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High-level ab initio quantum-mechanical methods have been used to study the HFS molecule.
The most advanced method involves a triple-zeta plus double polarization plus f functions
(TZ2P + f) basis set in conjunction with the single- and double-excitation coupled-cluster
method perturbatively including connected triple excitations, i.e., CCSD(T). Two of the three
fundamental vibrational frequencies are in decided disagreement with experiment.

INTRODUCTION

Some obvious and very simple molecules can be very
difficult to prepare in the laboratory. The monosubstituted
hydrogen sulfide (H-S—X) molecules are an example. Thus
HSOH, the hydrogen thioperoxide molecule, was first iden-
tified in 1977 via matrix-isolation spectra."* Another mem-
ber of this series is the fluorine monosubstituted molecule
HFS, which was completely unknown until recently.® It
should be noted that compared to HFS, the disubstituted
SF, molecule is very well characterized.*"!

In 1988, Machara and Ault® carried out a series of ma-
trix-isolation experiments designed to study the reactions of
F, with (CH,),S, CH;SH, and H,S. Their simplest explana-
tion of the latter reaction is that it forms an initial direct
addition product

H,S + F,—H,SF,, (1)

which then undergoes HF elimination upon Hg arc irradia-
tion:

H,SF,-HFS + HF. (2)

Machara and A ult® were cautious in the presentation of their
results for the H,S + F, reaction, stating “On the basis of
these observations, it is not possible to identify with certainty
all the product species. Nonetheless, the species H,SF, and
HFS appear most likely.”

The infrared features tentatively assigned to HFS are
the fundamental vibrational frequencies®

v,(H-S) = 2516 cm ™},

v,(bend) = 453 cm ™},

v;(F-S) =820 cm ™.
At first glance, these vibrational frequencies appear consis-
tent with those®!! for the rather well-characterized SF,
molecule v, (F-S) = 839 cm ™!, v,(bend) = 355cm ™, and
v,(F-S) = 813 em™'. However, the present theoretical
study suggests that the caution exercised by Machara and

Ault® in assigning the fundamentals of the HFS molecule
was well advised.
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THEORETICAL APPROACH

The HFS molecule has been studied here using four dis-
tinct levels of theory and three basis sets. The four theoreti-
cal methods included the restricted self-consistent-field
(SCF) technique, configuration interaction including all
single and double excitations (CISD),'” coupled cluster in-
cluding all single and double excitations (CCSD),'* and
CCSD including perturbatively applied triple excitations
[CCSD(T)]." A double-zeta plus polarization (DZP) ba-
sis set!>!® constructed as S(11s7pld /6s4pld), F(9s5pld /
4s2pld), H(4slp/2s1p); and a triple-zeta plus double-polar-
ization (TZ2P) basis set!”!® constructed as S(12s9p2d /
6s5p2d), F(10s6p2d /5s3p2d), H(5s2p/3s2p) were the two
smaller basis sets used. A third basis set (TZ2P + f) was
constructed from the TZ2P basis with a single set of f func-
tions added to S and F. The polarization function orbital
exponents for the DZP basis were a,(8S)=0.70,
a,(F) = 1.00, ¢, (H) = 0.75. Those for the TZ2P basis set
were o,(S)=140, 0.35  «a,(F)=2.00, 0.50;
a, (H) = 1.50, 0.375. The same polarization orbital expo-
nents were used for the TZ2P + fbasis, with of course the
additional f orbital exponents, having the values
@;(S) =0.55, &, (F) = 1.85.

For all three basis sets, the three correlated methods
[CISD, CCSD, and CCSD (T) ] restricted the SCF molecu-
lar orbitals resembling S 1s, 25, 2p,, 2p,, 2p,, and the F 1s to
be doubly occupied while explicitly including all virtual or-
bitals. This resulted in totals of 13 369 configurations for the
DZP basis, 38 886 configurations for the TZ2P basis, and

S
1.346 A o
\95__5/ 1.641 A
H F

FIG. 1. The equilibrium geometry of the HFS molecule predicted at the
TZ2P + f CCSD(T) level of theory.
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TABLE 1. Equilibrium geometries and total energies for the HFS molecule at 12 distinct levels of theory. Bond lengths are given in A.

DZP basis set TZ2P basis set TZ2P -+ f basis set
SCF CISD CCsSD CCSD(T) SCF CCSD CCSD(T) SCF CISD CCsD CCSD(T)
r.(S-H) 1.331 1.335 1.339 1.327 1.337 1.340 1.328 1.335 1.343 1.346
7. (S-F) 1.604 1.636 1.646 1.601 1.645 1.654 1.594 1.619 1.632 1.641
0 (H-S-F) 96.1° 95.3° 95.1° 95.1° 96.1° 95.2° 95.1° 96.3° 95.8° 95.6° 95.5°
E (hartrees) —497.51400 —497.81547 —497.83962 —497.84689 —497.56210 —497.92324 —49795619 —497.96888 —497.56907 —497.97435 —498.01238 — 498.02796
TABLE II. Harmonic vibrational frequencies (cm™') for the HFS molecule at 12 distinct levels of theory. Infrared intensities are discussed in the text.
DZP basis set TZ2P basis set TZ2P + f basis set
SCF CISD CCSD CCSD(T) SCF CISD CCsD CCSD(T) SCF CISD CCSD CCSD(T)
@®,(S-H stretch) 2853 2803 2749 2729 2820 2737 2660 2636 2839 2759 2680 2654
©,(H-S-F bend) 1131 1071 1050 1036 1130 1069 1042 1023 1131 1073 1044 1025
@,(S-F stretch) 878 816 792 778 861 798 770 747 878 826 797 774
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71 368 configurations for the TZ2P + f basis CISD wave
functions within C; symmetry.

Structural optimizations were carried out for all four
theoretical methods and all three basis sets using closed-shell
analytic gradient techniques.'*~! Similarly, harmonic vibra-
tional frequencies were evaluated analytically at the SCF
level,?? and using finite differences of analytic gradients for
the CISD, CCSD, and CCSD(T) levels.

RESULTS AND DISCUSSION

Figure 1 reports the equilibrium geometry of HFS at the
highest level of theory considered, namely, TZ2P + f
CCSD(T). Total energies and molecular structures at each
level of theory and basis set are summarized in Table L. In
general, the optimized geometries follow expected trends?
as the level of theory is improved and basis-set size is in-
creased. Perhaps the most dramatic change to be noted is the
significant decrease in the S—F bond length as the f functions
are added to the S and F atoms in the TZ2P -+ f basis set,
suggesting a necessity for such functions in an accurate de-
scription of related molecules. Our final prediction for the S—
F distance, 1.641 A at the TZ2P + f CCSD(T) level of theo-
ry, is still 0.054 A longer than the experimental value’ for
SF,. In contrast, the theoretical S-H distance, 1.346 A, is
only 0.010 A longer than that observed®* for H,S.

An important point for consideration lies in the value of
the equilibrium bond angle about sulfur. Examination of the
bond angles reported for the series HOH (104.5°), HOF
(97.7°),% and that reported for HSH (92.1°),%* might sug-
gest that the expected bond angle for HFS should lie at or
below 90°, significantly different than the value 0f 95.5° given
by the TZ2P + f CCSD(T) level of theory. That conclusion
is, however, obfuscated by the experimental equilibrium
bond angles in the disubstituted molecules FOF (103.1°%)
(Ref. 25) and FSF (98.0°) (Ref. 7).

Table II reports the harmonic vibrational frequencies
for HFS from each of the 12 theoretical methods used. As
expected, higher levels of theory result in lower frequencies
for each vibrational mode. In general, the vibrational fre-
quencies remain very stable with respect to basis-set size, as
illustrated by the HFS bending frequencies reported at the
SCF level.

In the Introduction we have discussed the experimental
infrared vibrational frequencies for the HFS molecule as giv-
en by Machara and Ault.> Two significant points arise in
comparison with theory. The first is the dramatic difference
in values of the HFS bending frequency reported here (1025
cm™!) and by Machara and Ault® (453 cm~!). Anhar-
monic corrections for the theoretical values do not account
for the nearly 600 cm ~! difference in the HFS bending vibra-
tional frequencies. Furthermore, it should be noted that the
experimental value is lower than would normally be expect-
ed for a triatomic bending frequency involving a hydrogen
atom. Machara and Ault report no significant peaks in the
9001400 cm ~! region of the infrared spectrum, suggesting
that the intensity of the HFS bending frequency may be too
weak for observation. However, the theoretical infrared in-
tensities imply that the HFS bending fundamental should
have substantial intensity.
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With all three basis sets, the IR intensities for HFS have
been predicted at the SCF level of theory. The three sets of
results are internally consistent,?® and the most reliable re-
sults are the TZ2P + f SCF values:

I(w,) = 2.3 km/mol,
I{w,) = 15.1 km/mol,
I(w;) = 169.4 km/mol.

Thus, the nonobservation of the HFS bending fundamental
near 1000 cm™' is puzzling. This dilemma is qualitatively
confirmed by the TZ2P + f CCSD(T) IR intensities, which
should be quite reliable:

I{w,;) = 12.8 km/mol,
I(@,) = 22.1 km/mol,
I(®;) = 69.5 km/mol.

A second problem lies in the comparison of the S-F
stretching frequencies with experiment.® At all levels of
theory other than SCF, the S-F stretching frequency is lower
than that reported (820 cm™') by Machara and Ault.? The
harmonic approximation used to predict vibrational fre-
quencies normally gives predictions higher than the anhar-
monic values.?’” The values of w, predicted here agree more
closely with the laboratory values of 727 and 760 cm ™! for
the S—F stretches assigned by Machara and Ault to H,SF,,
their suggested precursor of HFS.

Final estimates of the fundamental vibrational frequen-
cies for HFS may be obtained by reducing the TZ2P + f
CCSD(T) harmonic frequencies by 3%. This procedure
yields

v,(S-H) ~2574 cm™",
v,(bend) ~994 cm !,
v3(S-F)~751cm™ L

The expected reliability of these results rules out the tenta-
tive assignment by Machara and Ault of their observed 453
cm ™' IR band to the HFS bending fundamental. This work
also suggests that their very cautious assignment of the IR
feature at 820 cm ~ ! to the S—F stretch in HFS may be in need
of a small downward revision.
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