14
expf 1.5240 ( 0.003 1.4356 ( 0.006 101.3( 0.2 116.76

PF4 (2A1, C2V) aV(T+d)Z 1.5470 eq 94.63 eq
1.6023 ax 104.46 ax

PF5 (1A1, D3h) aV(T+d)Z 1.5415 eq 120.0 eq
1.5813 ax 90.0 ax

expg 1.5340 eq
1.5770 ax

a CCSD(T) optimizations on the PFxOy compounds up to aug-cc-pV(T+d)Z and up to aug-cc-pV(Q+d)Z for diatomics; ax) axial and eq)
equatorial.b PF and PO electronic spectroscopy; ref 55.c Millimeter-wave and high resolution infrared spectrocopies; ref 17.d MicrowaveRe; ref
58. e Microwave; ref 60.f Electron diffraction; ref 59.g Electron diffraction; ref 61.
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calculations presented in Supporting Information (Table S-3).
Most of the stretching frequencies are too low by a few wave
numbers due to the fact that the calculated bond distances are
slightly too long. The largest discrepancy is found for PFO,
with about 30 cm-1 difference in the P-O stretch. CCSD(T)
calculations with an augmented aVQZ basis set yield values
within a few cm-1 of experiment.17 For the S derivatives shown
in the Supporting Information (Table S-4), there is overall
excellent agreement with experiment for most of the modes.55,73-81

The largest discrepancy is for the S-O stretch in FSO, but we
note that this mode has never been measured and that the
“experimental” frequency uses an estimated force constant to
fit centrifugal distortion constants.74 We suggest that our value
is substantially more accurate. Overall, the excellent agreement
between theory and experiment for the frequencies suggests that

our calculated frequencies for the compounds whose frequencies
have not been measured should be good to better than 30-40
cm-1. In addition, the anharmonic contributions for the diatomics
and for PFO are not large, so we can estimate that our zero-
point energies should have an accuracy of(0.2 kcal/mol.

Calculated Heats of Formation.The contributions to the
total dissociation energy are given in Table 4. We first describe
some trends in various contributions. For the P derivatives, the
agreement between the DTQ and Q5 extrapolations with only
F as a substituent is essentially the same within∼0.2 kcal/mol.
When one of the substituents is O, the difference grows to as
large as∼0.7 kcal/mol for PO, with the Q5 value being larger.
This is similar to what was observed in the acid oxides of S.
Use of a larger basis set (aug-cc-pV5Z) in the CBS extrapolation
improves the agreement with experiment for both H2SO4 and

TABLE 3: Optimized Bond Lengths (Å) and Angles (deg) for SFxOy Equilibrium Geometriesa

molecule basis set RSF RSO ∠FSF ∠FSO ∠OSO
∠FeqSFeqFax/
∠FaxSFaxFeq

∠FSFO/
∠OSOF

SF(2Π, C∞V) aV(T+d)Z 1.6057
aV(Q+d)Z 1.6013
expb 1.600574

SO (3Σ-, C∞V) aV(T+d)Z 1.4932
aV(Q+d)Z 1.4866
expb 1.481087

SF2 (1A1, C2V) aV(T+d)Z 1.5969 98.36
expc 1.58745(12) 98.048(13)

SFO (2A′′, Cs) aV(T+d)Z 1.6139 1.4474 109.19
SF3 (2A′, Cs) aV(T+d)Z 1.5695 eq 87.96 eq -76.98

1.6632 ax 162.02 ax
SF2O (1A′, Cs) aV(T+d)Z 1.5958 1.4268 92.64 106.72 108.34

expd 1.5854( 0.0002 1.4127( 0.0003 92.83( 0.02 106.82( 0.03
SFO2 (2A′, Cs) aV(T+d)Z 1.5885 1.4356 106.88 124.63 -125.34
SF4 (1A1, C2V) aV(T+d)Z 1.5531 eq 101.51 eq 50.82

1.6536 ax 187.56 ax -50.82

expe 1.545( 0.003 eq 101.5( 0.5 eq
1.646( 0.003 ax 186.9( 0.5 ax

expf 1.542( 0.005 eq 103.8( 0.6 eq
1.643( 0.005ax 176.8( 2.5 ax

SF3O (2A′, Cs) aV(T+d)Z 1.5526 eq 1.4188 90.26 eq 111.17 eq -90.90 157.07
1.6362 ax 147.54 ax 105.01 ax

SF2O2 (1A1, C2V) aV(T+d)Z 1.5447 1.4117 95.31 108.07 125.15 110.98
128.97

expg 1.530 1.405 96.1 124.0
SF5 (2A1, C4V) aV(T+d)Z 1.5983 eq 89.95 eq 91.62

1.5467 ax 91.62 ax
SF4O (1A1, C2V) aV(T+d)Z 1.5475 eq 1.4155 112.50 eq 123.75 eq 83.49 180.0

1.6046 ax 164.37 ax 97.81 ax -83.49
85.67 eq-ax

exph 1.535(4) eq 1.406(3) 114.9(3.4) eq 122.5 eq
1.593(4) ax 164.4(6) ax 97.8 ax

85.8 eq-ax
expi 1.552(4) eq 1.403(3) 110.1(1.8) eq 124.9(9) eq

1.575(3) ax 89.6(2) eq-ax 90.6(4) ax
expj 1.550( 0.003 eq 1.413( 0.001 110.01( 0.74 eq

1.583( 0.003 ax 178.35( 0.48 ax
expf 1.539( 0.005 eq 1.422( 0.008 122.8( 1.8 eq

1.602( 0.005 ax 182.8( 0.7 ax
SF5O (2B1, C2V) aV(T+d)Z 1.5785 eq 1.6175 90.1 eq 92.12 eq 87.9

1.5699 eq 87.9 eq 88.0 eq 92.0
1.5673 ax 92.0 eq 180.0 ax

SF6 (1A1g, Oh) aV(T+d)Z 1.5666 90.0 eq
180.0 ax

expk 1.560722(7) 90.0 eq
180.0 ax

a CCSD(T) optimizations on SF and SO, and MP2 optimizations on the SFxOy compounds; ax) axial and eq) equatorial.b SF and SO, microwave;
ref 55. c MicrowaveRe; ref 62. d Microwave,R0; ref 63. e Microwave; ref 64.f Electron diffraction; ref 65.g Microwave; ref 66.h Electron diffraction,
structure D; ref 67. Used by Oberhammer and Boggs (Oberhammer, H.; Boggs, J.E.J. Mol. Spectrosc.1979, 56, 107) in their computational study.
i Electron diffraction, structure B; ref 67.j Electron diffraction; ref 68.k R0, computed in ref 58 from rotational constant from Patterson et al.
(Patterson, C. W.; Herlemont, F.; Azzizi, M.; LeMaire, K.J. Mol. Spectrosc.1984, 108, 31). Doppler-free two-photon spectroscopy of the 2ν3

band.
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FSO3H.82 Compounds with a second-row atom where there is
a large change in oxidation state from the atom in the molecules
to the bare atom may require use of very large basis sets to
recover the valence correlation energy for the total dissociation
energy. The compounds with the largest basis set effect have
the largest effective charges on the P, as seen in Table S-6
(Supporting Information), containing both the Mulliken atomic
charges and NBO charges from a Natural Bond Orbital (NBO)
analysis83 for the closed-shell PFxOy and SFxOy molecules
calculated at the density functional theory B3LYP/DGDZVP2
level.84,85 The NBO charges predict the molecules to be more
ionic than do the Mulliken charges, consistent with previous
observations.83f The molecules are all predicted to have sig-
nificant ionic character with larger negative charges on the O
than on the F balanced by a positive charge on P or S. A
summary of the NBO results is given in the Supporting
Information. There is, of course, some dependence of the NBO
charges on the basis set and computational method,83 but we
are simply using these values as qualitative guidelines. The
dipole moments calculated at the MP2/aV(T+d) level are given
as Supporting Information.

For the S derivatives, the same trends in the energy
components are observed. When only F is present as a
substituent, the difference between the DTQ and Q5 extrapola-
tions is a maximum for SF6 with a difference of 0.4 kcal/mol.
However, for the compounds with O as a substituent, the
difference is as large as 1.8 kcal/mol for SF2O2, just as found
for SO4H2. Again, the largest effective charges are on the S
with these substituents. For these compounds, the second-row
sulfur atom is in a high oxidation state of+6. In terms of the
atomization energy, the S atom is in oxidation state 0, and the
difference between the two oxidation states requires the use of
a very large basis set to recover the valence correlation energy
for the total dissociation energy.

The core valence corrections are small, with the largest value
being 0.8 kcal/mol for SF2O2. The scalar relativistic corrections
are substantially larger than the core-valence corrections. The
scalar relativistic effects increase with the number of substitu-
ents. For the P derivatives, the DKH correction is larger than
the MVD correction by up to 0.37 kcal/mol for PF5. For the S
derivatives, the DKH and MVD values are within 0.3 kcal/mol
of each other, with the largest difference found for SF2O2. The

TABLE 4: Components for Calculating the Atomization Energies in kcal/mola

CBS D0(0K)h

molecule DTQb Q5c ∆EZPE ∆ECV
d ∆ESR-DKH

e ∆ESR
f ∆ESO

g DTQ Q5

PO 142.36 143.03 1.75k 0.51 -0.44 -0.29 0.10i 140.93 141.59
[140.77] [141.44]

PF 108.91 108.81 1.20k 0.25 -0.45 -0.34 -0.38 107.23 107.13
[107.12] [107.02]

PFO 276.10 276.68 3.62l 0.67 -0.96 -0.75 -0.60 271.80 272.38
[271.60] [272.18]

PF2 230.49 230.28 2.94l 0.41 -0.80 -0.76 226.40 226.19
PF3 365.86 365.51 5.41l 0.44 -1.56 -1.37 -1.14 358.38 358.03

[358.19] [357.84]
PF2O 354.65 355.06 6.18l 0.43 -1.79 -0.98 346.12 346.54
PF3O 502.06 502.54 9.11l 0.55 -3.03 -2.61 -0.92 489.96 490.44

[489.55] [490.02]
PF4 424.32 7.56l 0.11 -2.45 -1.52 412.90
PF5 561.72 561.62 10.70l 0.04 -3.79 -3.42 -1.90 545.75 545.64

[545.37] [545.27]
SF 84.87 84.93 1.20k 0.20 -0.40 -0.31 -0.37j 83.19 83.24

[83.11] [83.16]
SO 125.36 126.04 1.64k 0.44 -0.47 -0.37 -0.94 123.00 123.68

[122.90] [123.58]
SF2 176.99 177.11 2.85l 0.30 -0.84 -0.76 -1.32 172.35 172.47

[172.27] [172.39]
SFO 212.54 213.31 3.66m 0.60 -0.83 -1.16 207.48 208.25
SF3 233.98 234.02 4.56m 0.39 -1.05 -1.70 227.06 227.11
SF2O 309.46 310.33 5.99l 0.58 -1.49 -1.46 -1.54 301.05 302.92

[301.01] [302.89]
SFO2 302.40 303.93 6.86m 0.74 -1.97 -1.39 292.92 294.45
SF4 333.49 333.71 7.40 0.32 -1.78 -1.81 -2.08 322.52 322.75

[322.55] [322.77]
SF3O 332.92 333.68 8.05m 0.48 -2.37 -1.92 321.06 321.82
SF2O2 413.61 415.38 9.89l 0.80 -3.30 -2.99 -1.77 399.76 401.53

[399.45] [401.23]
SF5 375.76 9.98l 0.10 -3.19 -2.46 360.24
SF4O 426.73 427.66 11.24m 0.33 -3.83 -3.63 -2.30 409.72 411.65

[410.53] [411.46]
SF5O 461.65 13.07 0.13 -4.19 -2.68 431.84
SF6 485.57 485.98 13.40l 0.03 -4.63 -4.40 -2.84 464.96 465.37

[464.74] [465.15]

a ∑D0 ) ∆Eelec(CBS)- ∆EZPE + ∆ECV + ∆ESR + ∆ESO. b Valence electron dissociation energy extrapolated to the CBS limit by using eq 1 with
n ) D,T,Q. c Valence electron dissociation energy extrapolated to the CBS limit by using eq 2 withn ) Q, 5. d Core/valence corrections were
obtained with the cc-pwCVTZ basis sets at the optimized geometries.e The scalar relativistic correction is based on the DKH method.f The scalar
relativistic correction is based on a CISD(FC)/cc-pVTZ MVD calculation.g Correction due to the incorrect treatment of the atomic asymptotes as
an average of spin multiplets. Values are based on Moore’s tables (ref 54).h The theoretical value of the dissociation energy to atoms∑D0(0K).
Values in square brackets are determined using the DKH relativistic correction.i Includes the spin orbit correction for the diatomic) 0.32 kcal/mol
(112 cm-1). j Includes the SO stabilization of the molecule (199 cm-1). k Zero-point energy obtained from the fifth-order fitting of the PES at the
CCSD(T)/aV(Q+d)Z geometry.l Zero-point energy obtained from the experimental values.m Zero point energy obtained from the calculated MP2/
aV(T+d)Z value.
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fact that the DKH corrections are in general more negative than
the CI-SD MVD corrections is consistent with previously
observed differences.82,86 The large values for∆ESR are
consistent with the large change in the character of the P or S
atom going from the free atom to the nominal+5/+6 charge
on that atom in PF3O or SF2O2.

The heats of formation (Table 5) of the diatomics are in good
agreement with the experimental values,14 and our values are
expected to provide lower error limits. The heats of formation
of PF3 and PF5 are in good agreement with the experimental
values.14 The value for PF3 is more positive than the experi-
mental value, as expected, and within the error bars. For PF5,
the calculated value is 1 kcal/mol higher than the experimental
value and just outside the experimental error limits. The
calculated heat of formation of PF2 is within the experimental
error limits,14 and our value is more precise with an estimated
error limit of (1 kcal/mol. For PF3O, our calculated value is
more negative than the experimental value14 and just outside
the experimental error limits. For H2SO4, the calculated value82

was above the experimental value, suggesting that our analysis
of the experimental value for PF3O is correct. This suggests
that the value for PF3O needs to be revised downward. The
good agreement that we find for our calculated values with
experiment for the P derivatives and our own assessment of
the errors in the calculations lead us to estimate error bars of
(1 kcal/mol for the calculated heats of formation. The G2
method underestimates the heats of formation of PF3 and PF5
by 5-6 kcal/mol, whereas G2MP2 and G2M(CC5) methods
show best agreement compared to experiment for the entire
series.20

The heat of formation of SO is in excellent agreement with
the experimental55 and other high-level theoretical values.40,56

The result for∆Hf(SF6) is in excellent agreement with the highly
accurate experimental value.14 The calculated values for the
heats of formation of SF2 and SF4 are within the quite large
experimental error limits,14 and our values should be more
reliable. For the SF3 and SF5 radicals, our calculated values
differ from the best experimental values14 by more than the error

bars. However, the experimental values are not very reliable
and our calculated values should be more reliable. The best
experimental value for the heat of formation of SF5 comes from
an analysis of a number of experiments for the bond dissociation
energy for SF6 and is-210.2 ( 2.7 kcal/mol at 298 K29 in
comparison to our value of-204.6 kcal/mol, which should be
good to(1 kcal/mol. The heat of formation of SF3 is predicted
to be-107.0, which is above the experimental value14 of -120
( 8 kcal/mol. The heat of formation of SF2O is within the very
large experimental error limits,14 and our value should be much
better.

Bond Dissociation Energies.The BDEs are given in Table
1, where they are compared to experiment. The BDEs for a
given central atom are compared to each other in Figures 1 and
3 for the perfluorocompounds and in Figures 2, 4, and 5 for
the oxofluorides. For consistency, the BDEs in the figures are
from the CCS(DTQ) values with eq 1.

TABLE 5: Heats of Formation (kcal/mol) at 0 and 298 Ka

∆Hf(0K)theory ∆Hf(298K)theory

molecule DTQ Q5 ∆Hf(0K)exp DTQ Q5 ∆Hf(298K)exp

PO -6.5 [-6.4] -7.2 [-7.0] -5.6( 4 -6.8 [-6.6] -7.4 [-7.3] -5.6( 1
PF -13.3 [-13.2] -13.2 [-13.1] -12.3( 5 -13.6 [-13.4] -13.5 [-13.3] -12.5( 5
PFO -118.9 [-118.7] -119.5 [-119.3] -119.7 [-119.5] -120.2 [-120.0]
PF2 -114.0 -113.8 -116.0( 5.0 -114.8 -114.5 -116.6( 5.0
PF3 -227.6 [-227.4] -227.2 [-227.0] -227.7( 0.9 -228.9 [-228.7] -228.5 [-228.3] -229.0( 0.9
PF2O -174.8 -175.2 -176.2 -176.6
PF3O -300.1 [-299.7] -300.6 [-300.2] -297.7( 1.9 -302.2 [-301.8] -302.7 [-302.3] -299.6( 1.9
PF4 -263.6 -265.4
PF5 -378.0 [-377.6] -377.9 [-377.5] -378.5( 0.7 -380.5 [-380.2] -380.4 [-380.1] -380.9( 0.7
SF 0.9 [1.0] 0.9 [1.0] 2.9( 1.5 1.0 [1.0] 0.9 [1.0] 3.1( 1.5
SO 1.6 [1.7] 1.0 [1.1] 1.2( 0.3 1.6 [1.7] 1.0 [1.1] 1.2( 0.3
SF2 -69.7 [-69.7] -69.9 [-69.8] -70.4( 4.0 -70.2 [-70.1] -70.3 [-70.3] -70.9( 4.0
SFO -64.4 -65.1 -64.9 -65.6
SF3 -106.0 -106.0 -119.3( 8.0 -106.9 -106.9 -120.2( 8.0
SF2O -139.5 [-139.4] -140.3 [-140.3] -129( 25 -140.6 [-140.6] -141.5 [-141.5] -130( 25
SFO2 -90.8 -92.3 -92.1 -93.6
SF4 -183.0 [-183.0] -183.2 [-183.2] -180.9( 5.0 -184.7 [-184.7] -184.9 [-184.9] -182.3( 5.0
SF3O -141.0 -141.8 -142.7 -143.4
SF2O2 -179.2 [-178.9] -181.0 [180.6] -179.3( 2.0 -181.2 [-180.9] -182.9 [-182.6] -181.2( 2.0
SF5 -202.2 -214.7( 3.6 -204.6 -217.0( 3.6

-207.9( 2.7b -210.2( 2.7b

SF4O -212.2 [-212.0] -213.1 [-212.9] -214.7 [-214.5] -215.6 [-215.4]
SF5O -214.8 -218.0
SF6 -288.5 [-288.3] -288.9 [-288.7] -288.4( 0.2 -291.8 [-291.6] -292.2 [-292.0] -291.6( 0.2

a Values in square brackets use the DKH method for the scalar relativistic correction. Experimental data from ref 14.b Reference 29.

Figure 1. Adiabatic and diabatic BDEs for PFx in kcal/mol. Unique
diabatic BDEs are in red. Spin density contour level) 0.05 au in
radicals, except for PF2, with a contour level of 0.035 au. Orange) P,
blue-green) F, red) O, and yellow) S. Contour levels obtained
with density functional theory at the B3LYP/DZVP2 level.
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The value forD0
0(PO) from the JANAF tables14 is 140.7(

1 kcal/mol and from Huber and Herzberg55 is 141.1 8 kcal/
mol. Our value of 141.4 kcal/mol is in excellent agreement with
both. The reaction for the adiabatic BDE of PO, PO(2Π) f
P(4S) + O(3P), is the same as the diabatic BDE; i.e., two of the
unpaired electrons on the P can bond with the two unpaired
electrons on the O, leaving an extra unpaired electron on P.
The 2PO molecule cannot correlate on the same spin surface
with the singlet excited-state of O and4P. The bond dissociation
energy for PF has been estimated to be 4.60( 0.2 eV (106(
5 kcal/mol).14 Our best calculated value of 107.0 kcal/mol is in

excellent agreement with this value. The reaction for the
adiabatic BDE of PF, PF(3Σ-) f P(4S) + F(2P), is the same as
the diabatic BDE.

For SF, the heat of formation was measured from Knudsen
cell mass spectrometry experiments,14 and a bond energy of 81.2
( 2.0 kcal/mol can be derived, in excellent agreement with our
best value of 83.0 kcal/mol. Our best calculated value for the
total dissociation energy of SO is 123.7 kcal/mol, in excellent
agreement with the experimental value of 123.58 kcal/mol.55

Our extrapolated CBS(Q5) value for the valence correlation
energy is in excellent agreement with Martin’s best estimated
value56 of 126.03 kcal/mol obtained with a somewhat different
basis sets for the tightd functions and differs by 0.4 kcal/mol
from the extrapolated value of 125.62 kcal/mol obtained by
Dunning et al.40 at the RCCSD(T) level using the aug-cc-pV-
(n+d)Z basis sets up throughn ) 6. If 2SF correlates with S(1D),
then the S-F diabatic BDE would be 109.6 kcal/mol using a
singlet-triplet splitting in S of 26.4 kcal/mol.54 If 3SO correlates
with the excited singlet state of O and ground state3S, the
diabatic BDE would be 168.4 kcal/mol using the singlet-triplet
splitting in O (45.3 kcal/mol).54 If 3SO correlates with1S and
3O, then the diabetic BDE would be 149.5 kcal/mol.

The best experimental value for the first bond dissociation
energy for SF6 from the analysis of a number of experiments is
a value of 100.4( 2.4 kcal/mol at 298 K.29 Our calculated
value is 106.8 kcal/mol, somewhat larger than this value, and
our value should be good to(1 kcal/mol. Our value confirms
the conclusions of Tsang and Herron29 that the value of the
SF5-F BDE is higher than that determined by Zare and co-
workers26,27 and that the reaction of Sr+ SF5 f SrF + SF4

may play a role. Our predicted value for the exothermicity of
this reaction is-89.9( 4 kcal/mol at 298 K (using experimental
values14 for the heats of formation of Sr and SrF), consistent
with the maximum observed in the chemiluminescence corre-
sponding to 87.2 kcal/mol.

Our calculated heats of formation enable us to calculate a
wide range of BDEs. All possible P-F and P-O BDEs are
given in Table 1 and are compared graphically in Figures 1
and 2. The first P-F adiabatic BDEs of all the binary
phosphorus fluorides are all quite strong, except for that of PF4,
which is much lower due to the relative instability of the PF4

radical and the stability of the product PF3. For PF5, PF3, PF2,
and PF, the adiabatic and diabatic BDEs are the same. The
adiabatic P-F BDE for 2PF4 produces1PF3 and F(2P). In order
to compare the BDEs, it may be more appropriate to consider
the diabatic BDE with the formation of3PF3, where there are

Figure 2. Adiabatic and diabatic BDEs for PFxO in kcal/mol. See
Figure 1 caption.

Figure 3. Adiabatic and diabatic BDEs for SFx in kcal/mol. See Figure
1 caption.

Figure 4. Adiabatic and diabatic BDEs for SFxO in kcal/mol. See
Figure 1 caption.

Figure 5. Adiabatic and diabatic BDEs for SFxO2 in kcal/mol. See
Figure 1 caption.
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two unpaired electrons, one from the unpaired electron on PF4

and one from the P-F bond that was broken (see Figure 1).
Addition of the singlet-triplet splitting in PF3 obtained at the
CCSD(T)/CBS//MP2/aVTZ level (Table 6) (an estimate of the
reorganization energy) gives 146.5 kcal/mol, which is more in
line with the other P-F BDEs. The reorganization energy in
this case is the pairing of the two electrons to form the lone
pair on PF3 (see the spin density in Figure 1). The P-F bonds
in PF5 and PF3 are comparable to the first C-F BDE in CF4

(129.6( 1.0) and are slightly lower than the first Si-F BDE
in SiF4.15

The first PF adiabatic BDE in PF3O is higher than the
adiabatic BDE for the P-O bond, because the POF2 radical is
energetically less stable than the closed-shell PF3 molecule. Note
that the adiabatic P-O BDE is defined by the reaction1POF3

f 1PF3 + O(3P) (Figure 2). The situation is reversed when the
diabatic BDE for O is considered on the singlet surface for the
reaction1POF3 f 1PF3 + O(1D). Addition of the singlet-triplet
splitting in O (45.3 kcal/mol)54 to the P-O adiabatic BDE yields
a diabatic BDE of 176.9 kcal/mol [CBS(DTQ)], consistent with
the differences in the bond distances and force constants at the
minimum in PF3O. The adiabatic P-F BDE in PF2O is about
half that in PF3O, whereas the P-O BDE is only 12 kcal/mol
lower than that in PF3O, again reflecting the different stabilities
of the reactants and products. Use of the singlet-triplet splitting
in FPO (Table 6) leads to a diabatic P-F bond energy of 159.4
kcal/mol. This is probably not the best model for the P-F
diabatic BDE, because much of the spin is on the O. One can
also correlate the P-O bond in PF2O with the singlet excited
state of O. This yields a diabatic P-O BDE of 165.0 kcal/mol,
very similar to the adiabatic value in PFO and PF3O. We note
that the spin density in PF2O is not fully localized on the P, as
there is some on the O atom. The adiabatic P-O BDE in PFO
is ∼24 kcal/mol higher than in PO and∼33 kcal/mol higher
than the adiabatic P-O BDE in PF3O. The adiabatic P-O BDE
in PFO correlates with the products PF (3Σ-) + F(2P) as does
the diabatic value. The PFO molecule cannot correlate on the
same spin surface with the singlet excited state of O and3PF.
Thus, it may be more appropriate to compare the diabatic P-O
BDE in PF3O with that in PFO, and the diabatic BDE in the
latter is then lower than that in the former. The P-F BDE in
PFO is comparable to the first BDE in PF3 or PF5, consistent
with the result that the adiabatic and diabatic asymptotes are
the same in these molecules.

On average, S-F bonds are weaker than P-F bonds, which
results in lower BDEs. The adiabatic S-F BDE in SF6 is the
highest adiabatic BDE for the SFx compounds, as expected from
the exceptional stability of octahedral closed-shell SF6 and the
relative instability of the SF5 radical. Similarly, the closed-shell
SF4 and SF2 molecules exhibit much larger adiabatic BDEs than
do the SF5 and SF3 radicals. In these cases, the adiabatic and
diabatic BDEs for the closed-shell species are the same as they

dissociate to a doublet SFx radical and F(2P). For the radical
SFx species, the first S-F adiabatic BDEs increase in the
opposite order with SF5 having the lowest adiabatic BDE (38
kcal/mol) and S-F the highest. The adiabatic BDEs of the
doublet SFx radicals correlate with a closed-shell singlet species
and F(2P). As for the BDE in2PF4, it is more appropriate to
compare the diabatic BDEs where3SF4 and 3SF2 are formed
from 2SF5 and 2SF3 (Figure 3). Use of the singlet-triplet
splittings in SF4 and SF2 (Table 6) yields respective diabatic
S-F BDEs for SF5 and SF3 of 104.7 and 104.6 kcal/mol,
consistent with the adiabatic S-F BDEs of the closed-shell
molecules and essentially the same as that in SF6. These results
are consistent with the inherent instability of the sulfur radicals
as compared to the closed-shell species and show the reorga-
nization of electron density that occurs on spin pairing to form
the lone pairs in SF4 and SF2.

By analogy with PF3O, the S-F and SdO adiabatic BDEs
in SF4O are similar (Figure 4). This contrasts with the BDEs in
the diatomics, where the SdO double bond is much stronger
[123.1 kcal/mol, CBS(DTQ)] than the S-F single bond [83.2
kcal/mol, CBS(DTQ)]. The similarity of the S-F and SdO
adiabatic BDEs in SF4O is due to the fact that oxygen loss
results in the energetically favored closed-shell SF4 molecule,
whereas fluorine loss produces an unstable SF3O radical. If we
perform the same correlation with O(1D) as done for PF3O, the
diabatic S-O BDE on the singlet surface for SF4O is 133.3
kcal/mol, substantially higher than the adiabatic value and more
consistent with the diatomic BDE (Figure 4). This is representa-
tive of the BDE of an SdO double bond and is consistent with
the geometry and the S-O stretching force constants. The S-O
BDE in SF2O is substantially larger than the S-F bond, even
though the stable SF2 molecule is being formed for the former
as compared to the SFO radical for the latter. The diabatic value
for the S-O BDE in SF2O correlating to O(1D) + 1SF2O is
even higher, 174.1 kcal/mol, and comparable to the diabatic
BDE for SO correlating with1O and3S. The adiabatic S-O
BDE in SF2O is comparable to that for diatomic SO.

The S-O adiabatic BDE in SF5O is much lower (71.6 kcal/
mol) than the S-O adiabatic BDE in SF4O, consistent with an
S-O single bond, as would be expected from the simplest
description of the structure with the unpaired electron on the O
(Figure 4). For SF5O, the adiabatic and diabatic limits [2SF5 +
O(3P)] are the same on the basis of the spin density. The
adiabatic S-O BDE in the radical SF3O is 94 kcal/mol and is
larger than the adiabatic S-O BDE in SF5O. The adiabatic S-O
BDE in SF3O is similar to the adiabatic BDEs in SF2O2 (see
below) and in SF4O. The spin density in SF3O shows little
excess on O, so it may have some double-bond character. In
this case, the diabatic S-O BDE arising from2SF3 + 1O is
139.3 kcal/mol, very similar to the diabatic SO BDE in SF4O
of SF2O2.

As for PFxO, the loss of a fluorine atom from a closed-shell
SFxO molecule to give a radical results in a large adiabatic BDE,
whereas the loss of a fluorine atom from a radical to give a
stable closed-shell molecule gives rise to a much smaller
adiabatic BDE. The first adiabatic S-F BDE in the radical SF5O
is very low, 21 kcal/mol. If we consider the diabatic S-F BDE
in SF5O to form 3SF4O + F(2P), we obtain a value of 101.8
kcal/mol using the singlet-triplet splitting (Table 6 and Figure
4). The S-F diabatic BDE is higher than the adiabatic S-O
single BDE, as expected. The adiabatic S-F BDE in the radical
SF3O is also small, 20 kcal/mol. The diabatic S-F BDE in SF3O
correlates with3SF2O + F(2P) and is 104.9 kcal/mol with the
singlet-triplet splitting from Table 6. Thus, the diabatic S-F

TABLE 6: Electronic Contribution to the CCSD(T)
Singlet-Triplet Splitting (kcal/mol) for SF xOy and PFxOy
Compounds

molecule aV(D+d)Z aV(T+d)Z aV(Q+d)Z CBS CBS+ ZPEa

PFO 79.3 83.5 85.1 86.0 85.1
PF3 88.4 90.4 91.7 92.5 92.0
SF2 44.8 48.5 49.5 50.1 49.8
SF2O 78.0 84.0 85.1 85.6 84.9
SF4 61.0 65.9 66.9 67.4 67.0
SF4O 67.6 78.4 81.0 82.3 80.7

a ZPE for singlets in Table 4. ZPE for triplets from MP2/aV(T+d)Z
calculations.
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BDEs in SF3O and SF5O are comparable to the diabatic S-F
BDEs for SF3 and SF5 and the adiabatic BDEs of the closed-
shell SFx and SFxO compounds.

The adiabatic S-F BDE in SF2O2 is larger than the adiabatic
S-O BDE by∼8 kcal/mol, again reflecting the stability of the
radicals. If we consider the diabatic BDE for the S-O bond
correlating with O(1D) + 1SF2O, we obtain a value of 144.0
kcal/mol (Figure 5), slightly higher than the diabatic value in
SF4O and again consistent with the geometry and force
constants. The adiabatic S-O BDE in SFO2 is 85.4 kcal/mol
and is in the range of an S-O single bond, consistent with the
spin distribution and the S-O single bond values given above.
The adiabatic S-O BDE in SO2 is consistent with the other
SdO BDEs. Note that, in SO2, the excited state of O or SO is
not appropriate for use in the diabatic BDE calculation, as the
reaction no longer occurs on a single spin state and we do not
want to include two excited states in the calculation.

The adiabatic S-F BDE in SFO2 is relatively low, 40 kcal/
mol, but is higher than the adiabatic S-F bond in SF3O. This
BDE was evaluated using the experimental heat of formation
of SO2 at 0 K [∆Hf(SO2) ) -70.34 ( 0.05 kcal/mol].14

Extensive calculations on SO2 show that it is possible to
calculate the heat of formation reliably by using the above
approaches as long as tight d functions are included.56,57 The
diabatic value for the S-F BDE in FSO2 correlating with SO2-
(3B1) + F(2P) is 114.0 kcal/mol using the experimental singlet-
triplet splitting87 of 73.6 kcal/mol in SO2. The adiabatic S-O
BDE in SFO2 is much larger than the adiabatic S-F BDE and
is comparable to the adiabatic S-O BDE in SF4O.

The various bond energies provide insights into the stability
of the various species. The nonradical species are very stable
with large adiabatic BDEs, and the radicals tend to be less stable
with smaller adiabatic BDEs. There is a difference in the
effective stability between the radicals with P and S as the
central atom. For the PFn series, PF4 has the lowest adiabatic
P-F BDE, 54 kcal/mol. For PF2O, the adiabatic P-F BDE is
smaller than the P-O BDE, but the radical is still quite stable
with respect to bond breaking with a P-F bond energy of 74
kcal/mol. In the SFn series, the S-F adiabatic BDE is the lowest
in SF5, 38 kcal/mol. The adiabatic S-F BDEs in SF5O and SF3O
are small,∼20 kcal/mol, showing that these radicals will be
highly reactive with respect to loss of an F atom. The S-O
BDEs are much larger in the S radicals, just as found for the P
radicals. The fact the SFxO radicals are less stable with respect
to breaking an S-F bond as compared to breaking a P-F bond
in the PFxO radicals is consistent with the fact that overall the
P-F BDEs are larger than the S-F BDEs.

Conclusions

The heats of formation at 0 and 298 K are predicted for PF3,
PF5, PF3O, SF2, SF4, SF6, SF2O, SF2O2, and SF4O as well as a
number of radicals derived from these stable compounds on
the basis of coupled cluster theory [CCSD(T)] calculations
extrapolated to the complete basis set limit. The calculated
values should be good to(1 kcal/mol. The calculated heats of
formation are in excellent agreement with the available experi-
mental data for the closed-shell molecules. The calculated values
allow us to predict the adiabatic bond dissociation energies for
all of the compounds to within(1 kcal/mol, dramatically
improving the estimates of these important quantities, particu-
larly for the radicals.

The calculated BDEs provide important insight into the
reactivity of these molecules. For example, the adiabatic BDEs
in the closed-shell phosphorus fluorides are quite high, 130-

140 kcal/mol. In PF3O, the PdO bond is more easily broken
than the P-F bond, a surprising result, but in the PF2O radical
and the closed-shell PFO molecule, the situation is reversed.

The first S-F adiabatic BDEs are predicted to be substantially
smaller than those of the P-F bonds with the largest first S-F
BDE being 105 kcal/mol in SF6. The calculated value for the
S-F bond dissociation energy in SF6 is about 6 kcal/mol higher
than the most recent value based on analyzing a range of
experiments and substantially higher than earlier estimates by
up to 30 kcal/mol. Thus, SF5 is predicted to be a less stable
radical than previously thought, and the calculated S-F BDE
in SF5 is substantially lower than the estimated experimental
values. Similarly, the S-F bond dissociation energy in SF4 is
higher than the experimental estimates, and the SF3 radical is
less stable than previously thought. The calculated values for
the bond dissociation energies in SF2 and SF are in good
agreement with the experimental estimates. The S-O BDE is
stronger than the first S-F BDE in SF2O, weaker than the first
S-F BDE in SF2O2, and comparable to the first S-F BDE in
SF4O.

The results in combination with singlet-triplet splittings
enable us to compare the adiabatic and diabatic BDEs. In
diatomics, the BDE is a direct measure for the bond strength,
and frequently, the same assumption is applied incorrectly to
polyatomic species for which reorganization energies in the
product are important. Therefore, for polyatomic species,
adiabatic bond dissociation energies and bond strengths are not
the same, and a clear distinction must be made between the
two. The measurement of the strength or stiffness of a given
bond involves only a small displacement of its atoms and no
reorganization of the molecule. Appropriate criteria for judging
the bond strength include the curvature of the bond energy plots,
bond lengths, vibrational frequencies, force constants, bond
orders, etc., and it is these that form the basis for writing
representative valence bond structures for polyatomic molecules
in their ground states. The differences between the adiabatic
and diabatic BDEs, which are related to the reorganization
energy in the products, can be estimated in the molecules under
study from singlet-triplet splittings. The reorganization energies
can account for the large fluctuations in adiabatic BDEs
observed during the stepwise loss of fluorine atoms. In contrast,
the diabatic BDEs of a given type are often very similar in size
to each other and thus exhibit more regular trends.
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