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Heats of formation at 0 and 298 K are predicted fog,FHs, PRO, Sk, Sk, Sk, SRO, SRO,, and SEFO

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 forceadence effects, a correction for scalar relativistic
effects, a correction for first-order atomic spiarbit 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 (BDESs) 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-shellrBélecule to give the unstable Skadical

is 2.8 times the BDE needed for the removal of one fluorine ligand from the unstaplad@eéal to give the

stable closed-shell Sfnolecule. Similarly, the BDE for the removal of one fluorine ligand from the stable
closed-shell PO molecule to give the unstable ®F-radical is higher than the BDE needed to remove the
oxygen atom to give the stable closed-shelk Rtolecule. 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 the molecule. In addition, there are different ways to define the
There is substantial interest in the bond dissociation energiesBPE- The diabatic BDE is dissociation to the configurations
in compounds containing second- and higher-row main group most closely representing the bonding configuration in the
elements with coordination numbers beyond the standard valuesfeactant, and the adiabatic BDE is dissociation to the ground
These types of compounds have many practical applications andstate of the separated species. The adiabatic BDE will always
are of substantial interest as model systédrsaddition, they be equal to or less than the diabatic BDE. The adiabatic BDE
are broadly used as examples in basic chemistry courses. In anay not be representative of the bonding near the minimum,
diatomic molecule, there is only one bond, and the dissociation so when comparing different BDEs, it may be more appropriate
products are the two atoms. In polyatomic molecules, the to compare diabatic BDEs, especially when addressing bond
situation is more complicated, as each bond dissociation energygistances, stretching frequencies, and bond force constants that
(BDE) can be quite different as one product is an atom and the gre representative of the minimum, and not to the lowest energy
other is a molecule that may have a substantially different gissociation channel. Note that for the diabatic BDE, we require

9lgptr((i)n|(|: s:ructgret';]hantthe reacégnt m,OItgcme% The 'IBDFS for that the spin be conserved, whereas in the adiabatic BDE, the
Individual steps In the stepwise dissociation of a polyatomic process may not occur on the same spin surface. We also

binary compound can be very different, as they depend on theconstrain the diabatic BDE to correlate with no more than one

relative stabilities of the starting compound and the products ) fth lecul he diff

and can differ significantly from the average bond energy (total gxcned sFate 0 the prqduct .atoms and molecules. The di erence
atomization energy divided by the number of broken bonds) in " the ad@batlc and diabatic BDEs represents a reorganization
or relaxation energy of the product atom or molecule. The

* Corresponding author. E-mail: dadixon@bama.ua.edu. difference in diabatic and adiabatic BDEs has been discussed
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relative to the strength of-bonds in olefins and main group  TABLE 1: Experimental and Calculated Bond Dissociation

compound@4 Energies in kcal/mol at 0 K2

Because the separate experimental measurement of each calculated
individual step often is either very difficult (often due to the bond energy reaction experiment DTQ Q5
formation of atomic and polyatomic radicals) or cannot be pr—PF,+F 132.8
measured under comparable conditions, high-level theoretical P2 —~ PR+ F 54.5
calcglations of these processes offer a unique opportunity to EE:EE:FF (1132032% 5.9 ﬁg:g ﬁé:?
obtain accurate self-consistent values for these procésses. pF—p+F 1064 5b 107.2[107.1] 107.1[107.0]
Modern computational chemistry methods implemented on high- PRO— PR+ 0 1290+ 2.8  131.6[131.4] 132.4[132.2]

. : : PRO—PRO+F 143.8 143.9
performance computer architectures can now provide reliable PEO— PF + O 119.7 120.3
predictions of chemical bond energies to within about 1 kcal/l PRO—PFO+F 74.3 74.2
mol for most compounds that are not dominated by multiref- PE8: EEJ;CF) igg-g Hgg-g% iggé Hgg%
erence character. We can use the approach that we have beergo_. P+0O 141.8+ 1 140.9 [140.8] 141.6[141.4]
developing with collaborators at Pacific Northwest Laboratory Sr— SR+ F 92.2+ 3.8 104.8
and Washington State University for the prediction of accurate (100.4++ 2.4y
) . ; 75.92

molecular thermochemisttyo determine BDEs in compounds 78
containing a second-row element as the central atom. Our 92.00
approach is based on calculating the total atomization energy gggl-llfg?’-z.zr
of a molecule and using this value with known heats of (94.5+ 3.0
formation of the atoms to calculate the molecular heat of SkE—SF+F 72 37.7
formation at 0 K. The approach starts with coupled cluster theory (557391f3660)“
with single and double excitations and including a perturbative sg,— sk, +F 80+ 13 955 95.7
triples correction [CCSD(T)];® combined with the correlation- =83.9+ 1.%
consistent basis séfs! extrapolated to the complete basis set (883:1 14 3.0f
limit to treat the correlation energy of the valence electrons. 89.2+ 2.3
This is followed by a number of smaller additive corrections 86.2+ 7.8
including core-valence interactions and relativistic effects, both Sk—Sk+F ?6% 747.1y 54.8 54.6
scalar and spinorbit. The zero-point energy can be obtained 60.94 2.8
from experiment, theory, or a combination of the two. Correc- SR—SF+F 918+ 5.8 89.1[89.2] 89.3[89.3]
tions to 298 K can then be calculated by using standard ?;'LH 4.3y
thermodynamic and statistical mechanics expressions in the rigid 94.3+ 4.6
rotor—harmonic oscillator approximatiéh and appropriate SF—S+F 81.0+ 1.8° 83.2[83.1] 83.2[83.1]
corrections for the heat of formation of the atotfs. ?821.2i 1.6)

Due to their large range of possible oxidation states, sulfur 77.5+4.2
and phosphorus fluorides and oxofluorides are ideally suited EESISEJEF S:?
for such an investigation. There have been numerous theoretical s;,0 — Sk, + O (102+ 6)" 88.2[88.0] 88.9[88.7]
and experimental studies of the thermochemistry and BDEs of SRO—SKEO+F 89.7 89.8
PROy and SKOy compounds, but many of them have not been SRO—SRO+F 200 200

' SRO—SK+0 94.0 94.8

as accurate as one would hope for, and there are not as manysr0 — SFO+ F 93.6 93.7
reliable main group dissociation energies known as one would SEO—Sk+ 0O 118+ 29.00 128.8[128.7] 129.4[129.5]
!ike. Many of the results are dqrived from the heats of formation §E8: gg:g ?gfs 22'52_0
in NIST-JANAF Thermochemical Tablesthe updated values SRO,—SRO+ 0  (109+ 27p 98.7 [98.5] 99.7 [99.3]
from the NIST Web sité* and have recently been compiled by SFO, - SFO, 4 F (110+ 5)" 106.9 1072
Luo® The experimental PF and S-F bond energies for a  gE5%. g0, 4+ F 20.4 '
number of compounds are summarized in Table 1. Ahlrichs et SFOQ,— SFO+ O 85.4 86.2
al.16 reported mass spectrometric and matrix isolation infrared SO—S+0 123.58 123.1[123.0]  123.7[123.6]
investigations of PFO and obtained a value-&#6.7 kcal/mol aValues in parentheses are at 298 K. Calculated values have scalar

for the heat of formation at 298 K. They also reported ab initio relativistic MVD correction. Calculated values in brackets have scalar
calculations at the SCF (self-consistent field), CISD (single and gag‘gztfggrﬁ“e Zcif"sgggg-: CR:f;:;f;‘;?elr:;Esfgzsgzef ‘elrfn'zgfse;”;ﬁd
?uonuctt)ilsnaclc)’nlgg\;/l;gﬂoge(:llr(];?;agtloé%)’fu?tr;lder iTuFdiéZOl;Fl):Igd bE)/alr 27.' Reference 30i.Reference_ 28k Referen_ce 22\ Reference 31.

- : . N - M Reference 25" Calculated using the experimental heat of formation
millimeter-wave spectroscopy, high-resolution infrared spec- of SO, from ref 14.° Reference 55.
troscopy, and high-level ab initio calculations at the MP2
(second-order MallerPlesset) and CCSD(T) levels with a series  dissociation energies as well as the atomization energies,
of correlation-consistent basis sets including additional diffuse enthalpies of formation, and adiabatic electron affinities.
functions andd-functions. Guste\? has studied the structure There have been a number of experiments measuring the
and stability of the phosphorus fluorides fP&nd their singly  thermochemistry of the sulfur fluorides. Bott and Jaébbs
charged anions RF (n = 1—6) using density functional theory  performed shock-tube experiments and used RRK reaction rate
(DFT). Tschumper et df studied these systems with a range theory to determine the first-SF bond dissociation energy in
of density functional methods (four exchange-correlation func- Sk to be 75.9 kcal/mol. Thynne and Harl&Adtudied negative
tionals using DZP and DZP+ basis sets). Gu and Leszczyn- ion formation of sulfur tetrafluoride and estimated thesSF
ski2® also studied the RFPF,~ series for i = 1 — 6) with G2 BDE to be <83.9 kcal/mol. Hildebrar@@ reported mass
theory and several of its modified versions and predicted bond spectrometric studies of gaseous sulfur fluorides measuring the
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heats of formation of SF, $SFand Sk. Coupled with other data,
this gives the stepwise BDE of §H.ymar?* reanalyzed their
data for the thermal dissociation of §&sing RRKM unimo-
lecular reaction rate theory and found a value of 92 kcal/mol
for the S-F BDE. BensofP reviewed the thermochemistry of
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All of the current work was performed with the MOLPRO
suite of programé! 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 Hartr€eck (ROHF) cal-
culation was initially performed, and the spin constraint was

sulfur-containing molecules and provided estimates for the heatsrelaxed in the coupled cluster calculatiBn®* All of the

of formation of Sk, SRO, and SEO as well as the SFFO
BDE. Kiang et ak%?7 studied the chemiluminescent reactions
of Sk and Sk with metastable calcium and strontium atoms
under single-collision conditions. Their experiments allowed
them to determine thesB—F (91.1+ 3.2 kcal/mol) and E5—F
(84.1+ 3.0 kcal/mol) BDEs, and when combined with known
heats of formation, they obtained the stepwise BDEs fay. SF
Babcock et af® measured the first BDE of $Rrom ion—
molecule reactions and found a value of 94.3.0 kcal/mol at
298 K. Tsang and Herréhreevaluated most of the data for
the KS—F BDE and derived a new value for the BDE of 100.4
+ 2.4 kcal/mol at 298 K. Fisher et &.used collision-induced

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(®d)Z geometries
were then used in single-point CCSD(T)/aW&Z calculations.
For the polyatomic molecules, the CCSD(T)/aWd)Z geom-

dissociation and charge-transfer experiments to measure ionizaetries were then used in single-point CCSD(T)/aW@Z and

tion energies of the sulfur fluoride ions, and when combined
with BDESs, they were able to derive heats of formation for both
ionic and neutral species. Later, Stevens-Miller et'alsed
negative ior-molecule reactions in a selected ion flow tube
and determined a SFF BDE of 86.2+ 7.8 kcal/mol. Endo et
al?? studied the FSO radical by microwave spectroscopy and

obtained geometrical parameters and vibrational frequencies.

Kronberg et aP3 reported the spectroscopic characterization of
the Sk, SO, and SEOO radicals as well as quantum chemical
calculations at the DFT [B3LYP/6-3#3+G(3df,3pd] level.
Their experiments examined the species resulting from the
atmospheric oxidation of $Fa long-lived atmospheric species,
initiated by photodissociation that breaks anFSbond.

Ziegler and Gusté¥ studied the molecular and electronic
structure of the sulfur fluorides using DFT. Irik§Paused G2
theory to predict the molecular structure and thermochemistry
of the sulfur fluorides Sf(n = 1-5). Cheung et al® 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 &l.reported the BDEs of SF
(n 1-6) at the DFT level with a DZP+ basis set.
Bauschlicher and Ricéapredicted the heats of formation of
the Sk (n = 1-6), series together with the corresponding ions
SFK* and SF~ at the CCSD(T) level of theory with extrapolation
to the complete basis set limit. Miller et & also investigated
the thermochemistry, specifically bond enthalpies and electron
affinities, of the sulfur fluoride neutrals $Fnd anions SF
(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-caxpVor O, F, P, and
S(h=D, T, Q, 5)1%1For the sake of brevity, we abbreviate
the names to aWZ. Only the spherical components ¢5-7-,

9-g, 11-+) of the Cartesian basis functions were used. It has
recently been found that tight functions are necessary for

calculating accurate atomization energies for second-row ele-

ments?© so additional tight functions on P and S were included
in our calculations. Basis sets containing extra tidfunctions
are denoted aug-cc-pi{d)Z, in analogy with the original

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 Pf SK;, and SEO was the aV(@-d) basis

set.

Frequencies for the polyatomic molecules were calculated at
the MP2/aug-cc-pV(Fd)Z level using the Gaussian program
systemd® 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*§itof the
potential energy curve at the CCSD(T)/aug-cc-p¥@)Z level.

The CCSD(T) total energies were extrapolated to the CBS
limit by using a mixed exponential/Gaussian function of the
form
E(n) = Ecgs + Aexp[~(n — 1)] + Bexp[-(n —1)7] (1)
with n = 2 (DZ), 3 (TZ), and 4 (QZ), as first proposed by
Peterson et &l 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 through= 4.5 The total atomization energies
for the molecules were also obtained by extrapolating the aug-
cc-pV(Q+d)Z and aug-cc-pV(%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
T, diagnostic&® (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 correctiondEcy, were obtained at the CCSD-
(T)/cc-pwCVTZ level of theory'? Scalar relativistic corrections
(AEsg), 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-

3
max

E(l,a0 = Ecgs T B/l

augmented correlation consistent basis sets. We use aug-ccpVTZ basis setAEsris taken as the sum of the mass-velocity

pV(n+d)Z to represent the combination of aug-cc-p¥¢)Z
(on the second-row atoms P and S) and aug-cozp{on O
and F) basis sets and abbreviate this asna\djZ.

and one-electron Darwin (MVD) terms in the BreRauli
Hamiltonian®® AEsg were also calculated at the MP2 level with
the cc-pVTZ DK basis set and the spin-free, one-electron
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TABLE 2: Optimized Bond Lengths (A) and Angles (deg) for PRO, Equilibrium Geometriesa
molecule basis set Ree Reo OFPF OFPO
PO @II, C.,) aVv(T+d)z 1.4889
av(Q+d)z 1.4828
ex| 1.4759
PF €2-, C.,) aVv(T+d)Z 1.6028
av(Q+d)z 1.5960
exg’ 1.589
PFO (A', C) aVv(T+d)z 1.5855 1.4646 110.13
expf 1.5727+ 0.0002 1.4528 0.0001 110.16: 0.02
PR (?By, Cz) aVv(T+d)zZ 1.5883 98.16
PR (*Ay, Cs,) aVv(T+d)z 1.5723 97.45
exp! 1.561(1) 97.7(2)
PRO (A'Cy) aV(T+d)z 1.5581 1.4654 98.93 115.94
PRO (Ay, Cs) av(T+d)z 1.5314 1.4429 100.84 117.13
exp@ 1.522 1.437 101.14
exgd 1.524 + 0.003 1.4354+ 0.006 101.3t 0.2 116.76
PR (A1, Ca,) aVv(T+d)z 1.5470 eq 94.63 eq
1.6023 ax 104.46 ax
PR (*A1, D) aVv(T+d)zZ 1.5415 eq 120.0 eq
1.5813 ax 90.0 ax
expy 1.5340 eq
1.5770 ax

a CCSD(T) optimizations on the RB, compounds up to aug-cc-pV{id)Z and up to aug-cc-pV(®d)Z for diatomics; ax= axial and eg=
equatorial” PF and PO electronic spectroscopy; ref SBlillimeter-wave and high resolution infrared spectrocopies; refdMicrowave R.; ref
58. ¢ Microwave; ref 60.f Electron diffraction; ref 599 Electron diffraction; ref 61.

Douglas-Kroll —Hess (DKH) Hamiltonian for some molecufés>3
As shown below, the two approaches ffEsg are in agreement

0.0073 A longer than experiment. High level calculations on
SO have been discussed in detail previously, and we note that

within better than 0.5 kcal/mol in the worst case and usually it is important to include tight d functions in the description of

within 0.3 kcal/mol®" Most calculations using available

the structures and energetf®$%57 Our values, which are

electronic structure computer codes do not correctly describeincluded for completeness, are in agreement with the previous

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*ghe
state, no spirrorbit correction is needed, but corrections of 0.22,

calculations.

The P-F distance in PFwas found to be 0.01 A longer than
the experimental value of 1.561 ® whereas thelFPF was
slightly smaller by 0.3than the experimental value of 97.%

0.38, and 0.56 kcal/mol for O, F, and S, respectively, are needed|n PR, the calculated PF and P-O distances of 1.531 and

and are taken from the excitation energies of Mddr&he
spin—orbit corrections for the diatomic molecules PO and SF
were taken from Huber and Herzbéfy.

By combining our computef Do (total atomization energies)
values with the known heats of formatidnat 0 K for the
elementsAH%(O) = 58.99 kcal/mol, AH{(F) = 18.47 kcal/
mol, AH{(P) = 75.42 kcal/mol, andAH%(S) = 65.66 kcal/
mol, we can deriveAH;° values for the molecules under study

1.443 A are in agreement with experiment, being only 0.007
and 0.008 A longer, respectively, whereas the bond angfiéz-
and OFPO are 0.5 smaller and 0.%4 larger compared to
experiment?® In PR, the P-Feq bond is slightly longer by
0.008 A than the experimental value of 1.534%&nd the P-Fay
bond is also slightly longer by 0.004 A as compared to the
experimental value of 1.577 &,

For Sk, the geometrical parameters are in agreement with

in the gas phase. We obtain heats of formation at 298 K by experiment, with the SF bond distance being only 0.009 A

following the procedures outlined by Curtiss etal.

Results and Discussion
Geometries.The optimized geometry parameters for the P

longer than the experimental value of 1.58745(193 #nd the
OFSF being only 0.3larger. The S-F and S-O distances in
SF,0 are both slightly longer by 0.01 A compared to experi-
ment, while theOOFSF andOFSO angles are within 022of

derivatives are shown in Table 2 and for the S derivatives in experimenf? For Sk, the calculated SFeq bond of 1.553 A
Table 3. The point groups and ground-state symmetry labelsis slightly longer by 0.008 A as compared to experiment,
are given in these tables for the molecules under study. For thewhereas the SFa bond of 1.654 A is only 0.008 A longer

P derivatives, the PF and P-O bond distances are too long
as compared to experiment by0.013 A at the CCSD(T)/aug-
cc-pV(T+d)Z level, and by>0.006 A at the CCSD(T)/aug-cc-
pV(Q+d)Z level. In fact, we found that it was very important
to include the tighd functions in the geometry optimizations

than the experimental value. ThEFSFkq bond angle is
practically the same as the experimental value of 10@ith
only a 0.02 difference), whereas tHeéFSF.x angle is 0.7 larger
than experimerfi*®°In SR,0,, the S-F and S-O bond distances
are slightly longer than experiment by 0.015 and 0.007 A,

of these species, as the bond lengths were much too long withoutespectively’® The FSF bond angle is slightly smaller than
their inclusion. For PFO, even larger calculations showed that the experimental value of 96.by 0.8, whereas thé]0SO
inclusion of core-valence correlation as well as large basis sets angle is 1.2 larger than experiment. There have been several

up to aV5Z with a correction for the tighd functions was
required to obtain the best agreement with experinieBimilar

results are found for the MP2 optimizations for the S derivatives.

For the diatomics PCT), PF €=7), SF @I1), and SO ),

experimental studi€%%7:68of the molecular geometry of $B.
The S-F bond of 1.567 A in SEis in agreement with the
experimental bond distance of 1.5615A.

Vibrational Frequencies. The calculated MP2 frequencies

our calculated values are in agreement with the experimentalfor the P derivatives are in excellent agreement with the

data>® with the largest discrepancy in the-§ distance being

experimental valué$556%72 considering the level of the
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TABLE 3: Optimized Bond Lengths (A) and Angles (deg) for SROy Equilibrium Geometries?

OFeSRdad  OFSFO/

molecule basis set Rsr Rso OFSF OFSO 0OSO [OFxSkxFeq DOSOF
SFEIT, C.,) av(T+d)Zz 1.6057
av(Qt+d)z 1.6013
exp 1.600574
SO €27, Cw) aVv(T+d)z 1.4932
av(Q+d)z 1.4866
exp’ 1.481087
Sk (*A1, C) aVv(T+d)Zz 1.5969 98.36
exp 1.58745(12) 98.048(13)
SFO A", C)  aV(T+d)Z 1.6139 1.4474 109.19
SR (?A’, Cy) aVv(T+d)Zz 1.5695eq 87.96 eq —76.98
1.6632 ax 162.02 ax
SF0 (fA', Cy aVv(T+d)Zz 1.5958 1.4268 92.64 106.72 108.34
exy 1.58544+ 0.0002 1.4127 0.0003 92.83t 0.02 106.82+ 0.03
SFQ(?A’,Cy  aV(T+d)Z 1.5885 1.4356 106.88 124.63 —125.34
SFE (*A4, Ca) aVv(T+d)z 1.5531eq 101.51 eq 50.82
1.6536 ax 187.56 ax —50.82
exp 1.5454+ 0.003 eq 101.50.5eq
1.6464 0.003 ax 186.9+ 0.5 ax
exp 1.542+ 0.005 eq 103.8- 0.6 eq
1.6434+ 0.005ax 176.8 2.5 ax
SKO (PA’, Cy) aVv(T+d)Zz 1.5526 eq 1.4188 90.26 eq 111.17 eq —90.90 157.07
1.6362 ax 147.54 ax 105.01 ax
SRO; (A1, Cp) aV(T+d)Z  1.5447 1.4117 95.31 108.07 125.15 110.98
128.97
exp 1.530 1.405 96.1 124.0
SFKs (A1, Cay) aV(T+d)Zz 1.5983 eq 89.95 eq 91.62
1.5467 ax 91.62 ax
SRO (A1, Cp) aV(T+d)Z 1.5475eq 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 eg-ax
exg' 1.535(4) eq 1.406(3) 114.9(3.4) eq 122.5eq
1.593(4) ax 164.4(6) ax 97.8 ax
85.8 eg-ax
exp 1.552(4) eq 1.403(3) 110.1(1.8) eq 124.9(9) eq
1.575(3) ax 89.6(2) egax 90.6(4) ax
exp 1.550+ 0.003eq 1.413% 0.001 110.0H-0.74 eq
1.5834+ 0.003 ax 178.35- 0.48 ax
exp 1539+ 0.005eq 1.422-0.008 122.8- 1.8 eq
1.6024+ 0.005 ax 182.8 0.7 ax
SKO (B1, C)  aV(T+d)Z 1.5785eq 1.6175 90.1eq 92.12 eq 87.9
1.5699 eq 87.9eq 88.0 eq 92.0
1.5673 ax 92.0eq 180.0 ax
SKs (*A1g, Or) aVv(T+d)z 1.5666 90.0 eq
180.0 ax
exp 1.560722(7) 90.0 eq
180.0 ax

2 CCSD(T) optimizations on SF and SO, and MP2 optimizations on th®,36mpounds; ax axial and eg= equatorial > SF and SO, microwave;
ref 55. ¢ MicrowaveRe; ref 62.9 Microwave,R’; ref 63. ¢ Microwave; ref 64.f Electron diffraction; ref 659 Microwave; ref 66." Electron diffraction,
structure D; ref 67. Used by Oberhammer and Boggs (Oberhammer, H.; Boggs, NI&. Spectroscl979 56, 107) in their computational study.

i Electron diffraction, structure B; ref 67Electron diffraction; ref 68X Ry, computed in ref 58 from rotational constant from Patterson et al.
(Patterson, C. W.; Herlemont, F.; Azzizi, M.; LeMaire, K. Mol. Spectrosc1984 108 31). Doppler-free two-photon spectroscopy of thg 2
band.

calculations presented in Supporting Information (Table S-3). our calculated frequencies for the compounds whose frequencies
Most of the stretching frequencies are too low by a few wave have not been measured should be good to better thad B0
numbers due to the fact that the calculated bond distances areem™2. In addition, the anharmonic contributions for the diatomics
slightly too long. The largest discrepancy is found for PFO, and for PFO are not large, so we can estimate that our zero-
with about 30 cm? difference in the P-O stretch. CCSD(T) point energies should have an accuracyt®2 kcal/mol.
calculations with an augmented aVQZ basis set yield values Calculated Heats of Formation. The contributions to the
within a few cnt?! of experiment’ For the S derivatives shown  total dissociation energy are given in Table 4. We first describe
in the Supporting Information (Table S-4), there is overall some trends in various contributions. For the P derivatives, the
excellent agreement with experiment for most of the médess! agreement between the DTQ and Q5 extrapolations with only
The largest discrepancy is for the-8 stretch in FSO, but we  F as a substituent is essentially the same withth2 kcal/mol.
note that this mode has never been measured and that th&aVhen one of the substituents is O, the difference grows to as
“experimental” frequency uses an estimated force constant tolarge as~0.7 kcal/mol for PO, with the Q5 value being larger.
fit centrifugal distortion constants.We suggest that our value  This is similar to what was observed in the acid oxides of S.
is substantially more accurate. Overall, the excellent agreementUse of a larger basis set (aug-cc-pV5Z) in the CBS extrapolation
between theory and experiment for the frequencies suggests thaimproves the agreement with experiment for boty88, and
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TABLE 4: Components for Calculating the Atomization Energies in kcal/moP

CBS Do(OK)"
molecule DTQ QSC AEzpe AECVd AESWDKHQ AESRf AEsog DTQ Q5
PO 142.36 143.03 1.%5 0.51 —0.44 —0.29 0.10 140.93 141.59

[140.77] [141.44]
PF 108.91 108.81 1.20 0.25 —0.45 —0.34 —0.38 107.23 107.13
[107.12] [107.02]
PFO 276.10 276.68 3.62 0.67 —0.96 —0.75 —0.60 271.80 272.38
[271.60] [272.18]
PR 230.49 230.28 2.94 0.41 —0.80 —0.76 226.40 226.19
PF; 365.86 365.51 5.41 0.44 —1.56 —-1.37 —-1.14 358.38 358.03
[358.19] [357.84]
PRO 354.65 355.06 6.18 0.43 —-1.79 —0.98 346.12 346.54
PRO 502.06 502.54 9.41 0.55 —3.03 —-2.61 —0.92 489.96 490.44
[489.55] [490.02]
PR 424.32 7.56 0.11 —2.45 —1.52 412.90
PR 561.72 561.62 10.70 0.04 —3.79 —3.42 —1.90 545.75 545.64
[545.37] [545.27]
SF 84.87 84.93 1.20 0.20 —0.40 —-0.31 —0.37 83.19 83.24
[83.11] (83.16]
SO 125.36 126.04 1.64 0.44 —-0.47 —0.37 —0.94 123.00 123.68
[122.90] [123.58]
Sk 176.99 177.11 2.85 0.30 —0.84 —0.76 —-1.32 172.35 172.47
[172.27] [172.39]
SFO 212.54 213.31 3.66 0.60 —0.83 —1.16 207.48 208.25
Sk 233.98 234.02 4.56 0.39 —1.05 —-1.70 227.06 227.11
SEO 309.46 310.33 5.99 0.58 —1.49 —1.46 —1.54 301.05 302.92
[301.01] [302.89]
SFOQ 302.40 303.93 6.86 0.74 —-1.97 —-1.39 292.92 294.45
Sk 333.49 333.71 7.40 0.32 —-1.78 —-1.81 —2.08 322.52 322.75
[322.55] [322.77]
SKO 332.92 333.68 8.05 0.48 —2.37 —1.92 321.06 321.82
SEO, 413.61 415.38 9.89 0.80 —3.30 —2.99 —-1.77 399.76 401.53
[399.45] [401.23]
Sk 375.76 9.98 0.10 —3.19 —2.46 360.24
SKEO 426.73 427.66 11.24 0.33 —3.83 —3.63 —2.30 409.72 411.65
[410.53] [411.46]
SKEO 461.65 13.07 0.13 —4.19 —2.68 431.84
Sk 485.57 485.98 13.40 0.03 —4.63 —4.40 —2.84 464.96 465.37
[464.74] [465.15]

a5 Do = AEeedCBS) — AEzpe + AEcy + AEsg + AEso. ? Valence electron dissociation energy extrapolated to the CBS limit by using eq 1 with
n = D,T,Q. ¢ Valence electron dissociation energy extrapolated to the CBS limit by using eq hwitl®, 5.9 Core/valence corrections were
obtained with the cc-pwCVTZ basis sets at the optimized geometrigse scalar relativistic correction is based on the DKH methdtie scalar
relativistic correction is based on a CISD(FC)/cc-pVTZ MVD calculatib@orrection due to the incorrect treatment of the atomic asymptotes as
an average of spin multiplets. Values are based on Moore’s tables (réf B4g. theoretical value of the dissociation energy to atdrbg(0K).
Values in square brackets are determined using the DKH relativistic correcimtudes the spin orbit correction for the diatons#.32 kcal/mol
(112 cnt?). i Includes the SO stabilization of the molecule (199 &mn* Zero-point energy obtained from the fifth-order fitting of the PES at the
CCSD(T)/aV(Qrd)Z geometry. Zero-point energy obtained from the experimental valdiegero point energy obtained from the calculated MP2/
aV(T+d)Z value.

FSQH.82 Compounds with a second-row atom where there is  For the S derivatives, the same trends in the energy
a large change in oxidation state from the atom in the moleculescomponents are observed. When only F is present as a
to the bare atom may require use of very large basis sets tosubstituent, the difference between the DTQ and Q5 extrapola-
recover the valence correlation energy for the total dissociation tions is a maximum for Sfwith a difference of 0.4 kcal/mol.
energy. The compounds with the largest basis set effect haveHowever, for the compounds with O as a substituent, the
the largest effective charges on the P, as seen in Table S-&difference is as large as 1.8 kcal/mol for 8k, just as found
(Supporting Information), containing both the Mulliken atomic for SO;H,. Again, the largest effective charges are on the S
charges and NBO charges from a Natural Bond Orbital (NBO) with these substituents. For these compounds, the second-row
analysi§® for the closed-shell BBy and SRO, molecules  sulfur atom is in a high oxidation state 6. In terms of the
calculated at the density functional theory B3LYP/DGDZVP2 atomization energy, the S atom is in oxidation state 0, and the
level 8485 The NBO charges predict the molecules to be more difference between the two oxidation states requires the use of
ionic than do the Mulliken charges, consistent with previous a very large basis set to recover the valence correlation energy
observation$3’ The molecules are all predicted to have sig- for the total dissociation energy.

nificant ionic character with larger negative charges on the O  The core valence corrections are small, with the largest value
than on the F balanced by a positive charge on P or S. A being 0.8 kcal/mol for S§O,. The scalar relativistic corrections
summary of the NBO results is given in the Supporting are substantially larger than the cenealence corrections. The
Information. There is, of course, some dependence of the NBO scalar relativistic effects increase with the number of substitu-
charges on the basis set and computational methbdf we ents. For the P derivatives, the DKH correction is larger than
are simply using these values as qualitative guidelines. Thethe MVD correction by up to 0.37 kcal/mol for BH-or the S
dipole moments calculated at the MP2/a\W(d) level are given derivatives, the DKH and MVD values are within 0.3 kcal/mol
as Supporting Information. of each other, with the largest difference found foeSf The



Bond Dissociation Energies in Second-Row Compounds

TABLE 5: Heats of Formation (kcal/mol) at 0 and 298 K&
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AH{(OK)heory AH(298K keory
molecule DTQ Q5 AH;(0K)exp DTQ Q5 AH(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] —12.54+5
PFO —118.9 118.7] —119.5119.3] —119.7 F119.5] —120.2 [-120.0]
PR —114.0 —113.8 —116.0+£ 5.0 —114.8 —114.5 —116.6£5.0
PR —227.6[-227.4]  —227.2 [-227.0] —227.7+0.9 —228.9[-228.7]  —228.5[-228.3]  —229.0+0.9
PFRO —174.8 —175.2 —176.2 —176.6
PRO —300.1[-299.7]  —300.6 [-300.2] —297.7+ 1.9 —302.2[-301.8]  —302.7[-302.3] —299.6+ 1.9
PF —263.6 —265.4
PR —378.0[-377.6] —377.9[-377.5] —378.5+0.7 —380.5[-380.2]  —380.4[-380.1]  —380.94+0.7
SF 0.9[1.0] 0.9[1.0] 2915 1.0[1.0] 0.9[1.0] 3.H15
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
Sk —69.7 [-69.7] —69.9 [-69.8] —70.4+ 4.0 —70.2[-70.1] —70.3[-70.3] —70.94+ 4.0
SFO —64.4 —65.1 —64.9 —65.6
Sk —106.0 —106.0 —119.3+ 8.0 —106.9 —106.9 —120.2+ 8.0
SK0 —139.5 [-139.4] —140.3 [-140.3] —1294+ 25 —140.6 [-140.6] —141.5[141.5] —130+ 25
SFG —90.8 —-92.3 —-92.1 —93.6
Sk, —-183.0[183.0]  —183.2[183.2]  —180.9+5.0 —184.7[184.7]  —184.9[1849]  —182.3+5.0
SKO —141.0 —141.8 —142.7 —143.4
SR0, —179.2 [-178.9] —181.0[180.6] —179.3+ 2.0 —181.2 [-180.9] —182.9[-182.6] —181.2+2.0
Sk —202.2 —214.7+ 3.6 —204.6 —217.0+£ 3.6
—207.9+ 2.7 —210.2+ 2.7
SEO —212.2[-212.0]  —213.1[-212.9] —214.7[-2145]  —215.6 [-215.4]
SKO —214.8 —218.0
Sk —288.5[-288.3]  —288.9[-288.7] —288.4+ 0.2 —291.8[-291.6]  —292.2[-292.0]  —291.6+0.2
2Values in square brackets use the DKH method for the scalar relativistic correction. Experimental data froni Refférence 29.
fact that the DKH corrections are in general more negative than - %ﬁa
the CSD MVD corrections is consistent with previously @ v
observed differencé$:%¢ The large values forAEsg are Z; - 299
consistent with the large change in the character of the P or S 1328 @ —4
. . PF,+F 1320 49
atom going from the free atom to the nomingb/+-6 charge F’F - AP
. ] +
on that atom in P§O qr SK0.. _ . . : wEeiE 1072
The heats of formation (Table 5) of the diatomics are in good P 4IF
agreement with the experimental valdésnd our values are 'Y
expected to provide lower error limits. The heats of formation e a »
of PR and Pk are in good agreement with the experimental
values!* The value for PEis more positive than the experi- 1PF,+F
mental value, as expected, and within the error bars. Fer PF
the calculated value is 1 kcal/mol higher than the experimental | &fﬁ..a .u\ ) ‘f?/) &
value and just outside the experimental error limits. The z‘ ‘J 49 J @ Y
calculated heat of formation of R within the experimental 2 1PE, %PF, pp

error limits}* and our value is more precise with an estimated
error limit of 1 kcal/mol. For PEO, our calculated value is
more negative than the experimental vafuand just outside  radicals, except for BFEwith a contour level of 0.035 au. OrangeP,
the experimental error limits. For230Qy, the calculated vali§é blue-green= F, red= O, and yellow= S. Contour levels obtained
was above the experimental value, suggesting that our analysigvith density functional theory at the B3LYP/DZVP2 level.
of the experimental value for B® is correct. This suggests
that the value for PJO needs to be revised downward. The bars. However, the experimental values are not very reliable
good agreement that we find for our calculated values with and our calculated values should be more reliable. The best
experiment for the P derivatives and our own assessment ofexperimental value for the heat of formation ofs%®mes from
the errors in the calculations lead us to estimate error bars ofan analysis of a number of experiments for the bond dissociation
+1 kcal/mol for the calculated heats of formation. The G2 energy for Sk and is—210.2+ 2.7 kcal/mol at 298 R in
method underestimates the heats of formation of & Pk comparison to our value 6f204.6 kcal/mol, which should be
by 5—6 kcal/mol, whereas G2MP2 and G2M(CC5) methods good to£1 kcal/mol. The heat of formation of $Fs predicted
show best agreement compared to experiment for the entireto be—107.0, which is above the experimental vafuef —120
series?0 =+ 8 kcal/mol. The heat of formation of $B is within the very

The heat of formation of SO is in excellent agreement with 1arge experimental error limits\and our value should be much
the experiment&f and other high-level theoretical valu$s ~ better.
The result forAHy(SFs) is in excellent agreement with the highly Bond Dissociation EnergiesThe BDEs are given in Table
accurate experimental vald¢The calculated values for the 1, where they are compared to experiment. The BDEs for a
heats of formation of SFand Sk are within the quite large  given central atom are compared to each other in Figures 1 and
experimental error limitd} and our values should be more 3 for the perfluorocompounds and in Figures 2, 4, and 5 for
reliable. For the Sfand Sk radicals, our calculated values the oxofluorides. For consistency, the BDEs in the figures are
differ from the best experimental valdédy more than the error ~ from the CCS(DTQ) values with eq 1.

Figure 1. Adiabatic and diabatic BDEs for Rin kcal/mol. Unique
diabatic BDEs are in red. Spin density contour lewel0.05 au in
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Figure 2. Adiabatic and diabatic BDEs for RB in kcal/mol. See
Figure 1 caption.
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Figure 3. Adiabatic and diabatic BDEs for $k kcal/mol. See Figure
1 caption.

. e 35410
s A 15F,+ 10 4.1 168.4
& 4730 7
139.3 15F,+10 E |—'-49.5
i ® - $+30
128.8 1243 123.1
SF,+%0  [28F+%0 15410

93.6

SFO+IF [ =
Y ! o e 3-8
J’{ w
® -
TTLSF0 @ g 235:; ‘SF,S 23F0 350
= A2 b5 g " =
‘JJ\, ,‘. ® ? )

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

The value forD°(PO) from the JANAF tabléd is 140.7+
1 kcal/mol and from Huber and Herzbé&tgs 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, P —
P(S) + O(P), is the same as the diabatic BDE; i.e., two of the
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Figure 5. Adiabatic and diabatic BDEs for $B, in kcal/mol. See
Figure 1 caption.

excellent agreement with this value. The reaction for the
adiabatic BDE of PF, PEE™) — P(*S) + F(2P), is the same as
the diabatic BDE.

For SF, the heat of formation was measured from Knudsen
cell mass spectrometry experimettand 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 kcalfhol.
Our extrapolated CBS(Q5) value for the valence correlation
energy is in excellent agreement with Martin’'s best estimated
valuef® of 126.03 kcal/mol obtained with a somewhat different
basis sets for the tight functions and differs by 0.4 kcal/mol
from the extrapolated value of 125.62 kcal/mol obtained by
Dunning et al'® at the RCCSD(T) level using the aug-cc-pV-
(n+d)Z basis sets up through= 6. If 2SF correlates with 3D),
then the S-F diabatic BDE would be 109.6 kcal/mol using a
singlet-triplet splitting in S of 26.4 kcal/madt? If 3SO correlates
with the excited singlet state of O and ground stie the
diabatic BDE would be 168.4 kcal/mol using the singigtplet
splitting in O (45.3 kcal/mol¥# If 3SO correlates witAS and
30, then the diabetic BDE would be 149.5 kcal/mol.

The best experimental value for the first bond dissociation
energy for SEfrom the analysis of a number of experiments is
a value of 100.4+ 2.4 kcal/mol at 298 K? Our calculated
value is 106.8 kcal/mol, somewhat larger than this value, and
our value should be good tal kcal/mol. Our value confirms
the conclusions of Tsang and Herfdithat the value of the
SKk—F BDE is higher than that determined by Zare and co-
workerg627 and that the reaction of St SFs — SrF + SK
may play a role. Our predicted value for the exothermicity of
this reaction is—89.9+ 4 kcal/mol at 298 K (using experimental
valued* 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 possibleFF and P-O BDEs are
given in Table 1 and are compared graphically in Figures 1
and 2. The first PF adiabatic BDEs of all the binary
phosphorus fluorides are all quite strong, except for that af PF

unpaired electrons on the P can bond with the two unpaired which is much lower due to the relative instability of the,PF
electrons on the O, leaving an extra unpaired electron on P.radical and the stability of the product PFor Pk, PR, PR,
The 2PO molecule cannot correlate on the same spin surfaceand PF, the adiabatic and diabatic BDEs are the same. The

with the singlet excited-state of O afid. The bond dissociation
energy for PF has been estimated to be 4t60.2 eV (1064
5 kcal/mol)1* Our best calculated value of 107.0 kcal/mol is in

adiabatic P-F BDE for 2PF,; producesPF; and FZP). In order
to compare the BDEs, it may be more appropriate to consider
the diabatic BDE with the formation 3PF;, where there are
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TABLE 6: Electronic Contribution to the CCSD(T) dissociate to a doublet $Fadical and FP). For the radical
Singlet—Triplet Splitting (kcal/mol) for SF ,Oy and PROy SF species, the first SF adiabatic BDEs increase in the
Compounds opposite order with SFhaving the lowest adiabatic BDE (38
molecule aV(Brd)Z aVv(T+d)Z av(Q+d)Z CBS CBS+ ZPE kcal/mol) and S-F the highest. The adiabatic BDEs of the
PFO 79.3 83.5 85.1 86.0 85.1 doublet Skradicals correlate with a closed-shell singlet species
PR 88.4 90.4 91.7 925 92.0 and FZP). As for the BDE in?PF,, it is more appropriate to
Sk 44.8 48.5 495 501 49.8 compare the diabatic BDEs whet8F, and 3SF; are formed
SRO 78.0 84.0 85.1 85.6 84.9 from 2SFK and 2SK; (Figure 3). Use of the singletriplet
Sk 61.0 65.9 66.9 67.4 67.0 . . . : h .
SFO 67.6 784 81.0 823 807 splittings in Sk and SE, (Table 6) yields respective diabatic
) ) ) S—F BDEs for Sk and Sk of 104.7 and 104.6 kcal/mol,
Carcﬁg':g;’rss'”g'ets in Table 4. ZPE for triplets from MP2/aW#®)Z consistent with the adiabatic-% BDEs of the closed-shell

molecules and essentially the same as that i Birese 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 SFand Sk.

By analogy with PEO, the S-F and S=O adiabatic BDEs
in SKO are similar (Figure 4). This contrasts with the BDEs in

two unpaired electrons, one from the unpaired electron on PF
and one from the PF bond that was broken (see Figure 1).
Addition of the singlet-triplet splitting in Pk obtained at the
CCSD(T)/CBS/IMP2/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 ' g :
this case is the pairing of the two electrons to form the lone th€ diatomics, where the=0 double bond is much stronger

pair on PF (see the spin density in Figure 1). ThePbonds  [123.1 kcal/mol, CBS(DTQ)] than the-S single bond [83.2
in PR and PR are comparable to the first-€F BDE in CF keal/mol, CBS(DTQ)]. The similarity of the SF and S=O
(129.6+ 1.0) and are slightly lower than the first-SF BDE adiabatic BDEs in SO is due to the fact that oxygen loss
in SiF,.15 results in the energetically favored closed-sheli 8flecule,
The first PF adiabatic BDE in RB is higher than the whereas fluorine loss produces an unstablgCfadical. If we
adiabatic BDE for the PO bond, because the P@radical is p_erf‘”’_“ the same correlatior_1 with &) as done for '.Dm’ the
energetically less stable than the closed-shejlrRélecule. Note diabatic S-O BDE on the singlet surface for 3B is 133.3
that the adiabatic PO BDE is defined by the reactiolPOR; kcal/mOI’ sut_)stannal_ly hlgher than the adlabat|c_ "‘?"“e and more
— 1PF, + OCP) (Figure 2). The situation is reversed when the consistent with the diatomic BDE (Figure 4)._Th|s is representa-
diabatic BDE for O is considered on the singlet surface for the tive of the BDE of an 0 dOUbI? bond and is consistent with
reaction'POR; — PR + O('D). Addition of the singlet-triplet the geometry frjmd the-30 _stretchlng force constants. The- &
splitting in O (45.3 kcal/moff to the P-O adiabatic BDE yields BDE in SRO is substantially larger than the-% bond, even

a diabatic BDE of 176.9 kcal/mol [CBS(DTQ)], consistent with though the stable SI-TfnoIecuI_e Is being formed for the fOTmer
the differences in the bond distances and force constants at théS compared to the SFO radical for the latter. The diabatic value

. . 1 )
minimum in PRO. The adiabatic PF BDE in PRO is about or the _S_O BDE in SRO correlating to OD) + *SRO IS
half that in PEO, whereas the PO BDE is only 12 kcal/mol even higher, 174.1 kcal/mol, and comparable to the diabatic

lower than that in P§O, again reflecting the different stabilities BDE for SO gorrelatlng withfO and?s. The aqllabatlc SO
of the reactants and products. Use of the singfiéplet splitting BDE in SRO is comparable to that for diatomic SO.
in FPO (Table 6) leads to a diabatie-P bond energy of 159.4 The S-O adiabatic BDE in S§O is much lower (71.6 kcal/
kcal/mol. This is probably not the best model for the P mol) than the SO adiabatic BDE in SfO, consistent with an
diabatic BDE, because much of the spin is on the O. One canS—O single bond, as would be expected from the simplest
also correlate the PO bond in PEO with the singlet excited description of the structure with the unpaired electron on the O
state of O. This yields a diabatic-® BDE of 165.0 kcal/mol,  (Figure 4). For SFO, the adiabatic and diabatic limit&JFs +
very similar to the adiabatic value in PFO ands®FWe note ~ O(CP)] are the same on the basis of the spin density. The
that the spin density in BB is not fully localized on the P, as  adiabatic SO BDE in the radical S§O is 94 kcal/mol and is
there is some on the O atom. The adiabatic®BDE in PFO larger than the adiabatic-% BDE in SEO. The adiabatic SO
is ~24 kcal/mol higher than in PO and33 kcal/mol higher =~ BDE in SRO is similar to the adiabatic BDEs in 3B (see
than the adiabatic-PO BDE in PRO. The adiabatic PO BDE below) and in SFO. The spin density in $B shows little
in PFO correlates with the products PEY() + F(2P) as does excess on O, so it may have some double-bond character. In
the diabatic value. The PFO molecule cannot correlate on thethis case, the diabatic-80 BDE arising from?SF; + 1O is
same spin surface with the singlet excited state of O3 139.3 kcal/mol, very similar to the diabatic SO BDE in6F
Thus, it may be more appropriate to compare the diabati©oP  of SRO,.
BDE in PRO with that in PFO, and the diabatic BDE in the As for PKO, the loss of a fluorine atom from a closed-shell
latter is then lower than that in the former. The P BDE in SKO molecule to give a radical results in a large adiabatic BDE,
PFO is comparable to the first BDE in PBr PFs, consistent whereas the loss of a fluorine atom from a radical to give a
with the result that the adiabatic and diabatic asymptotes arestable closed-shell molecule gives rise to a much smaller
the same in these molecules. adiabatic BDE. The first adiabatic-% BDE in the radical S§o

On average, SF bonds are weaker than-HF bonds, which is very low, 21 kcal/mol. If we consider the diabatie-5 BDE
results in lower BDEs. The adiabatic-& BDE in Sk is the in SKO to form 3SKO + F(2P), we obtain a value of 101.8
highest adiabatic BDE for the $Eompounds, as expected from  kcal/mol using the singlettriplet splitting (Table 6 and Figure
the exceptional stability of octahedral closed-shel§ 8id the 4). The S-F diabatic BDE is higher than the adiabatie S
relative instability of the S&radical. Similarly, the closed-shell  single BDE, as expected. The adiabatieFSBDE in the radical
SF, and SE molecules exhibit much larger adiabatic BDEs than SKO is also small, 20 kcal/mol. The diabatie-5 BDE in SO
do the Sk and Sk radicals. In these cases, the adiabatic and correlates witi*'SF,0 + F(2P) and is 104.9 kcal/mol with the
diabatic BDEs for the closed-shell species are the same as theysinglet-triplet splitting from Table 6. Thus, the diabatic-&



3154 J. Phys. Chem. A, Vol. 112, No. 14, 2008 Grant et al.

BDEs in SBO and SEO are comparable to the diabatie-B 140 kcal/mol. In PEO, the P=O bond is more easily broken
BDEs for Sk and Sk and the adiabatic BDEs of the closed- than the P-F bond, a surprising result, but in the J&Fradical
shell Sk and SKO compounds. and the closed-shell PFO molecule, the situation is reversed.

The adiabatic SF BDE in SF,0; is larger than the adiabatic The first S-F adiabatic BDEs are predicted to be substantially
S—0O BDE by ~8 kcal/mol, again reflecting the stability of the  smaller than those of the-H bonds with the largest first-SF
radicals. If we consider the diabatic BDE for the-Q bond BDE being 105 kcal/mol in S§ The calculated value for the
correlating with OfD) + 1SF,0, we obtain a value of 144.0 S—F bond dissociation energy in $I5 about 6 kcal/mol higher
kcal/mol (Figure 5), slightly higher than the diabatic value in than the most recent value based on analyzing a range of
SKO and again consistent with the geometry and force experiments and substantially higher than earlier estimates by
constants. The adiabatic-® BDE in SFQ is 85.4 kcal/mol up to 30 kcal/mol. Thus, SHs predicted to be a less stable
and is in the range of an-0 single bond, consistent with the  radical than previously thought, and the calculateeFSBDE
spin distribution and the-SO single bond values given above. in SFs is substantially lower than the estimated experimental
The adiabatic SO BDE in SQ is consistent with the other  values. Similarly, the SF bond dissociation energy in $5
S=0 BDEs. Note that, in S§) the excited state of O or SO is  higher than the experimental estimates, and ther&éfical is
not appropriate for use in the diabatic BDE calculation, as the less stable than previously thought. The calculated values for
reaction no longer occurs on a single spin state and we do notthe bond dissociation energies in S&nd SF are in good
want to include two excited states in the calculation. agreement with the experimental estimates. TROIBDE is

The adiabatic SF BDE in SFQ is relatively low, 40 kcal/  stronger than the first-SF BDE in SRO, weaker than the first
mol, but is higher than the adiabatie-& bond in SEO. This S—F BDE in SRO», and comparable to the first-$ BDE in
BDE was evaluated using the experimental heat of formation SFO.
of SO, at 0 K [AH(SQ;) = —70.34 &+ 0.05 kcal/mol]+4 The results in combination with singtetriplet splittings
Extensive calculations on SGshow that it is possible to ~ enable us to compare the adiabatic and diabatic BDEs. In
calculate the heat of formation reliably by using the above diatomics, the BDE is a direct measure for the bond strength,

approaches as long as tight d functions are inclttf8€dThe and frequently, the same assumption is applied incorrectly to
diabatic value for the SF BDE in FSQ correlating with SG- polyatomic species for which reorganization energies in the
(®B1) + F(?P) is 114.0 kcal/mol using the experimental singlet ~ product are important. Therefore, for polyatomic species,
triplet splitting?” of 73.6 kcal/mol in S@. The adiabatic SO adiabatic bond dissociation energies and bond strengths are not
BDE in SFQ is much larger than the adiabatie-& BDE and the same, and a clear distinction must be made between the
is comparable to the adiabatic-® BDE in SRO. two. The measurement of the strength or stiffness of a given

The various bond energies provide insights into the stability bond involves only a small displacement of its atoms and no
of the various species. The nonradical species are very stablg€organization of the molecule. Appropriate criteria for judging
with large adiabatic BDEs, and the radicals tend to be less stablethe bond strength include the curvature of the bond energy plots,
with smaller adiabatic BDEs. There is a difference in the bond lengths, vibrational frequencies, force constants, bond
effective stability between the radicals with P and S as the orders, etc., and it is these that form the basis for writing
central atom. For the RReries, PEhas the lowest adiabatic ~ representative valence bond structures for polyatomic molecules
P—F BDE, 54 kcal/mol. For PO, the adiabatic PF BDE is in their ground states. The differences between the adiabatic
smaller than the PO BDE, but the radical is still quite stable and diabatic BDEs, which are related to the reorganization
with respect to bond breaking with a4 bond energy of 74 energy in the products, can be estimated in the molecules under
kcal/mol. In the SFseries, the SF adiabatic BDE is the lowest  Study from singlet-triplet splittings. The reorganization energies
in SF;, 38 kcal/mol. The adiabatic-S= BDEs in SEO and SEO can account for the large fluctuations in adiabatic BDEs
are small,~20 kcal/mol, showing that these radicals will be observed during the stepwise loss of fluorine atoms. In contrast,
highly reactive with respect to loss of an F atom. The(® the diabatic BDEs of a given type are often very similar in size
BDEs are much larger in the S radicals, just as found for the P to each other and thus exhibit more regular trends.
radicals. The fact the $B radicals are less stable with respect
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