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Accurate heats of formation are computed for, SER*, and Sk, for n = 1-6. The geometries and
vibrational frequencies are determined at the B3LYP level of theory. The energetics are determined at the
CCSD(T) level of theory. Extrapolation to the basis set limit is discussed. The temperature dependence of
the heat of formation, heat capacity, and entropy are computed for the temperature rang®@D& and

fit to a polynomial.

I. Introduction (MP2) CBS results, to yield accurate bond energies. That is

The SF species, and their ions, are of interest in the the approach we apply to SFSFK", and SK~. Our only
processing of semiconductors. While the B&at of formatiofr3 experimental inputs are the Well-estabI!shed heats .of forrrfanon
is well established, there appears to be significant uncertainty©f S: S' F, F~, and SF, and the experiments&i'® spin—orbit
for many of the other species. For example, the recent studySPlitting in S, S, F, and SF.
by Fisher, Kickel, and ArmentrotifFKA) reported—0.4+ 4.1
kcal/mol for the heat of formation of $F, while Latimer and II. Methods

SmithP reported an upper bound of 25402.0 kcal/mol; these ) e . . .
values are to be compared with the value of 42.5.0 kcall Geometries are optimized using density functional theory

mol recommended by JANAE.Recently, Irikuré studied the ~ (PFT); more specifically, the hybrdB3LYP'® approach is used

neutral and cationic SFspecies using the Gand G2(MP2 in conjunction with the 6-3+G* basis set® The diffuse
approaches. While these approaches have been found to béunctlons are added to improve the description of the negative

accurate £2 kcal/mol) for many species, the errors tend to be 'ONS: The harmonic frequencies confirm that the stationary
nd Points correspond to minima and are used to compute the zero-

larger for molecules composed of a second row atom and Y : N ) .
fluorine atoms. Irikura estimated that the G2 atomization energy POINt energies. For SF the 6-31+G* basis set resulted in a
nonphysical, slightly bent, structure, so it was also studied using

for Sk would be in error by 4.5 kcal/mol, while the less rigorous ,
G2(MP2) approach had an error of only 0.7 kcal/mol. In the 6-311G(2df) basis set.
addition, he found the SfF atomization energies to be unreli- The energetics are computed using the restricted coupled
able, so he computed the SFheats of formation using his  cluster singles and doubles approdd including the effect
computed neutral heats of formation and ionization potentials Of connected triples determined using perturbation théd#y,
(IPs). His SE* heat of formation, 22.2 3.8 kcal/mol, falls RCCSD(T). Inthese RCCSD(T) calculations only the valence
between the values of JANAF and FKA, being close to the upper €lectrons (the S 3s and 3p and F 2s and 2p) are correlated. The
bound of Latimer and Smith. basis sets are derived from the augmented-correlation-consistent
Recently, Miller et aP reviewed the Sfelectron affinities ~ polarized valence (aug-cc-pV) sets developed by Dunning and
(EA) and they recommended values for the EAs; the uncertainty cO-workers?225 We use the triplée: (TZ), quadruplet (QZ),
in some of the values is large; for example, their recommenda- and quintupleZ (5Z) sets. However, as discussed below, it is
tions for S and Sk were 0.7-1.6 and 2.654.35 eV, necessary to add tight functions to S to obtain a good description
respectively. Using density functional theory (DFT), King, Of the SF species.
Galbraith, and Schaefér(KGS) computed the EAs of the §F To improve the accuracy of the results, several extrapolation
species. They concluded that the DFT approach was useful intechniques are used. We use the two-pain scheme
establishing trends, but that the EA values were not highly described by Helgaker et #l. We also use the two-poimt,
accurate. three-point (~* + n~%), and variablex (n~*) schemes described
Given the uncertainty in the heats of formation and electron by Martir?” and the logarithmic convergence approach described
affinities, it is useful to study these species using higher levels by Feller?® Unfortunately, it is not possible to perform the
of theory. It has been found that the coupled cluster singles RCCSD(T) calculations in the aug-cc-pVQZ and aug-cc-pV5Z
and double¥ results, including a perturbational estimate of the basis sets for the largest systems; therefore, MP2 calculations
triple excitation$? (CCSD(T)) and extrapolation to the complete are performed using the correlation consistent sets to help in
basis set (CBS) limit, are very accurate. Unfortunately, it is the extrapolation of the RCCSD(T) results to the basis set limit.
not straightforward to apply this level to systems as large as The RCCSD(T) are performed using Molpro%&yhile all other
SFs. We have recently fourddthat it is possible to correct the  calculations are performed using Gaussiai®Z he zero-point
CCSD(T) results, using the second-order MgHBlesséet energies are computed as half the sum of the harmonic
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Heats of Formation for SfFSkK,", and Sk~

TABLE 1: Extrapolation of Atomization Energies, in kcal/mol

J. Phys. Chem. A, Vol. 102, No. 24, 1998723

method
basig n~3TZ,Q2) n—3(Qz,52) n~4TZ,Q2) n~4QZzZ,52) n—*+n-%TZ,Q2,52) 04(TZ,Q2,52) log(TZ,QZ,52)
MP2
SF
cc 89.69 90.33 89.24 90.01 90.28 91.13 (2.383) 90.08
cc+d 90.05 90.02 89.65 89.81 89.86 89.93 (3.590) 89.55
cc+ dfg 90.13 90.06 89.72 89.84 89.88 89.94 (3.674) 89.58
Sk
cc 188.62 190.07 187.73 189.41 190.01 192.03 (2.251) 189.69
cct+d 189.39 189.39 188.62 188.96 189.08 189.25(3.525) 188.49
cc+ dfg 189.53 189.46 188.74 189.03 189.13 189.27(3.605) 188.54
Sk
cc+ dfg 252.81 252.51 251.87 252.02 252.07 252.14(3.820) 251.38
Sk
cc+ dfg 360.12 360.10 358.81 359.37 359.57 359.85(3.536) 358.57
Sk
cc+ dfg 406.00 404.51
Sk
cc 522.56 527.89 519.91 525.80 527.88 536.41 (2.004) 527.62
cct+d 524.62 525.01 522.79 523.96 524.37 525.02 (3.331) 522.98
cc+ dfg 524.86 525.08 523.01 524.04 524.40 524.94 (3.414) 522.99
SF*
cc 91.27 92.48 90.69 92.02 92.48 94.46 (1.963) 92.46
cc+d 91.82 91.97 91.33 91.68 91.81 92.01 (3.254) 91.44
cc+ dfg 91.92 92.01 91.42 91.72 91.83 92.00 (3.358) 91.45
Skt
cc 190.81 193.39 189.65 192.45 193.44 197.98 (1.861) 193.55
cct+d 191.92 192.29 190.98 191.73 191.99 192.46 (3.176) 191.29
cc+ dfg 192.10 192.38 191.15 191.82 192.05 192.44 (3.273) 191.33
SK*
cc+ dfg 300.80 299.43
Skt
cc+ dfg 318.50 316.95
Sk*
cc+ dfg 425.55 426.79 423.62 425.58 426.26 427.67 (2.978) 424.89
Skt
cc+ dfg 427.37 425.46
SF
cc 57.17 57.59 56.79 57.33 57.52 58.02 (2.623) 57.29
cc+d 57.44 57.40 57.08 57.20 57.25 57.31(3.621) 56.98
cc+ dfg 57.52 57.45 57.16 57.26 57.29 57.33 (3.699) 57.02
Sk~
cc+ dfg 134.45 133.98
Sk~
cc+ dfg 236.59 235.77
Sk—
cc+ dfg 304.36 303.41
Sk~
cc+ dfg 413.37 412.09
Siry
cc+ dfg 455 .47 454.05
CCSD(TY

SF
cc 84.34 84.74 83.88 84.44 84.63 85.08 (2.808) 84.32
cc+ dfg 84.76 84.46 84.34 84.27 84.24 84.22 (4.195) 83.95
SF+
cc 87.86 88.69 87.24 88.25 88.61 89.66 (2.461) 88.29
cc+d 88.39 88.21 87.85 87.94 87.97 88.00 (3.828) 87.57
cc+ dfg 88.50 88.24 87.95 87.97 87.98 87.98 (3.961) 87.58
SF
cc 59.23 59.26 58.83 59.04 59.11 59.22 (3.449) 58.80
cc+ dfg 59.55 59.10 59.16 58.94 58.86 58.82 (4.697) 58.64
Sk
cc+ dfg 176.72 175.93
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TABLE 1 (Continued)
method
basig n3(TZ,0Z) n3Qz5Z) n4TZ,QZ) n4QZ5Z) n*+n9T2Q252) ai(TZ,QZ52) log(TZ,QZ,52)
CCSD(TY

SK*

cc+ dfg 182.15 181.13

Sk~

cc+ dfg 129.14 128.44 128.64 128.24 128.10 128.05 (5.018) 127.85

2The methods are defined in the text. The basis sets used in the extrapolation are given in paréftoésagnifies standard aug-cc-pV sets.
“cc + d” signifies that a tight d function has been added to S basis sets: ttfig” signifies that a tight d function is added to the S TZ set, a tight
d and f function is added to the S QZ set, and a tight d, f, and g function is added to the S SZh&etiptimizeda value is given in parentheses.
4 The aug-cc-pVTZd CCSD(T) atomization energies, for= 1—6, are (SF) 80.00, 167.70, 221.25, 316.20, 353.37, 460.49;,(582.31, 170.57,
266.30, 277.79, 369.33, 371.48; and (§F55.13, 123.51, 214.24, 272.17, 369.21, and 403.76.

frequencies.
dependence of the heat of formation are computed for-300
4000 K using a rigid rotor/harmonic oscillator approximation.
We include the effect of electronic excitation for the atoms using
the data from Moor® and the two sublevels of the SH state.
The B3LYP/6-31-G* frequencies are used in these calculations,

The heat capacity, entropy, and temperature6-311HG(2df) basis set result rather than the bent 6-Gt

result. For SE the zero-point energy is only 0.04 kcal/mol
larger for the larger basis set. Therefore we conclude that the
change in the SF result is not due to the larger basis set, but
rather to the change in geometry, and we take the larger value
as we believe that the molecule is linear and not bent.

except for St~ where the larger basis set results are used. These B. Basis Set and Extrapolation. Extrapolation to the basis

results are fit in two temperature ranges, 3Q000 and 1006
4000 K, using the Chemkifitting program and following their
constrained three-step procedure. The effect of -spibit

coupling on the dissociation energy is computed using experi-

set limit is required to achieve accurate bond energies. In Table
1 we summarize our extrapolation tests at the MP2 and
CCSD(T) levels of theory. An inspection of the results obtained
with the standard aug-cc-pV basis sets, denoted cc in the table,

ment. For the atoms, we use the difference between the lowestshows that the agreement between the different extrapolation

m component and they weighted average enerdy. The spin-
orbit effect for SF is taken as half the splitting between3fe
sublevels given in Huber and Herzbéfg.

I1l. Results and Discussion

A. Geometry and Vibrational Frequencies. The optimized
B3LYP/6-31+G* geometries are very similar to the MP2 values
reported by lIrikura for SfFand SEKt and the DFT values
reported by KGS for SfFand SFK~. To be more specific, our
B3LYP values tend to have slightly longer-& bond lengths
than those obtained in previous work; for example, our value
for SRy is 1.608 A, compared with 1.593 A obtained by Irikura
and 1.597 A obtained by KGS, also using the B3LYP approach,
but using a DZR-+ basis set. The bond angles are very similar
to those reported in the previous work. As noted by Irikura,
his MP2 values tend to be 0.69.04 A longer than experiment;
thus our values tend to be 0:88.05 A too long.

One geometry worthy of note is that for SF where the
B3LYP (and BP8&3) approach yields a slightly berfl(FSF)
= 174.8) system. Improving the basis set to 6-31G(2df)
yields a linear molecule. KGS found a linear molecule with
their DZP++ basis set, but a bent molecule with their DZP

techniques is not very good. A comparison of the MP2 and
CCSD(T) results for SF suggests that the extrapolation of MP2
results is more difficult than for the CCSD(T) results, as
indicated bya, which is 2.4 for the MP2 but 2.8 at the CCSD-
(T) level. While the better agreement at the CCSD(T) level is
encouraging, it is not especially useful since only the MP2
approach can be used for the largest systems. The MP2 results
for SFs show how serious the problem is; the three-paint

+ n~% and variableo. approaches differ by more than 8 kcal/
mol, anda is near 2.0. For an accurate extrapolation,can
larger than 3 is desired. The agreement between the two-point
approaches is equally poor.

In previous workR* we noted that missing tight functions can
lead to problems with the extrapolation approaches. Test
calculations showed that missing tight functions on S were the
origin of the problems observed for §Right functions on F
were found to be unimportant and are therefore not included.
Two different series of tests were performed. In both series,
the tight functions are added in an even-tempered manner, where
thef is the smaller of the ratio betwen the two tightest functions
in the original basis set or 3.0. In the first a tight d function is
added to the aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z;

set. That is, the molecule tends to be linear in larger basis setsthis set is denoted c¢ d in the table; the exponents are 2.46,

at the DFT level. We should also note that,Sks linear at
the MP2 level using both the 6-31G* and 6-31H1-G(2df) basis
sets. Therefore we conclude that,SFks really linear. SE*,
which was not considered in previous work, is found to be a
slightly distorted SE~ with a weakly bound F atom 3.35 A
away from the S atom.

Our computed vibrational frequencies tend to be slightly

3.10, and 8.009, respectively. Inthe second test, a tight d (2.46)
is added to the aug-cc-pVTZ set, a tight d (3.10) and f (2.254)
are added to the aug-cc-pVQZ set, and a tight d (8.009), f
(2.271), and g (2.477) are added to the aug-cc-pV5Z set. This
aug-cc-pVTZA-d, aug-cc-pVQZA-df, and aug-cc-pV5Zdfg sets
are denoted ce- dfg.

An inspection of Table 1 shows that the agreement among

smaller than those reported by Irikura; and thus our temperaturethe various extrapolation techniques is much better for the cc

corrections are slightly larger, while most differences are less

+ d and cc+ dfg basis sets. The ct d and cc+ dfg sets

than 0.1 kcal/mol, the difference becomes as large as 0.28 kcal/ield about the same result, strongly suggesting that a tight d is

mol for Sk. Excluding Sk, our zero-point energies are
slightly larger than the BLYP/DZP results given by KGS. The
maximum difference is 0.54 kcal/mol and decreases with a

decreasing number of fluorines. We should note that the zero-

point energy of SF is 0.42 kcal/mol larger using the linear

the primary cause of the problems encountered with the cc basis
set. We used the ce dfg for all systems, since the cost of the
two sets is similar.

Since the aug-cc-pV5EZdfg calculations are very expensive,
even at the MP2 level, it is desirable to be able to perform a
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TABLE 2: Atomization and Bond Energies

atomization energy bond energy
noZPE +ZPE +SO 298K 0K 298K
SF 84.31 83.15 82.78 83.66 82.78 83.66
Sk, 17596 173.25 17192 173.90 89.14 90.24
Sk 230.98 226.77 225.06 227.88 53.14 53.98
Sk 329.83 322.99 320.89 324.96 95.83 97.08
Sk 368.76 360.01 357.53 362.62 36.64 37.66
Sk 479.62 467.19 464.32 47095 106.80 108.33
SF+ 87.68 86.29 85.90 86.84 85.90 86.84
Skt 180.74 17752 176.75 178.70 90.84 91.86
Skt 280.83 275.17 274.01 277.10 97.27 98.40
SRkt 29399 286.93 285.39 289.34 11.38 12.24
SK* 389.31 378.76 376.83 382.09 91.44 92.76
Skt 39133 380.57 378.26 38351 1.43 1.41
SF- 59.41 58.52 57.96 58.87 57.96 58.87
Sk~ 128.62 126.89 12594 127.40 67.98 68.53
SR~ 22295 219.43 218.10 220.69 92.16 93.29
Sk~ 28213 277.48 27576 278.99 57.66 58.31
Sk~ 382.67 37541 37331 377.83 97.54 98.84
Sk~ 418.62 41095 408.46 413.20 35.16 35.37

aFor SK', the atomization energy is to'S- nF and for SE~ it is
to S+ F~ + (n — 1)F.? Energy for the loss of one F atom, except for
SF-, where the dissociation is to 5 F~.

two-point extrapolation using the TZ and QZ derived basis sets.
For the small molecules, tha=4TZ,QZ) and n=4(QZ,52)

J. Phys. Chem. A, Vol. 102, No. 24, 1998725

TABLE 3: IP and EA Values, in eV

EA
theory

present experiment

work BHLYPI® recommendet other JANAR
SF 2.32 2.25 2.28% 0.006 2.285+ 0.0067 2.0+ 0.5
Sk, 141 1.69 0.71.6 1.0+ 0.5
Sk 3.10 3.27 2.9 0.2 2.72+ 0.65
Sk 1.44 1.99 1.5-0.2 2.354+ 0.140 1.25+ 0.56
Sk 4.08 4.29 2.654.35 3.8+ 0.15%8 3.7+£0.2

3.8+ 0.14°
Sk 0.90 1.61 1.05: 0.1 1.2+ 0.3
IP
theory experiment

present

work Irikurab FKA4 Lias*t JANAF!
SF 10.22 10.120.20 10.16£0.17 10.09 10.0% 0.1
SF, 10.15 10.15:0.19 (10.08) 10.2% 0.3
Sk 824 836+0.18 8.18+0.07 9.24+ 0.7
SFK, 1190 11.90£0.16 11.69t0.06 12.03+0.05 12.15-0.3
Sk 9.52 9.71+£0.16 9.60+£0.05 10.5t£0.1 11.14+ 0.37

Our values must benefit from some cancelation of errors; for
example, we have neglected the effect of core-valence correla-
tion. However, we expect our values to be very consistent, so

extrapolations are in reasonable agreement with each other andhat our other computed values are expected to be approximately

with the three-point schemes. This is also truerfo¥(TZ,Q2)
andn=3(QZ,52) extrapolations. However for the larger mol-
ecules, see for example the results fors'Sknd Sk, the
n—3(TZ,QZ) approach seems to be much better than the
n~4TZ,QZ) approach. Therefore, on the basis of the calibra-
tions, we picked the=3(TZ,QZ) approach to compute our MP2

as accurate as those found forgSF

A second calibration comes from the atomic EAs and IPs.
The extrapolatedn(* + n=% CCSD(T) values, corrected for
spin—orbit effects!®>3 for the EA(F), EA(S), and IP(S) are
3.404, 2.075, and 10.343 eV, respectively. The experimental
valued®3%are 3.401, 2.077, and 10.356 V. The values estimated

CBS atomization energies. We should note, however, that for using the MP2 CBS and aug-cc-pV¥d results and CCSD-

the CCSD(T) approach, thee4(TZ,QZ) extrapolation appears

to be in agreement with the three-point approaches as well as

with the two-point (QZ,5Z) approaches. Unfortunately, we do
not have CCSD(T) results for the larger systems to see if this
conclusion applies to only the small molecules.

We estimate the CCSD(T) basis set limit values as

CCSD(T)(aug— cc — pVTZ + d)*MP2(CBS)/MP2(aug-
cc— pVTZ +d)

which we summarize in Table 2. A comparison of the
extrapolated CBS CCSD(T) values in Table 1 and estimated

(T) aug-cc-pVT2ZHd results are 3.398, 2.087, and 10.376 eV.
In Table 3 we summarize the computed EA and IP values
along with experiment*37-42 and previous theor§1° The IP
and EA values are computed using our best estimates for the
atomization energies from Table 2 and the experimental IP of
S and EA of F. We first note that EA(SF) has been accurately
measured, and our value is slightly too large. Part of the error
arises from the MP2 extrapolation that yields arm Sfnding
energy that is slightly too large; however, the agreement with
experiment is still quite good. The agreement between our
values and the DFT(BHLYP) values of KGS is only qualitative,
with the differences for SFand Sk being quite sizable. There

CBS CCSD(T) results in Table 2 shows that estimated resultsis general agreement between our values and those recom-
are in good agreement with the extrapolated values. The largestnended by Miller et af. and the values given by JANAF,

error is for the negative ions, where estimated values for SF
and Sk~ are about 0.5 kcal/mol larger than the extrapolated
values.

C. Computed Energetics. Our estimated atomization ener-

however, the large error bars should be noted.

Our EA(SK) value is in good agreement with the measure-
ments of Chen et & and Fenzlaff, Gerhard, and lllenbergér.
However, to compute the EA, both groups used agr$FHbond

gies are summarized in Table 2. The values given in the secondenergy that is significantly smaller than our computed value.

column include the B3LYP zero-point energies (ZPE). Spin
orbit effects are added to the results in the third column. The
fourth column includes a correction for thermal effects. The

Using our computed SFF bond energy would change these
experimental EA(S§ values from about 0.3 eV smaller than
our computed EA to about 0.3 eV larger than our value. The

last two columns contain the bond enthalpies computed aswork of Smith and co-workef&44showed that SF+ e — SFs~

differences in the atomization energies.

As noted in the Introduction, the heat of formation ofs S~
well-known, as are the heats of formation of S and F. Our
computed atomization energies for S&t 0 and 298 K are

+ F is endothermic by 0.1 0.02 eV, which, if combined
with our SkE—F bond energy, yields an EA(gFof about 4.5
eV. Finally, we note that in their review, Miller et al. pointed
out that the different determinations for EA@EFcould be

464.32 and 470.95 kcal/mol, respectively. These are to bereconciled only if the SI—F bond energy was in the range +.1

compared with the analogous values from the RB®les of
462.09 and 468.87 kcal/mol and the JANABRtomization

1.5 eV, which was smaller than believed at the time. Our value
of 1.6 eV for the SE—F bond energy supports the view that

energies of 464.85 and 471.75 kcal/mol. That is, our computed the smaller experimental values for EAgpRre a result of using

atomization energies fall between the NB®d JANAFR values.

an Sk bond energy that is too large. For Séur value is in
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TABLE 4: Heats of Formation, in kcal/mol

298 K 0K
present work present work Irikura FKA JANAF!

S 65.41 65.14 65.64 0.06
SF 0.72 0.83 1.215 6.6+ 4.1 29+ 15
Sk —70.55 —69.84 —69.1+ 1.5 —69.2+ 2.8 —70.4+ 4.0
SK —105.55 —104.51 —104.9+ 1.5 —111.6+ 3.6 —119.3+ 8.0
Sk —183.65 —181.87 —181.6+ 1.5 —182.3+ 3.7 —180.9+ 5.0
SKk —202.34 —200.04 —201.1+ 1.5 —221.8+ 4.3 —214.7+ 3.6
Sk [—291.70] [-288.36] —288.36+ 0.2
St [306.48] [304.57] 304.5% 0.1
SF* 238.61 237.13 2354 3.9 240.9+-1.2 235.6+ 4.0
SK* 165.72 164.76 165.4 3.8 163.2+ 2.6 166.9+ 11.0
SK* 86.30 85.97 87.& 3.9 77.0£ 3.2 93.8+ 8.0
SK* 93.04 93.06 92.& 3.8 87.2+ 3.4 99.3+ 12.0
SK* 19.25 20.09 22.% 3.8 -04+4.1 42.2+5.0
F [—60.97] [-59.91] —59.91+ 0.14
SF —53.63 —52.21 —43.2+13.0
Sk~ —103.19 —101.72 —93.5+15.5
Sk~ —177.50 —175.41 —183.1+ 7.0
Sk~ —216.83 —214.60 —209.8+ 8.0
Sk~ —296.70 —293.67 —300.0+ 8.0
Sk~ —313.09 —310.36 —316.0+ 7.0

aThe values in square brackets are taken from JAN&d-are the F heats of formation (18.47 and 18.97 kcal/mol at 0 and 298 K, respectively).
Note the recent revised valufor Sk would subtract-0.29 kcal/mol from all of our neutral results.

good agreement with the value deduced from charge-transfer Supporting Information Available: Temperature depen-
reactions'? which should be accurate. Since our calculations dence data of the heat of formation, the heat capacity, and
cannot have an error of 1 eV, we agree with Viggiano ¢al. entropy (2 pages). Ordering information is given on any current
that the older value of Babcock and Stfeinust be too large. masthead page.

The agreement between our computed IP values and those
of Irikura is very good. Excluding SFthe agreement between References and Notes
our computed IPs and those deduced by FKA is very good, (1) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J.;
and even the agreement for, 8§ not too bad. Our calculations  McDonald, R. A.; Syverud, A. NJ. Phys. Chem. Ref. Dat£85,14, Suppl.
show that the SFand Sk values recommended by JANAF are 1. (2) Wagman, D. D.; Evans, W. H.; Parker, V. B.: Schumm, R. H.
clearly too large and thpse of FK_A are_ much superior. ) Halow, I.; Bailey,,S. M.;.’(Zhurne)‘/, K. L.;”Nuttall, R.J. P‘hys. Chem. Ref.

Our heats of formation are given in Table 4 along with Data1982,11 Suppl. 2. _
selected previous results. The first observation must be the_  (3) O'Hare, P. A.G.; Susman, S.; Volin, K. J.; Rowland, SJQChem.
excellent agreement between our values and those of Irikura, T"€modyn1992,24, 1009.

. g . " (4) Fisher, E. R.; Kickel, B. L.; Armentrout, P. B. Chem. Phys1992,
Excluding Sk, SFs, and Sk*, our values are in reasonable 97, 48509.
agreement with the values of FKA. There is also reasonable  (5) Latimer, (D.)R.; Smith, M. AJ. Chem. Phys1994, 101, 3410;
; i 1994 101,10197(E).

ngrteement v]:nttrr: tr‘]]i&AA’l\:lAF |reSU||:S’ alth_ouglh it musLbe no_IEEd (6) Irikura, K. K. J. Chem. Phys1095 102, 5357,

at many o : e : values have sizable error bars. € (7) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
recent determination of an upper bound for the'Skeat of Chem. Phys1991, 94, 7221.
formation 4 0 K by Latimer and Smith(25.04 2.0 kcal/mol) 08 gg)ggCurtiss, L. A.; Raghavachari, K.; Pople, J. AChem. Phys1993
IS anSIStent with our computed Value,‘ . ‘ 9) Miller, A. E. S.; Miller, T. M.; Viggiano, A. A.; Morris, R. A.;

Given the excellent agreement with experiment for the van Doren, J. M.; Arnold, S. T.; Paulson, J.F.Chem. Phys1995,102,
atomization energy of Sfrthe atomic EA and IP, and the highly ~ 8865. . ) .
accurate EA for SF and the agreement between our results andloélg)o(g”g’ R. A.; Galbraith, J. M.; Schaefer, H. F.Phys. Cherr.996,
those of Irikura, we conclude that our values are probably the = (11 Bartlett, R. JAnnu. Re. Phys. Chem1981, 32, 359.
most accurate and consistent heats of formation available for (12) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
the SF, neutrals and ions. We have therefore used our heats OfCh{’{Sj F;zhc):fé '—itﬂg?'lfh?cﬁe?- C. V. Phys. Chem1998 102, 876

- . . icca, A.; Bauschlicher, C. W. Phys. .

formation at 298 K and the BSLYP frequencies and geometries (14) Pople. J. A.: Binkley, J. S.: Seeger,IRt. J. Quantum Chem. Symp.
to evaluate the heat capacity, entropy, and heat of formation 1976,10, 1.
from 300 to 4000 K. The parameters obtained from the resulting  (15) Moore, C. E.Atomic energy leels U.S. National Bureau of

fits are given as Supporting Information and can be found on Standards: Washington, DC, 1949; circ. 467.
9 PP 9 (16) Huber, K. P.; Herzberg, @onstants of Diatomic Moleculg¥an

the web®® Nostrand Reinhold: New York, 1979.
(17) Becke, A. D.J. Chem. Phys1993,98, 5648.
IV. Conclusions (18) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, NL. J.
Phys. Chem1994,98, 11623.
The bond energies of SFSF.*, and SiF-, for n = 1-6, (19) Frisch, M. J.; Pople, J. A.; Binkley, J. S.,Chem. Physl1984,80,

- . 3265 and references therein.
are computed using the CCSD(T) results, which have been™ >0y knowles, P. J.; Hampel, C.: Werner, H.d0.Chem. Phys1993,

extrapolated to the complete basis set limit. The temperaturegg, 5219.

dependence of the heat of formation, the heat capacity, and _(21) Watts, J. D.; Gauss, J.; Bartlett, R.JJ.Chem. Phys1993, 98,
entropy are computed and fit to Fhe standard. 14 coefficiénts, (2é) Dunning, T. H.J. Chem. Phys1989,90, 1007.

which are available as Supporting Information and are also  (33) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Chem. Phys.
available on the wef® 1992,96, 6796.



Heats of Formation for SfFSK,*, and Sk~ J. Phys. Chem. A, Vol. 102, No. 24, 1998727

(24) Woon, D. E.; Dunning, T. HJ. Chem. Phys1993,98, 1358. (34) Bauschlicher, C. W.; Partridge, i€hem. Phys. Lett1995,240,

(25) Woon, D. E.; Peterson, K. A.; Dunning, T. H. Unpublished. 533.

(26) Helgaker, T.; Klopper, W.; Koch, H.; Noga,ll.Chem. Phys1997, (35) Hotop, H.; Lineberger, W. Gl. Phys. Chem. Ref. Daft085,14,
106, 9639. 731.

(27) Martin, J. M. L.Chem. Phys. Lett1996,259, 669. (36) Blondel, C.; Cacciani, P.; Delsart, C.; Trainham,ARys. Re. A

(28) Feller, D.J. Chem. Phys1992, 96, 6104. ) 1989 40, 3698.

(29) MOLPRO 96 is a package of ab initio programs written by H.-J. (37) Polack, M. L.; Gilles, M. K.; Lineberger, W. Cl. Chem. Phys.
Werner and P. J. Knowles, with contributions from J. AlmR. D. Amos, 1992,96, 7191.

M. J. O. Deegan, S. T. Elbert, C. Hampel, W. Meyer, K. Peterson, R. Pitzer, hen. E. C. M. Shuie. L.-R.: D'sa. E. D.: Batt E.: Wentworth
A. J. Stone, and P. R. Taylor. The closed shell CCSD program is describedw'(:é?)‘lccﬁgr’n. .PCh-ysl.égeuSI%‘ 4711, sa, E. D.; Batten, C. F.; Wentworth,

tl)y C. Hampel, K. Peterson, and H.-J. WerGiiem. Phys. Let1992 19 (39) Fenzlaff, M.; Gerhard, R.; lllenberger, B. Chem. Phys1988,

. (30) Gaussian 94, Revision D.1, M. J. Frisch, G. W. Trucks, H. B. 88, 149.

Schlegel, P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. (40) B_abcock, L. M.; Streit, G. EI. Qhem. Phys1981,75, 3864. .
Keith, G. A. Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al- (41) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. R-D:; Mallard, W. G.J. Phys. Chem. Ref. Dat988 Vol. 17, Suppl. 1.

B. Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y. Ayala, = (42) Viggiano, A. A.; Miller, T. M.; Miller, A. E. S.; Morris, R. A,

W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R. Gomperts, R. L. Van Doren, J. M.; Paulson, J. Ft. J. Spectrom. lon Proces$991,109,
Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart, M. 327 . )

Head-Gordon, C. Gonzalez, and J. A. Pople, Gaussian, Inc., Pittsburgh, (43) Spanel, P.; Matejcik, S.; Smith, D. Phys. B1995 28,2941. The

PA, 1995. error bars are a personal communication from D. Smith.

(31) Kee, R. J.; Rupley, F. M.; Miller, J. A. SAND87-8215B. Sandia (44) Smith, D.; Spanel, P.; Matejcik, S.; Stamotovic, A.; Mark, T. D.;
National Laboratories: Albuquerque, NM, 1991. Jaffke, T.; lllenberger, EChem. Phys. Lettl995,240, 481.

(32) Becke, A. D.Phys. Re. A 1988,38, 3098. (45) The values can be found at http://ccf.arc.nasa-gcvauschl/

(33) Perdew, J. FPhys. Re. B 1986,33, 8822;1986 34, 7406(E). thermo.data.



