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Structure and thermochemistry of sulfur fluorides SF , (n=1-5)
and their ions SF } (n=1-5)

Karl K. Irikura®
Chemical Kinetics and Thermodynamics Division, National Institute of Standards and Technology,
Gaithersburg, Maryland 20899

(Received 31 October 1994; accepted 27 December)1994

Ab initio calculations, including theAussiAN-2 procedures, have been performed to determine the
molecular structure and thermochemistry of the sulfur fluorides(8F 1—5) and sulfur fluoride
cations SE (n=1-5) in the gas phase. Based upon a comparison between calculated and
experimental heats of formation of §Fstandard enthalpies of formation are derived for the ten title
species. Values for SFSF;, and SE differ from literature values by more than 50 kJ/mol. Bond
energies are also derive@uncertainties are @: DB(SFs—F)=444i6, DB(SF4—F)=159t7,
Do(SF—F)=398+7, Dy(SF—F)=227+6, Do(SF-B=374+6, andDy(S—PH=345+6 kJ/mol for

the neutral species, and,(SF;—F)=371+6, Dy(SF; —F)=56+6, Dy(SF —F)=400+6,

Do(SF —F)=372+6, andD(S"—F)=367+8 kJ/mol for the ions. Adiabatic ionization energies are
calculated to be 10.130.20, 10.15-0.19, 8.36-0.18, 11.96¢:0.16, and 9.710.16 eV for SF
through Sk, respectively. Calculated geometries, vibrational frequencies, entropies, integrated heat
capacities, and vertical ionization energies are also reported. Energy levels for low-frequency
vibrations are determined variationally.

I. INTRODUCTION detailed in Sec. IV. Point6l) and(2) above are summarized

in Sec. V.
The decomposition of sulfur hexafluoride is important in

the plasma processing of se_ml.condué‘tamd in hlgh.volt- Il. COMPUTATIONAL PROCEDURES
age power systems, where it is employed as an insuflator.
Although significant progress has been made in modeling\- Base calculations

these processes at the elementary reaction level, the lack of Tha G2 series of approximations is defined for all mol-

kinetics and thermodynamic data_has b_een a serious impedizjjes composed entirely of elements lighter than potas-
ment to successIn a recent review, discrepant values or sium?® The principle behind the procedure is to assume ad-

large ungertainties were identified for neutral SF gitivity of two effects; augmentation of the one-electron ba-
(n=2-5)."A later reanalysis of experimental data indicatedgjs et and treatment of dynamic electron correlation. The
that the accepted value afiHo(SFy) is too low by 30 ity of this additivity assumption has been verified for
kJ/maoI. Ve.ry recentab initio calculations also sugge.st that many moleculed! Energy increments are determined for the
A¢Ho(SRy) is too low, by about 40 kJ/m8lAmong ”:e I0NS, " molecule of interest and are then applied to a base energy
results of recent experimeitmclude a value o (H°(SF5)  cajculated at the frozen-core MP4/6-37tGlevel (fourth-
that differs from the value in the JANAF tabfesy 178 e perturbation theory and a valence triple-split basis aug-
kd/molt Such large disagreements suggest that a careful cgfienteq with a set ofi-polarization functions on nonhydro-
culational study will be of value. gen atoms and a set ptpolarization functions on hydrogen
The desent work is based upon #eUSSIAN-2(0r G2 310mg. The intention is to approximate the energy that
procedur€. Thermochemistry based upon G2 atomization,q 4 result from a calculation at the frozen-core QC(BD
energies is typically accurate to about 10 kd/mol, but has ng§ 3114 G(3df,2p) level (quadratic configuration interaction
been well-tested for molecules containing at least one thirdy, ), ding single ‘and double excitations and a perturbative
period atom(Na—Av) in addition to other nonhydrogen at- ¢4 rrection for triple excitatiord and a 6-311G basis aug-
oms. Errors for such molecules can be significantly largeranted with a diffuses p-shell on nonhydrogen atoms, three

For example, the errors obtainl%d fak(Ho(PFs) and  gets ofd- and one set of -polarization functions on nonhy-
A¢Ho(PFy) are +27 and+22 kJ/mol,” respectively, and the  grqgen atoms, and two sets pfpolarization functions on

error obtained for{Ho(SO,) is +21 kJ/mol” Thus, G2 cal- hydrogen atoms A final “higher level correction,” based
culations of the thermochemistry of the sulfur fluorides SeIV& pon the number of valence electrons and the spin multiplic-
two purposes(1) to determine thermochemical values, andjyy, s added to account for additional correlation energy in

(2) to test the accuracy of the G2 procedure. The direct rezn empjirical way. At this time, G2 calculations are not gen-

sults of the calculations, comparisons with benchmark exgr1y feasible for molecules containing more than six non-

perimental values,'and empirical adjustrpents to the Calc%ydrogen(“heavy”) atoms.

lated th.ermochemlstry are presenteq in Sgc. I below. * A similar but less expensive alternative procedure
Comparisons of the present results with previous work argnown as GEMP2) has also been introducéiCorrections

for basis set augmentation are calculated at the MP2 level
IE-mail: irikura@enh.nist.gov instead of MP4, and the empirical correction is the same as
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TABLE I. Molecular geometries and ground state symmetries for(81-6) and S (n=1-5) calculated

at the MP2=full/6-31G* level. Where there are chemically distinct types of fluorine atom in a molecule, the
subscript 1 refers to the less numerous or axial type. Distances are in A, angles in deg. Experimental values
(averaged over the vibrational ground sjaiee given in parentheses.

Point Ground Expt
Molecule group state rq ry 611 615 [ Ref.
SF Cep 11 1.627 62
(1.5962
SF, Cu, A, 1.620 99.2 63
(1.5872 (98.02
Sk Cs 2A! 1.601 1.672 87.8 157.5
SF, C,, A, 1.663 1.585 171.1 87.2 102.0 64
(1.646 (1.545 (173.2 (101.6
Sk Ca, 27, 1.577 1.623 91.4 90.0
SF; Oy *Agg 1.593 65
(1.559
SF* Cep 8- 1.540
Sk C,, 2B, 1.540 101.9
SF Cs, A, 1.536 99.5 36, 66
(159 97
SF; C,, 2p, 1.575 1.526 160.3 96.0 104.1
SK Dsp A 1.558 1.533 180 90 120

gEquilibrium value.

in the original G2 procedure. G2IP2) atomization energies the potential are scaled slightly so that the central maximum
appear to be as accurate as G2 atomization ene(gi#® has the value(617 cml) obtained from a HF/6-31G

kJ/mo). Interestingly, the atomization energy for $8 in  transition-state calculation. The potential curve is then fitted
error by only —5 kJ/mol at the G@MP2) level, while at the  with an analytic function such as a polynomial or a rational
G2 level it is the worst outlieterror of —21 kJ/mo) among  function. If the fitting function decreases at displacements
the original G2 set of moleculés. beyond those actually calculated, it is joined to a constant

All calculations in this study were done using the Gauss-otential (greater than 2000 cnt) for such large displace-
ian series of program$.1’ The basis sets were used as de-ments. The metric of the abscissa is scaled slightly in order
fined within these programs. As prescribed in the G2 ando obtain the correct curvature at the bottom of the well.
G2(MP2) procedures, vibrational frequencies are calculated/ibrational energy levels and eigenvectors are calculated us-
at the HF/6-316 level and then scaled by 0.893. In the ing the Fourier grid Hamiltonian methiand the mass
present work, experimental vibrational fundamental frequenfrom the (harmoni¢ normal mode calculation. If a gas-
cies are used when available. Only gas-phase or matrixohase, experimental fundamental frequency is available, all
isolation values are used here. In particular, the frequenciethe calculated vibrational energy levels are scaled so that the
for SF in solid or molten salts are not used. Thermal cor-0-1 interval matches the experimental value. If not, and if the
rections are calculated based upon a vibrational model that igotential is close to harmonig.e., single-well, the energy
harmonic for frequencies greater than 300 ¢rand includes levels are scaled so that the 0-1 interval matches the scaled
explicit energy levels for lower-frequency motions. Low- (0.893 harmonic HF/6-31G frequency.
frequency vibrations are treated explicitly here because they
make large contributions to the entropy. Zero-point vibra-
ti_onal energies are taken as one-half the sum of the frequera:-. Thermochemistry
cies except for those modes treated explicitly.

For additional accuracy in the calculated entropy, experi-
mental geometries are used when available in order to calcu-
late thermal functions(but not to replace the MP2

To treat the low-frequency motions, normal modes cor-=full/6-31G* geometries in thab initio calculation$. Since
responding to scaled HF/6-3fGrequencies less than 300 the calculated bond lengths are too large by 0.028 A on
cm 1 are first projected onto internal coordinates. Since allaverage(Table ), they are shortened accordingly when cal-
these modes are essentially bending motions, the small consulating thermal functions for molecules lacking experimen-
ponents involving bond lengths are deleted. A one-tal geometries. Since the present calculations ignore spin—
dimensional HF/6-31% potential energy curve is then gen- orbit coupling, a range is indicated f&q5(SP (I ground
erated by displacing the molecule from its equilibrium state that corresponds to the limits of degeneracy2 (|A|
position along the pure bending mode. The range is selected ) andg=4 (A=0).
so that the high energy at each efmbsitive and negative Enthalpies of formation for the neutral SBre derived
displacementsis at least 2000 cit. In the case of S from the calculated atomization energies. As described in
which has a double well, energies along the central hump ofletail in the Results and Analysis, an empirical correction is

B. Low-frequency vibrations
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TABLE II. Vibrational frequencies for SF(n=1-6) and SF (n=1-5) calculated at the HF/6-3*Gevel.
The scale factor is 0.893. Experimental values are fundamental frequencies unless noted as harmonic. The
experimental values for $Fare for salts of the ion.

Mode Scaled Experimental Expt
Molecule symmetry frequencies frequencies Ref.
SF o 823 838 62
Sk a, 840, 339 839, 357 63, 67
b, 827 813 67
SFk; a’ 860, 604, 368, 203 844 23
a" 728, 457 682
SF, a; 893, 584, 518, 210 892, 558, 475, 223 24, 68
a, 460 414
b, 769, 522 867, 532
b, 889, 355 730, 353
Sk a; 895, 649, 541 885 23
b, 446
b, 616, 235
e 875, 505, 345 812, 552 69
Sk ay, 755 774 70
€ 658 642
toy 982, 576 948, 616
tog 489 525
toy 330 347
SF" o 975
SK a; 956, 389
b, 976
SK a; 951, 502 940, 530 66, 71
e 972, 366 920, 410 or 360 66, 71, 72
SF; a; 950, 609, 477, 250
a, 394
b, 1010, 289
b, 727, 478
SK a; 804, 714
aj 1036, 586
e’ 1058, 541, 190
e’ 526

#Harmonic frequency de).

applied based upon the well-determined value for Experimental measurements of ionization energies can

A¢Ho(SFy). be problematic if the ionization process is very nonvertical.
For the cations SF, however, calculated atomization en- The difference between the vertical and adiabatic ionization

ergies are found to be unreliable. Experimentally, the ionizaenergies is the relevant quantity. It is calculated here at the

tion energy of the sulfur atom (5)=10.36 e\*° but the  QCISD(T)/6-311G //MP2=full/6-31G* level, with vibra-

values from G2 and G®1P2) theory are 10.20 and 10.08 eV, tional zero-point energy neglected.

respectively’*® In contrast, G2 and G®IP2) ionization en- The standard pressure is 100 kPa. The standard tempera-

ergies are fairly accurate for the molecular specigS |62  ture of 298.15 K is denoted by a subscript 298; a subscript 0

=10.43 e\’ G2(MP2)=10.40 e\® expt=10.453-0.008 eV  refers to absolute zero temperature.

(Ref. 20] and SE [G2=10.15 eV, GEMP2)=10.07 eV, expt

=10.08+0.05 eV (Ref. 21]. Since there are large errors in

the calculated ionization energy for the sulfur atom, but noY;; RESULTS AND ANALYSIS

for the molecules, large errors in the calculated atomization

energies for the SFions are obtained. Molecular geometries and vibrational frequencies were
Since ionic atomization energies are unreliable, the iorcalculated at the HF/6-3IGlevel. In each case, the vibra-

thermochemistry derived here is based upon ionization enetional analysis confirms that the geometry obtained is a mini-

gies instead of atomization energies, using the relatioomum on the molecular potential energy surfa®@dMAG

A{Ho(SF)=AH(SF,)+IE(SF,). The ionization energies =0). Geometries were subsequently refined at the

for a set of 38 atoms and small molecules have been found tP2=full/6-31G* level (no frozen orbitals The final geom-

be too low by 0.027 eM20=0.130 eV at the G2 level and etries, the molecular point group, and the spin and spatial

too low by 0.052 eM(20=0.171 eV at the GZMP2) level, = symmetries of the electronic ground states are collected in

on averag€:1*The ionization energies in this work are there- Table I. The scaled, harmonic vibrational frequencies are

fore corrected by these amounts before being used to calclisted in Table Il. Experimental frequencies are also included

late the ion thermochemistry. in Table II.

J. Chem. Phys., Vol. 102, N, 13. 1 Apri! 1995
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TABLE Il Vibrational isotope shifts v(3*SF,)—»(*’SF,) from scaled
(0.893 HF/6-31G calculations and from argon matrix experime(ef.
23) and infrared intensities from HF/6-3X¥Galculations and from experi-
ment(Ref. 29. Coordinate axes are oriented as in Ref. 68.

TABLE V. Uncorrected enthalpies of formatiort & K (A{Hg) standard
entropies at 298.15 K o), and integrated heat capacities
[H°(298.15)-H’(0)]. Entropies and heat capacities are calculated as de-
scribed in the textA(H, values are calculated from Gand GZMP2)’
atomization energies for neutral speci@able IV). For ions,A;H, values

Shift (cm™Y) Intensity are calculated from the neutral values and the corrected ionization energies
(Table V).
Mode Calc Expt Calc(km/mol) Expt
Uncorr. A{Hg (kJ/mol)

2 -11.3 138.1 s Sy08 J CudT
12 -0.2 2.2 m Molecule G2 G2(MP2)’ (J/mol K) (kJ/mo)

V3 —-4.3 394 VW

" 0.0 08 W SF 9.7 7.4 224.82.9 8.9

e 00 0 Sk, —283.7 —289.7 257.6 11.22
Ve ~135 ~105 689.5 s Sk —429.9 —440.0 294.4 13.89
” 12 55 ms SF, ~747.1 ~762.2 295.9 15.26
ve 113 129 185.1 vs SF; -826.0 —843.3 308.3 16.68
Vo oo 15.7 ms Sk -1210.7 291.4 16.90
SF* 990.7 981.9 224.1 8.78
SK 698.5 687.1 260.9 10.98
SF 379.0 363.6 270.6 12.64
. Lo . SH 402.6 384.7 301.7 15.27
For SK, there is some confusion in the literature over — gp: 111.6 91.9 208.5 16.25

the assignment of the vibrational spectrum, and vg in
particular’? To help resolve the discrepancy, vibrational fre-
quencies were calculated for tR&F, isotopomer. The cal-
culated and experimentalisotope shifts, as well as calcu-
lated and experimentlintensity information, are collected The values A;Hy(S)=274.730.25 and A{Hy(F)=77.28
in Table III. +0.30 kJ/mol are employétiFor ion thermochemistry at
Since the present treatment of vibrations, rotations, antemperatures above 0 K, the ion convention is adoffted.
ion energies is somewhat different from the standard G2 anWhere appropriate and convenient, use of the ion convention
G2(MP2) procedures, the modified procedures are denotets emphasized by using the notatidpH instead ofA ;H° for
here with a prime, G2and GZMP2)'. G2' and GZMP2)’ heats of formation above 0 ¥.The conventions are related
energies are collected in Table IV. Consequent atomizatioby Eq. (1),
energies for neutral molecules and corrected ionization ener- o L n
gies for ions are also listed in Table IV. For comparison, ArHodM7)=A1Haeg M) +6.197 kJ/mol. @
unmodified G2 and GB1P2) energies are also included in Standard entropie§;98 and integrated heat capacities
Table IV. The G2 and GMP2) atomic energies are from the H’(298.15-H (0)(=f C pdT) are also included in Table
literature>*® For SR, the G2 calculation was not possible V. Uncertainties(20) for 8298 andH’(298.15)-H’(0) are
with the available computational resources. For the openestimated by assuming a 25 ch(unscaledl uncertainty in
shell cases, spin contamination in the UHF references is nedhe lowest, possibly degenerate, vibrational frequency only.
ligible; (SZ) does not exceed the correct value by more thaWWhere an experimental value has been adopted for the low-
0.03 for any of the molecules in this study. est frequencya 5 cm'! uncertainty is assumed.
Standard enthalpies of formatiort @ K are listed in Although energetics based upon atomization energies is
Table V. Values for neutral species are based upon atomiza&xpected to be less accurate than energetics based upon
tion energies. Values for ions are derived from the neutralsogyric and isodesmic reactiofisno such clever reaction

molecules’ enthalpies and the corrected ionization energies.

TABLE IV. G2, G2(MP2), G2, and GZMP2)’' total energies, G2and GZMP2)’ atomization energies for
neutral molecules, and correctéske text, Sec. Il CG2' and GZMP2)’ ionization energies for ions.

Total energy E, (kd/mo)
(hartreg or IE (eV)
Molecule G2 GaAMP2) G2 G2(MP2)’ G2 G2(MP2)’
SF —497.418 197 —497.407 208 —497.418 163 —497.407 174 342.3 344.6
Sk, —597.192 148 —-597.178 705 —597.192141 —597.178 698 713.0 718.9
Sk, —696.910 037 —696.894 271 —696.910103 —696.894 337 936.5 946.6
Sk, —796.692 778 —796.675064 —796.693146 —796.675432 1330.9 1346.0
Sk —896.385383 —896.364 611 —896.385476 —896.364 704 1487.2 1504.5
Sk —996.163 350 —996.162 982 1949.0
SF* —497.045476 —497.037926 —497.045476 —497.037 926 10.169 10.100
SF; —596.819 027 —596.808 593 —596.819 027 —596.808 593 10.180 10.123
SF —696.602 998 —696.590 154 —696.602998 —696.590 154 8.384 8.329
SF; —796.256 246 —796.240500 —796.256 263 —796.240 517 11.915 11.887
SK —896.029 351 —896.010424 —896.029 346 —896.010419 9.718 9.693
J. Chem. Phys., Vol. 102, N, 13, 1 Apri! 1995
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TABLE VI. Empirically derived corrections and the resulting corrected TABLE VII. Final heats of formation determined in this study. Uncertainties
A¢Hg values from G2 and GZMP2)' calculations. Uncertainties represent represent &.
10 and refer only to the correction procedure.

A¢H’ or A{H (kJ/mo)

Correction(kJ/mo) A¢Hyg (kd/mo)
Molecule 0K 298.15 K Uncertainty

Molecule G2 G2(MP2)’ G2 G2(MP2)'
SF 7.2 7.2 + 6.2
SF -3.2 0.5 6.5-0.1 7.9-0.1 Sk, —289.3 —291.4 + 6.2
Sk, —-6.3 1.0 —290.0+0.2 —288.7+0.2 SFk; —-439.0 —442.8 + 6.1
Sk -9.5 1.5 —439.4+0.1 —438.5-0.1 Sk, —759.9 —766.8 + 6.4
Sk, —-12.6 2.0 —759.7+1.1 —760.2+1.1 Sk —-841.3 —851.2 + 6.2
Sk —-15.8 25 —841.8+0.7 —840.8+0.7 SF* 985.0 985.0 +16.4
SF* -3.2 0.5 987.6:0.2 982.4-0.2 SH 690.2 687.9 +16.1
Sl:ér -6.3 1.0 692.20.4 688.1-0.4 Sl:g 367.3 362.3 +16.2
SF{ -95 15 369.50.7 365.10.7 S|:4+ 388.3 381.5 +16.0
SFy —-12.6 2.0 390.60.4 386.70.4 SKH 95.1 84.8 +15.7

Sl%' —15.8 25 95.80.5 94.40.5

Il C), and is the largest source of uncertainty.
schemes could be identified. Instead, empirical corrections A number of experimenta”y observable quantities can be
are made based upon the heat of formation of, Sfich is  calculated using the heats of formation in Table VII. Bond
well-established experimentallyA(Ho(SF;)=—1207.7£0.3  dissociation energie$BDES) are calculated as the differ-
kJ/mol is obtained by applying the thermal adjustment OfencesAfH°(M—F)—AfH°(M)—AfH°(F), both & 0 K (Dg)
14.0 kJ/mol(Ref. § to the most recent room-temperature and at 298.15 K D59g), and are listed in Table VIII. The
value A¢Hpog(SFs)=—1221.7-0.3 kJ/mol™ Comparison  stated uncertainties in Table VIl are smaller than would be
with the GZMP2)’ value in Table V indicates that the expected from the uncertainties listed in Table VIl because of
G2(MP2)" value is in error by—3.0 kJ/"}0|- Moreover, the correlations among uncertainties. The alternation of bond
difference between the Gzand GZMP2)" heats of forma-  strengths has been discussed elsewh&fand will not be
tion is linear in n for SF, (difference=3.9In—1.57,  discussed further here. Adiabatic ionization energiggs),
R=0.995;n=1-5). This suggests that the G®alue for  also included in Table VIII, represent averages of thé G2
A¢H(SFy) will be —1188.8 kd/mol, which is in error by and G2ZMP2)’ values from Table IV.
+18.9 kJ/mol. Prorating these errors according to the num-  Taple IX lists the differences between adiabatic and ver-
ber of fluorine atoms results in the corrections listed in tical ionization energies at the QCISD/6-311G//
Table V1. The corresponding values afH, are also listed MP2=full/6-31G* level, with vibrational energy neglected.

in Table VI. The uncertainties in Table VI are based upbn  Differences are listed in both eV and &ffor convenience.
the prorated uncertainty i ;H,95(SF;), and(2) the devia-

tion from linearity inn of the difference between the G2 and
G2(MP2) enthalpies. IV. DISCUSSION
As for the neutral series, the difference between thé G2A. Structures

and GZMP2)' heats of formation is linear inn for

SF'(n=1-5), once again suggesting that systematic errors Comparison of the calculated geometries with available

will be proportional to the number of S—F bonds. For thegxperimental structuregTable ) suggests that the calcula-

ions, however, no well-established, experimental heats ofons yield bond angles reliable to better than 2° but.bond
formation are available. The correction for SK therefore lengths too great by 0.02-0.04 A. Density functional
taken to be the same as for the corresponding neutral SF
This choice leaves ionization energies unchanged.

Table VII contains the finalh{H, and A;Hqg values
obtained in this study. Final values farH, are obtained by
averaging the G2 and GZMP2)'-based results from Table BDE(SF,_;—F) (kJ/mo) IE, (eV)
VI. Thermal corrections to 298.15 K are made using the

TABLE VIIl. Bond dissociation energiegat 0 K and at 298.15 Kand
adiabatic ionization energies. Uncertainties represent 2

integrated heat capacities from Table V and the atomic val- Molecule Do D2gg  Uncertainty Ik  Uncertainty
ues 6.657 and 6.518 kJ/mol for S and F, respecti¥dle SF 3448 3491 *6.2 10.13 =0.20
uncertainties given in Table VII are intended to represent2 SR 3738 378.0 6.0 10.15 =019
(gbout 95% confidence inter\)admd.include the.discre_p'an- g:zi g;g:g igg:i ;2:(13 li';g ;8:12
cies between G2 and GZMP2)'-derived values in addition SF, 158.6  163.8 6.7 971 4016
to the sources of uncertainty included in Table VI. An addi- sFk 4437  449.9 +6.3
tional contribution of 6 kJ/mol20) is included as an esti- SF 366.6  370.5 *8.0

SFS 3721 3765 +6.2

mate of the uncertainty in the various assumptions used in

: . SF; 400.1  405.0 +6.2
the correction procedure and also of nonsystematic errors & 56.3 60.2 64
that remain after the empirical corrections. For the ions, un- Sl-si 3705  376.0 164
certainty in the ionization energies is also includede Sec.
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TABLE IX. Differences between adiabatic and vertical ionization energiesTABLE X. Changes in standard entropy, integrated heat capacity, and vi-
calculated at the QCISD)QCISD(T)=Fc/6-311G//MP2=full/6-31G* brational zero-point energy due to explicit treatment of low-frequency vi-

level. Vibrational zero-point energies are neglected. brations. Changes are relative to the harmonic model. Harmonic frequencies
and anharmonicities, derived from a HF/6-31@otential curve, are also
IE,—IE, listed where appropriate.
1 o o o
Molecule ev cm A(Syey A[H'(298.15-H'(0)] A(ZPB X
SE 0111 895 Vibration (J/mol K) (kJ/mo) (kdJ/moh (cm™) (cm™
Sk 0.214 1730 SF (1)  —0.01 0.10 019 na  na
Sk 2.569 20720 SF, (1) 0.07 0.01 0.01 2245 084
Sk 0.929 7500 SR (v  —0.02 0.00 0.00 2345 —0.24
Sk 1.757 14170 SF (v) 0.01 0.00 0.00 2504 0.1
SK; (v7) —-0.20 —0.04 —-0.05 2786 —6.2
SK (v7) 0.08 0.02 0.01 191.0 0.65
calculation®?° show slightly better agreement with experi-

mental bond lengths and are in general agreement with the, :
present results except for SF glrectlon of a square pyramidaCy(,) structure. Although the

Using an uncontracted TZ2P basis and nonlocal expresent results indicate that there is no local minimum of

change corrections, density functional calculations predict & 3" symmetry, the curv_a_ture of the potential energy §urface

planar,C,, geometry for SE.2° This is in accord with the oes appear to be sensitive to the level of the_ory applied, and
interpretation of esr measuremerftgut in conflict with the It is concelvablg that a second, shallow minimum could be

butterfly-shapedC, structure found in a HF/4-31G studgti- revealed at a higher level of theory.

hedral angle¢=156.29.3! In the present workg$=155.4°

was obtained at the UHF/6-3%Gevel, $=157.1° at the B. Vibrations

MP2=full/6-31G* level (Table ), $=162.5° at the With the exception of the two vibrations discussed in
MP4/6-31+G* level, and¢=161.3° at the QCISD/6-34G*  gec. |y C, the scaled HF/6-3tGiibrational frequencies are
level (which also yields r,=1.607 A, r;=1.699 A i generally good agreement with experimental values listed
0,,=87.7°, andf;,=160.8). A nonplanar geometry is there- i Taple 11 (rms difference of 28 ¢, using the lower ex-
fore recommended. Note that the molecular symmetry is imyarimental value fom, of SF). As mentioned above, low-
portant in calculating thermodynamic quantities because 'frequency vibrations make large contributions to the molecu-
determines the rotational symmetry numbeto=1 for Cs  |5r entropy, and are treated explicitly here for motions with
ando=2 for Cy,). . . _ predicted frequencies less than 300 ¢mThe modes se-
Following a tentative experimental suggestidrit has  |ected for special treatment are thereforgof SFs, v, of
been reported recently that there exist two stable isomers c§,:4, vs Of SFs, v, and v, of SF;, and, of SR . The effects
SF; and two stable Isomers of $Fone each of molecular of the explicit treatment of these vibrations upon the calcu-
point groupDg, andCy,.™ This report has been challenged |4teq entropy, integrated heat capacity, and zero-point vibra-
in a Comment, and the present work is in agreement with tiona| energy(ZPE) are summarized in Table X. Note that
the Comment. The question of isomerism was reinvestigateg,q typical scaling of HF/6-316 frequencies changes the
in the present study because of its important thermochemicghermal functions for a 300 it harmonic oscillator by 0.81
ramifications. For SF, a HF/6-31G geometry optimization JImol K (Syeg), 0.11 kd/mol(integrated heat capacjtyand
was sgccessfully constraineq @y, symmetry. Vibrational '—0.20 kJ/mol(ZPB), so changes of much smaller magnitude
analysis, however, reveals this structure to be a saddle poigfe not significant. The derived values for harmonic frequen-
(NIMAG =1) on the HF/6-31G potgrlmal energy surface cjes . and anharmonicities; are also listed in Table X.
with the offending frequency 16Zm " (unscalegl At the The greatest deviation from harmonicity is for the sym-
MP2/6-31G level (active corg, the optimizedC,, structure  metric dihedral bendw,) of SF;. The potential energy curve
is 0.22 eV above th®3, minimum, in agreement with the 5 vibrational energy levels for this motion are illustrated in
prior repogt?3 but there is again one imaginary frequency rig 1. The double well for the SFnotion results in much
(139 cm™). Thus, the present study fails to confirm the |qyer energy levels than are predicted from the harmonic
existence of &,, isomer of SE . Note that S% is isoelec-  model. Despite theC, symmetry of the molecule, explicit
tronic with Pk, and is expected to have a similar potential consideration of the double-well potential requires that the
energy surface. rotational symmetry number be taken@s 2 when calculat-
For neutral SE at the HF/6-31G level, the g thermodynamic function¥ This compensates the effec-
D3p-constrained m|n|mum1has three imaginary frequenciesiye doubling of the energy levels at low temperatures, re-
(951, 951, and 219 cm ). At the MP2/6-31G (active sulting in essentially no net effect @}qg (Table X).
core level, there are two imaginary frequencies, which are
fairly close to zero(74i and 74 cm™Y). lonic bonding is
better described at the MP2/6-8G* (frozen cor¢ level,
which again yields two imaginary frequencié$08 and Comparison of experimental and scaled HF/6-31MG
104 cm ). The (doubly-degenerajedirection of negative brational frequencies for SBhows good agreement except
curvature corresponds to a distortion of the molecule in théor vz (b;) and vg (b,), which appear to be interchanged

C. Vibrational assignments in SF
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TABLE XI. Comparison of present work with experiment; standard entro-

1000 r | pies(in J/mol K) and integrated heat capaciti@s kJ/mo). Uncertainties in
/ values from the present work are estimates for 2
800 1 / Sy (I/mol K) H"(298.15) H’(0) (kJ/mol)
—~
g 600 / Molecule  This work JANAF This work JANAF
5 L
: SF 224,829 225.3*0.8 8.9 9.48
&0 400 L Sk, 257.6:0.1 257.7¢:0.08 11.22:0.01 11.22
g 400 SR, 294.4+09 2862+42  13.89-0.09 13.60
83 SF, 295.9+0.2 299.6+0.4 15.26-0.02 15.78
200 k Sk 308.3:0.8 304.8+8.4 16.68-0.09 16.32
SFs 291.4+0.3 291.5+0.4 16.9G-0.04 16.92
SF* 224.1+0.1 225.4+9.2 8.78-0.01 8.86
0 . . . . . SF 260.9:0.4 263.5+0.4 10.98-0.06 11.23
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 SK 270.6:0.8 269.0*+2.1 12.64:0.13 12.41
SF. Bendine Coordinate v SF; 301.7+0.7 311.7*8.0 15.270.08 16.51
3 g 4 SK 298.5+1.9 298.2+8.4 16.25-0.19 16.35

“Reference 8.

FIG. 1. Potential energy curve and vibrational eigenvalues fortend of bSpin—orbit splitiing ignored

SF;, calculated at the HF/6-3¥Gevel.

(Table Il). Moreover, the calculated intensities are in the or-

gz;gi?) zsl,(r;(gétvzzlccgnlls tggc(;%;]'_fbg Itn)e _T_Ezeégceurltal agreement between the present work and experiment for SF,
9 y X SF,, and Sk. For Sk and SE, the values determined here

3 ; ; . -
lated>"S isotope shifts are also reversed from the experimen; - substantially highefabout 50 and 60 kJ/mol, respec-

tal values(Table Ill). Thus, it appears that the accepted as- g . o
signment of the vibrational spectrum of SBhould be tively) that the experimental values. The highlgH, values

revised to switch the assignments fgrand vg. The present correspond to stronger S—F bonds in, 8Rd Sfs. The bond

calculations therefore favor the set of assignments due térjergyD(SFs—F) 'S dls_cussed n deé%" belodsec. IV Q
Frey et al3s ince the same experimental procedureas used to derive

D(SRK—F) and D(Sk;—F), a similar discussion applies to
D(SK—-F) as toD(SK—P).

D. Standard entropies and integrated heat capacities For the ions, there is good agreement for; Séhd ac-
Values forS,qg and f C,dT from the present work are f:eptable agreement for SFFor Fhe heavier ions, agreement
compared with those from the JANAF tabléa Table XI. IS poor; even among the experlmeptal values there is serious

Since more accuratéexperimental, where availableibra- ~ disagreement. The experimentijH, values in the JANAF
tional and structural information were used to derive themtable$ are derived from neutral thermochemistry combined
the S, 4 values from the present work are favored over thosé/\{ith ionization energies or appearance energies. Discrepan-
in the JANAF table% except for SF and SF (For S, the  Cies between the present work and the JANAF vdiwem
same spectroscopic data are used in the present work andtiperefore be traced to discrepancies in ionization energies,
the JANAF tables. which are discussed belo¢Bec. IV B. For SF and SE,

Likewise, the present values are preferred for integrateéhere are also giscrepancies in the underlying neutral thermo-
heat capacities except for SF and,SFhe present calcula- chemistryA;H, values from energy threshold measurements
tions underestimate the value for SF because the effect of trf@ derived from measured bond strengths in the fdbis-
spin—orbit levels on the heat capacity is ignored. For bottfrepancies with the present work can therefore be traced to
entropies and heat capacities, accurate vibrational frequeliscrepancies in bond strengtBSF;_,~F) as discussed
cies are more important than accurate molecular structuresseparately belowiSec. 1V )).

Note that the JANAF value fo,o4(SF,) is in error A valye for the heterolytic bond dissociation energy
because an incorrect vibrational frequency was u@g8 D (SF;—F )=883+33 kJ/mol has been determined from lat-

cm™! instead of 414 cmb), probably as a result of the con- tice energy calculations for SBF,.2® When combined with
fusion in vibrational assignments for $ksee Sec. IVC AtHzog(SF)=—767x6 ~ kjmol  (Table — Vi) and
above. Use of the correct vibrational frequency shifts the AtHzeg(F )=—248.920.6  kJ/mol;  this leads to

JANAF entropy value from 299.64 to 295.69 J/mol K. AtH20g(SF;)=365-34 kJ/mol, in agreement with the
present value of 36216 kJ/mol(Table VII). A more recent

E. Enthalpies of formation value for D(BF;—F),3” however, is 84 kJ/mol lower than
: that used in Ref. 36 and implies;H ,45(SF; ) =281+30 kJ/
Present valuegfrom Table VII) for standard enthalpies mol. The present results are therefore more consistent with
of formation at 0 K,A{H,, are compared with selected prior the older fluoride affinity value FBF;)=385+25 kJ/mol3®
values from the experimental literature in Table XIl. Where ~ As can be seen from Table XIA{H,(SF) has been
necessary, experimental values at 298 K have been correctedrticularly controversial. It is discussed separately below
to 0 K using differences from Table VII. There is fairly good (Sec. IV H.
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TABLE XII. Comparison of present work with selected prior experimental valdgst, (in kJ/mol). Uncer-
tainties in values from the present work are. 2

Molecule Present work Experiment
SF 7.2+ 6.2 12.3+ 6.3b
SF, —289.3* 6.2 —294.7+ 16.2P
Sk —439.0+ 6.1 —484.5+ 2502 —499.0+ 33.58
SF, —759.9+ 6.4 —756.9+ 20.9%° —746 + 1
Sk —841.3+ 6.2 —902.6+13.42 —898.3+15.1°> —871+10°¢ —903 * 16
SFt 985.0+ 16.4 1007.9+ 5.0£ 985.7+ 16.7
SF 690.2+ 16.1 682.8+ 10.9°698.2 + 46.0° 710
SF} 367.3+ 16.2 322.2+ 13.4°392.6+ 33.5? 370 + 349 355
SF 388.3+ 16.0 364.8+ 14.2° 415.4+ 50.0° 384
SR 95.1+ 15.7 —1.7+ 17.28176.6 + 20.9° 42.3+ 2.9" <28 5!
<104.6+ 8.4
%Reference 4. 'Reference 73.
bReference 8. 9Reference 36; see also Sec. IV E.
‘Reference 5. "Reference 53.
dReference 38. iReference 54.
*Reference 7. IReferences 58 and 59.
F. lonization energies metastable metal atont€a* and St) and Sk [reaction(2)]

Adiabatic ionization energies obtained in the presemand using DO(Sr_?ngSS'GtSA kd/mol and Do(Ca-h
work (from Table VIII) are compared with experimental val- =531.8:8.4 kJ/mok™
ues in Table XIIl. There is good agreement in all cases, with .3 .
the present values tending to be slightly higher than the ex- M* (°P)+SF—MF*+Sks. @)
perimental values. In particular, the calculations support the .
more recent, lower values for 45F3) (Ref D and for This value fOI’DO(SF5—F) is Supported by arguments based
IE, (SFy).% Earlier values were probably too high because ofuPon positive and negative ion chemistrii. Shock-tube ex-
the especially nonvertical nature of these two ionization proPeriments yielded a bond energy of 318 kJ/ifobut were
cessegTable IX). later reinterpreted to obtain a value of about 385 kJ/hol,
It is evident from Table XIII that some |E values adopted @9ain supporting the chemiluminescence results.
in the JANAF tables are too high. This has resulted in inac-  Recently, however, this value for the bond strength has

curate ion thermochemistrigee Sec. IV E and Table XlI come under attack. In particular, the shock-tube data have
been reinterpreted yet again, this time yielding the much

higher valueD5g¢g(SR—F)=420+10 kJ/mol® In addition,
G. Bond energy D(SFs—F) very recent GEMP2) calculations indicate a value

The heat of formation of SFand the bond energy in §F Do(SFy—F)=447 kJ/mol, even highérAs shown in Table

are very important for modeling chemical systems invoIvingV”" the result from the present work is essentially the same,

SF, and (toxic) S,F,o, as has been discussed recefitiThe ~ Do=443.76.3 kJ/mol. \
conventional value for A(H,q4(SK) is —912.5:13.4 Each of the recent, high values fOr(SF—F) has been

kJ/mol* and is based primarily upon the upper bound@ccompanied by a criticism of the chemiluminescence re-
D5(SF—P)=<381.2-13.4 kJ/mol determined from studies of Sults. Both of the newer papéfshave noted that different

the chemiluminescence resulting from reactions betweeﬁes’u“37Were obtained using calcium atoms and strontium
atoms?’ No explanations have been offered for this apparent

inconsistency. There is also the suggestitrat some of the
chemiluminescence arose from secondary chemistry such as

TABLE XIlIl. Comparison of present work with selected prior experimental . . .
reaction(3), involving ground

values; adiabatic ionization energiéa eV). Uncertainties in values from
the present work area

Sr+SK—SrH-SK, ©)]
Molecule Present work Experiment
SF 10.1%0.20 10.0&0.10?': 10.16+0.17 state metal atom®(SF,—F) is very small(Table VII), so
SIEZ 10-1?50-19 10-10&0-0755 glgfgio-j unwanted chemiluminescence from such a reaction will lead
Sk 8.36-0.18 8.18-0.07, 't 0.6 a to a misleadingly low apparent bond strength. Since 20% or
SF, 11.90+0.16 11.9¢% 12.03+0.05' 12.08+0.107 0 .
11.69+0.06° 12.28+0.03¢ 12.15:0.9 30% _of the effusive metal atom t_)eam may be excifetf,
Sk 9.71+0.16 9.60-0.05" 11.14+0.37° significant concentrations of reaction products may develop.
Thus, secondary reactions, perhaps even involving excited
aReference 74. ‘Reference 73. tal at . If the bl t chemilumi
bReference 8. ‘Reference 75. metal atoms, are a serious concern. e bluest chemilumi-
Reference 7. 9Reference 76. nescence were due to reacti@¢®), the upper limits on
dReference 21. "Reference 38. Dy(SF,—F) would be 239.314.2 kJ/mol from the Ca reac-
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tion and 202.9-13.4 kJ/mol from the Sr reaction. These lim-
its are consistent with both the old valDg(SF,—F) =222.2
+25.1 kJ/mol(Ref. 27 and the present value of 155:56.7
kJ/mol (Table VIII).

Another possible problem with the chemiluminescenceCH,
experiment is the presence of higher excited states in the!

metal atom beam. ThD state is long-lived1.1+0.2 ms for
Ca (Ref. 44] and has been found in similar calcium atom
sources, comprising up to 2% or 3% of the be&nf’ Since

the metastabléD state is at higher energy than the meta-

stable®P state(by 78.2 kJ/mol for Ca and 62.8 kJ/mol for
Sn,’ it can lead to an erroneously low apparent S—F bon

strength. In particular, if the bluest chemiluminescence wer

actually due to reactions dD metal atoms, then the upper
limits on the bond energp o(SF—F) would be 500.8:14.2
kJ/mol for the Ca reaction and 444:23.4 kJ/mol for the Sr
reaction. The limit from the strontium reaction, which con-
ventionally has been adopted as the bond erfengguld
then agree nicely with the present val{d@ble VIII).

A value of Djgg(SR—F)=397+16 kJ/mol (or
Do=2391* 16 kJ/mo) has been derivell from the fluoride
affinity FA(SF;)=D(SK—F )=169.9+13.4 kJ/mof® the
electron affinity EASF;)=1.05+0.1 eV/® and EAF)=3.399
+0.003 eV(Ref. 20 [Eq. (4)],

D(SK—F)=—EA(SK) +FA(SFK)+EA(F). 4

The value for EASFy) is from equilibrium measuremerfs.
The value for FASF;) relies partly upon failure to observe
fluoride transfer from SF to SOF, or SOF,.* Since many
reactions of SF are abnormally sloW?=*’the lower bound

on FA(SF;) is questionable, and a strict interpretation of the

experimental resulfs allows only the upper limit
FA(SF;)<183 kJ/mol. This leads t®,qg(SF—F)<410+10
kJ/mol, in conflict with the calculated bond strength
D,og(SF—F)=450+6 kJ/mol (Table VIII). Accepting the
calculated bond strength and the value for(EFs) implies
that FA'SK;)=223.2:11.5 kJ/mol. Conversely, accepting the
calculated bond strength and the upper limit for(8&;) im-
plies that EASFK;)<0.63+0.06 eV. Further work will be
needed to resolve this conflict. Tla initio literature is not

helpful on this point; the most recent calculation is a MCSCF

study that yielded EASF;)=—0.63 eV/® clearly too low. A
density-functional LSDA/NL calculation yielded EB8F)

=3.44 eV but such calculations appear to be very unreli-

able for electron affinities?
Indirect support for the present value af;H,(SF)
comes from the consensus on,(§F;) (present work and

Refs. 38 and ) and experimental support for the present

value of A;Hy(SF) (see Sec. IV H below

H. A;Hy(SF¥) and the appearance energy AE(SF Z/SFg)

5365

TABLE XIV. Thermochemistry of dissociative proton transfer reactions
[Ea. (5)].

M AHgg (kJ/mo) ASgg (J/MolK) AGjeg (kd/mo) AGjs, (kJ/mo)
49.1+17.6 143.1+2.0 6.5-17.7 —-1.0£17.7
17.7+15.8 153.1+2.2 —27.9£15.8 —35.9+15.8

Br 56.9+15.8 150.%2.2 11.915.8 4.0:15.8

QCISD(T)/6-311G™ //IMP2=full/6-31G* level is 187 kJ/mol

ivibrational zero-point energy neglecjeddence, the mea-

ured thresholds and resultingH, values are too high. Di-

§ect ionization of SEwould also be prone to error, since the

adiabatic ionization energy is so much low@r76 e\j than

the vertical ionization energgTable 1X). Note that the ther-
mochemical values in Table VII imply ABFK/SF)
=14.30+0.16 eV, much lower than the value of 15.1 eV
adopted in the JANAF tables but consistent with a recent
limit AE (SR /SFy)>14.1+0.3 e\?!

In the ion beam experiment;Hy(SK) is derived from
the sum of the five successive bond strendtiénce each
bond energy measurement is subject to uncertainty\ thg,
value for SE is the least reliable in the study. Individual
bond energies from the ion beam experiment and from the
present calculations are compared bel@ec. IV |).

The other experimental values farHq(SF) listed in
Table XII are from thermal ion chemistry experiments. Re-
actions between proton donors andgStere observed to
proceed rapidly at ambient temperatifgg. (5), M=Br,>?
Cl,°® and CH, (Ref. 54]. Since

MH* +SF;—SF +HF+M, (5)

these dissociative proton transfer reactions are spontaneous,
they were presumed to be exothermic, as is typically as-
sumed in the ion chemistry literature. However, these reac-
tions are atypical. Since there are two reactants thrge
products, there is a large, positive entropy change for the
reaction. Hence a negative enthalpy change is not assured.
The enthalpy, entropy, and Gibbs’ free energy changes for
these three reactions are collected in Table X®/yg(SF)
andS,¢4(SFy) are from Table V and ;H,ogSF) from Table

VIl. Other quantities are AH,g5(SR)=—1221.7-0.3
kd/mol2® A(H,egCHZ)=910 kJ/mol (Ref. 59 (est. +8),
S,0s(CHZ)=224 J/molK (Ref. 56 (est. =0.5),
A¢H%gg(HCI")=1137.6 kJ/mol (Ref. 20 (est. =1), and
A¢H,g5(HBr")=1089 kJ/mol(Ref. 20 (est. +1). Entropies

for HCI™ (193 J/mol K and HBr" (205 J/mol K are calcu-
lated (est. =1 J/mol K) using a harmonic modekpin—orbit
splitting ignored and spectroscopic data from experim&nt.
The remaining data are from the JANAF tabfes;
AH5gg(HF)=—272.5+0.8 kd/mol,S,qg(HF)=173.78-0.03

There have been many experimental limits and values/mol K, AH,g5(CH,)=—74.87+0.34 kJ/mol, S,qg(CH,)
reported forA(Hy(SF), some of which are listed in Table =186.25-0.04 J/mol K, AH,¢4(Cl)=121.302-0.008 kJ/
XIl. The very high value in the JANAF tablss based upon mol, S;44(Cl)=165.189-0.004 J/mol K, A¢Hjg4(Br)
numerous and conflicting measurements of the appearancel11.86-0.06 kJ/mol, and S,44(Br)=175.017-0.003
energy of SE from SF;. As noted by Fisheet al,” appear-  J/mol K.
ance energy measurements are especially unreliable for The AG,qg values in Table XIV show that the thermo-
SK/SF; because of the big change in geometry of thg SFchemical values from the present work are compatible with
fragment. Specifically, the relaxation energy at thethe spontaneity of reactiofs). The value for M=Br of
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TABLE XV. Comparison of present work with experiment; ionic sulfur J. Implications for S ,F;, thermochemistry
fluoride bond energie® o(SK' —F) (kJ/mo). Uncertainties in values from

the present work arec As recentloy discussetithere are two experimental esti-
mates forA¢H,q4(S;Fi0). A value of —2067+4 kJ/mol has
Molecule Present work Experimént been derived from a putative equilibrium betweef;g and
SF 36748 4k 5 SFKs+SF,.®° Available rate data have been reanalyzed to
SF 372+6 40210 yield a value of—2013+25 kJ/mol®* markedly higher. Since
SF; 4006 438+ 8 both values depend upon the thermochemistry of the mono-
SF; 56:6 35t 5 sulfur fluorides, they are affected by the present revisions in
SR 3716 444810 that thermochemistry. In particular, the present values for
“Reference 7. A¢H>qg differ from those used in Refs. 60 and 61 byz,

+61, and—13 kJ/mol for Sk, Sk, and Sk, respectively.
Updated analyses would therefore yieldA{H,gg
(S;F19=~—2073 kJ/mol (equilibrium method and
AG,gg=12+16 kJ/mol suggests that the present value forA {H,9g(S,F19~—1891 kJ/mol (kinetics methoyl These
AHo(SK) may be a bit high. However, temperature has awildly different values imply S-S bond strengths
strong effect on these entropy-driven reactions, as shown iR,9g(FsS—SFk) of 371 and 181 kJ/mol, respectively. More
the last column of Table XIV. Since minor errors in tempera-work is sorely needed.
ture can also explain much of the small discrepancy with the
calculated thermochemistry, no revisions of the thermochemy. CONCLUSIONS
istry seem warranted.

In a very recent, clever experiment, complications due t
entropy are avoided by conducting ion chemistry at R The thermochemistry of the sulfur fluorides Sf=1-
Proton transfer reactions of SWere studied with a series of 5) and their positive ions SF(n=1-5) has been revised
protonated bases. Assuming, as usual, that there is no barrieased upon empirically-correctadb initio calculations. The
to proton transfer, the proton affinity was determined to bepresent value¢Table VII) are recommended for enthalpies
577.0+8.4 kJ/mol*® When the proton transfer exothermicity of formation of all these molecules. Values forSBF;, and
reaches 88.7 kJ/mol, $Hs produced in addition to A58 their cations are markedly different from previous accepted
This impliesA;Hq(SF )<104.6+8.4 kdJ/mol*® with equality ~ values. For standard entropi€sss and integrated heat ca-
in the case of zero activation energy for the loss of HF frompacitiesH’(298.15)-H’(0) (Table XI), the present values
SRH™. This most recent value foA{H,(SK) is thus in are recommended for all species except SF ang, &%
good agreement with the present value off4% kJ/mol. which the JANAF(Ref. 8 values are recommended. Adia-
batic ionization energies from this study are in agreement
with prior values.

oA. Thermochemistry

. lonic bond dissociation energies  D(SF} —F)

Bond strengths in the ions $Hrom the present calcu-
lations and from ion beam experimehtare compared in g Theoretical models

Table XV. Agreement is fairly poor. The discrepancy for i )
Do(SF —P) is the largest at 73 kJ/mol. In the experiment, ~ FOT the sulfur fluorides, thermochemistry from G2 cal-

reaction cross sections are measured as a function of kinetfd/lations is less accurate than thermochemistry from less ex-
energy. Bond strengths are derived by fitting an empiricaPensive GBVIP2) calculations. GAMP?2) calculations are ex-
function to the data. The thermé00 K) vibrational energy ~ Ceptionally —accurate for these compounds. Entropy
affects the resulting bond strength. Using frequency value§@lculations do not require explicit consideration of low-
from Table Il instead of the estimates adopted in Ref. 7irequency motions for any of the molecules in this study.
changes the derived bond energies insignificantly;+Hey08,

+0.26, —0.23, +1.20, and+0.15 kJ/mol for SF to SFiE, = ACKNOWLEDGMENTS

respectively.

There is the possibility of kinetic shifts in the threshold
experiment. To estimate whether this might be a problem, th
energies of the ions $F(n=1-4) were calculated at the
geometries of SE, ; (with an appropriate fluorine atom de-
leted. At the QCISOT)/6-311G™ //MP2=full/6-31G*

| am grateful to Dr. J. T. Herron for suggesting this topic
and for encouragement during the course of the work, and
thank Professor M. A. Smith for communicating the results
of Ref. 59 prior to publication. | am also indebted to Dr. J. A.
Manion for an enlightening discussion of rotational symme-
i , try numbers, and to Professor J. F. Liebman for helpful com-
level, the relaxation energies of the SFragments are then ments on the manuscript. Some of the results described
0.0,0.7, 7.8, and 45.1 ky/mol for Sko SFy , respectively. I po o \were presented at the Third International Conference

kinetic shifts are a problem, the effect will be most severe foron chemical KineticgJuly 12—16, 1993 at NIST, Gaithers-
the SE —SF; +F fragmentation. Some of the dlscrepancyburg MD) as Poster Paper R32

for SR in Table XV could be explained thus. However, this
consideration does not explain the difference quantitatively, _ _
and can not explain the discrepancies for the other ions in c?ér'r:/ili: MBZ”S‘zinanl‘égé L. FlammPlasma Etching: An IntroductiofAca-

Table XV. There is no satisfying explanation for the dis- 2y N, maller and M. S. NaiduAdvances in High Voltage Insulation and

agreement at this time. Arc Interruption in Sk and Vacuur(Pergamon, Oxford, 1981
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