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Ab initio investigation of sulfur monofluoride and its singly charged
cation and anion in their ground electronic state*
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The SF radical and its singly charged cation and anion, SF* and SF~, have been investigated on the MRCI/aug-cc-
pVXZ (X =Q, 5, 6) levels of theory with Davidson correction. Both the core—valence correlation and the relativistic effect
are considered. The extrapolating to the complete basis set (CBS) limit is adopted to remove the basis set truncation error.
Geometrical parameters, potential energy curves (PECs), vibrational energy levels, spectroscopic constants, ionization po-
tentials, and electron affinities of the ground electronic state for all these species are obtained. The information with respect
to molecular characteristics of the SF* (n = —1, 0, +1) systems derived in this work will help to extend our knowledge and

to guide further experimental or theoretical researches.
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1. Introduction

Sulfur monofluoride radical is an important species in the
fields of atmospheric chemistry and semiconductor industry.
The radical is one of the major products of chemical decom-
position of SFg, and it takes part in the quenching process in
high-voltage power systems.[!! The interest in the SF radical
is also attributed to its generation in the plasma discharges em-
ployed for etching processes.!?! To better understand the role
the radical plays, detailed information with respect to its fun-
damental properties is required.

The first experimental investigation of SF radical was per-
formed by Carrington et al. with the gas-phase electron para-
magnetic resonance technique in 1969.13 Analyses of the ob-
served spectra yielded equilibrium bond length and effective
rotational constant in the ground Il /2 state. The 1211
transitions were detected by Lonardo and Trombetti in the
wavelength region of 4000-3300 A.[*] Quantitative analyses
according to the spectra derived comparable rotational con-
stant with that reported by Carrington et al.’) Spectrum at-
tributed to SF was also recorded by Hildenbrand with the mass
spectroscopy.! Based on their analyses, the dissociation en-
ergy Dy was obtained. Value of Dy was also determined by
Kiang and Zare from the time-of-flight chemiluminescence
detection.!%! Improved molecular constants were derived with
the microwave spectrometer!’~! as well as the infrared diode
laser spectrometer.!'”) The modified RKR method was used
by Reddy ez al.!'!l to determine the vibrational energy levels
and dissociation energy of the SF molecule. Theoretically, the
methodologies of the HF,'?! CNDO/2,[3 CIL,[4] CEPA, 4]
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DFET, 15171 G2,118-201 3 1201 cCSD(T), 121241 MRCI, [24-281
and R-matrix[?”! were performed for this radical on its ge-
ometrical, thermodynamic, and electron collision properties.
In these studies, computation results of the equilibrium bond
length derived from the CCSD(T) and the MRCI methods
with the basis set superior than aug-cc-pVQZ, 1.5983 A, 24
1.605 A,[2611.5991 A2 and 1.6040 A,[?8! were closer to ex-
perimental results than other approaches, such as MP2, DFT,
and CEPA.

In contrast to extensive research on SF radical, much less
effort has been made for its singly charged ions, SF* and
SF~. With the aid of the mass spectrometry, Hildenbrand!®)
and Fisher et al.®% provided us the experimental determi-
nation of Dy for SF and SFt with values of 3.51(5) eV
and 3.56(5) eV, respectively. To our knowledge, the only
experimental datum of SF~ for which one can compare
was reported by Polak e al.®!l According to the spectrum
recorded by a photoelectron spectrometer, R, and w. of the
anion were determined to be 1.717(15) A and 635(15) cm™!.
For both molecular ions, several theoretical investigations
were also carried out with HE,l'2l MP4,132] G2,118-20] 3, [20]
DFT,!>-17.331 cCSD(T),[1721231 and MRCIP?* methodolo-
gies. Among these computations, geometrical parameters
obtained on the CCSD(T)/AVQZ,?!l CCSD(T)/cc-pVQZ, !>
and MRCI+Q/AV5Z?# levels are believed to be trustable than
other predictions owing to the high-level methods and relative
large basis sets.

In the present work, we have performed high-level com-
putations on the SF” (n = —1, 0, +1) systems to derive their
geometrical parameters, spectroscopic constants, PECs, and
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vibrational energy levels for the ground electronic states. Our
aim is to provide accurate information, which are prerequisites
for us to understand specific bonding natures, chemical activ-
ity, characteristics of photochemistry and thermochemistry, as
well as spectroscopic features and reaction dynamics, for sys-
tems of interest.

2. Computational details

The multi-reference characters of the neutral and ionic SF
systems are assessed by utilizing the method of the 77 diag-
nostics, and the features are found to be quite significant ac-
cording to our evaluations. Therefore, our computations for
these systems are performed at the multi-reference configura-
tion interaction (MRCT) level,**! based on the complete ac-
tive space SCF (CASSCF) wavefunctions, >3] with Davidson
correction. In order to take into account the electron correla-
tion effect sufficiently, except electrons of F 1s and S 1s are
not optimized, all other electrons, including F 2s*2p> and S
2522p®3s23p*, are used in our correlation energy calculations.
All energy calculations in this work have been performed
with the MOLPRO package.!*®! The augmented correlation-
consistent basis sets aug-cc-pVXZ (X = Q, 5, 6) of Dunning
and co-workers are utilized. The largest basis sets AV6Z are
(17s, 11p, 6d, 51, 4g, 3h, 2i) primitive Gaussian functions con-
tracted to [8s, 7p, 6d, 5f, 4g, 3h, 2i] for F atom, and (22s,
15p, 6d, 5f, 4g, 3h, 2i) to [9s, 8p, 6d, 5f, 4g, 3h, 2i] for S
atom. The core—valence (CV) correlation is carried out with
the CV basis set aug-cc-pCV5Z, and the relativistic correction
is taken into account with the aug-cc-pV5Z-DK basis set cou-
pled with the third-order Douglas-Kroll hamiltonian (DKH3)
approximation. 37381 It should be pointed out that the two cor-
rection calculations are applied across the entire PEC.

The corrected total energies are then extrapolated to the

CBS limit with the following functions:3%:40]

E(X)=Ecps +bexp[— (X —1)] + cexp[— (X — 1)2], (D

and
E(X) = Ecps +aX ", )

where X =4, 5, 6 for AVQZ, AV5Z, and AV6Z, respectively.
Our final CBS estimation is the average of the two extrapola-
tion results and is denoted by CBS throughout this paper. This
computational scheme has been used to study several neutral
and ionic systems by our group,*=*! and the uncertainties
are expected to be less than 0.0002 nm for R, and 0.01 eV for
the dissociation energy Dy.

The Murrell-Sorbie (MS) potential energy function*¥ is
used to represent potential interactions of the present diatomic
systems. It is given by

V(p) = —De(1+ Y aip’)exp(—aip) 3)
i=1

where p = R — R., with R and R, being internuclear distance
and equilibrium internuclear distance, respectively, and D, is

the well depth. In consideration of both accuracy and effi-
ciency, the MS function with n = 15 is used in our fittings in
the present paper with all parameters floated.

The LEVEL 8.0 program package!®! is used to deter-
mine the vibrational energy levels as well as the rotational and
centrifugal distortion constants for each level according to our
equilibrium geometrical parameters and PECs by numerically
solving the one-dimensional Schrodinger equation of nuclear
motion.

3. Results and discussion
3.1. PECs and equilibrium internuclear distances

The PECs of all species are calculated over the internu-
clear separation range from 0.09 nm to 1.0 nm at intervals of
0.005 nm, which declines to 0.002 nm in the vicinity of the
energy minima on each PEC. By fitting energy points to the
15-parameter MS function, PECs of the three systems are ob-
tained and illustrated in Fig. 1. We can conclude that if the SF
radical captures an additional electron and becomes SF™, the
equilibrium bond length increases while the absolute total en-
ergy at R. decreases. On the contrary, R, shortens slightly and
E (at R.) increases significantly when the radical loses an elec-
tron. The equilibrium geometrical parameters of the systems
are tabulated in Table 1, including the equilibrium internuclear
distance R, the total energy E at R, and the dissociation en-
ergy Dg. Also presented in the table are available literature
results.

Our final estimation of R. for SF radical, 0.15935 nm,
deviates just ~ 0.17% from the experimental result of
0.1596244(22) nm.!"") Comparing our result with previous
theoretical predictions, it is found that our datum agrees with
those values quite well, especially with recent CCSD(T)[?!-24]
and MRCI?*-28] computations. As all other theoretical studies
have been done either within small- to moderate-size basis sets

T T T
251 MRCI/CBS _
— SE—
20 — SF*+ A
—SF
15 5.6 ] 7
% o / -
10F 500 & _
4.8
L6051 0 om
5 - -
0 C 1 1 1 1 1 1 1 1 1 7
0.1 0.2 0.3 0.4 0.5

R/nm

Fig. 1. (color online) PECs of the ground states of SF, SF™ and SF~.
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Table 1. Equilibrium geometrical parameters of SF (X2IT), SF*(X3X~) and SF~(X'ZH).

R./nm E/a.u. Dy eV R./nm E/a.u. Dy eV Re/mm E/a.u. Dy eV
SF SF+ SF~

This work 0.15935 —499.03336 3.627 0.14965 -498.60795 3.711 0.17119 -497.83289  3.629
Exp. [3] 0.1599(2) - - - - - - - -
Exp. [5] - - 3.51(5) - - - - - -
Exp. [6] - - 3.52(6) - - - - - -
Exp. [10] 0.1596244(22) - - - - - - - -
Exp. [30] - - - - - 3.56(5) - - -
Exp. [31] - - - - - - 0.1717(15) - 2.40(9)
Theory [11]° - - 3.3(1) - - - - - _
Theory [12]° - - 3.7 - - 4.1(2) - - 2.8(5)
Theory [14]¢  0.161 - - - - - - - -
Theory [15]°  0.1608 - 3.93 - - - 0.1731 - -
Theory [16] 0.1600 f - 3.46¢ - - - 0.1717 - 3.92
Theory [17]" - - - - - - - - 2.553
Theory [18] 0.1627' 497418197 3.574] 0.15401 -497.0454761  3.81(9) - - -
Theory [19%  0.1672 -497.41824 3.547 0.1537 -497.03622 3.348 0.1744 -497.50372  3.872
Theory [21]'  0.160558 - - 0.151323 - - 0.172694  — -
Theory [22]™  0.16025 - - - - - - - -
Theory [23] 0.16020™ - 3.613° 0.151068" 3.782° 0.171820"  — 4.075°
Theory [24]P  0.16046 —497.45683 3.499 0.15105 -497.08821 - 0.17263 49753710 -
Theory [24]1  0.15983 —497.46731 3.596 - - - - - -
Theory [25]"  0.15992 - 3.56 - - - - - -
Theory [26]°  0.1605 - 3.552 - - - - - -
Theory [27]'  0.15991 - 3.547 - - - - - -
Theory [28]*  0.16040 - 3.5093 - - - - - -
Theory [29]Y  0.16008 - - - - - - - -
Theory [32]Y - - - - - - 0.17190 —497.490175  2.304
Theory [33]* - - - - - - 0.1741 - 2.37

acalculated result. Presult of modified RKR method. *HF/modified basis set. 4CEPA/modified Gaussian-type orbitals calculation. *LSDA/modified Slater-type
orbitals calculation. 'BHLYP/DZP++ calculation. EB3LYP /DZP++ calculation. "B3LYP/6-31+G* calculation. 'MP2(full)/6-31G* calculation. /G2 calculation.
kG2 calculation. 'CCSD(T)/AVQZ calculation. ™CCSD(T)/AVQZ calculation. " CCSD(T)/cc-pVQZ calculation. °CCSD(T)/cc-pwCVXZ(DTQ) calculation.
PMRCI+Q/AV5Z results. IRCCSD(T)/AV5Z results. "MRCISD+Q/ AV5Z results. SMRCI+Q/AV5Z results. ‘MRCI+Q/AV5Z results. "MRCI+Q/AV6Z results.

YR-matrix/modified Gaussian-type orbitals calculation. Y MP4SDQ/modified Gaussian-type orbitals calculation. *B3LYP/AVTZ results.

or without sufficient consideration of electron correlation ef-
fect, our high-level computations are anticipated to yield more
trustable predictions.

As for the ionic SF systems, our estimates for R, of SF™
and SF~ is 0.14965 nm and 0.17119 nm, respectively. Al-
though several spectroscopic detections were performed, only
one study®! presented experimental determination of R, for
SF~ and no report of R, was found for SF™ to the best of our
knowledge. For SF~, our R. agrees with that reported by Po-
lak et al.,®'1 0.1717(15) nm, quite reasonable. The lack of
data made it impossible for us to perform detailed compar-
isons and further discussion. Nevertheless, from another point
of view, this also makes our theoretical result a useful source
of information for geometrical parameters of both SF* and
SF~, which should be of interest to experimentalists.

3.2. Absolute energies at R. and dissociation energies

The total energies at the equilibrium internuclear dis-
tance of each species are summarized in Table 1, which is
—499.03336FE,, —498.60795E},, and —497.83289E}, for SF,

SF™, and SF~, respectively. As our investigation includes the
process of extrapolating to the CBS limit with basis sets up to
sextuple-zeta quality and the contributions of corrections from
CV correlation and relativistic effect, our data are expected to
be more reliable than previous theoretical estimates.

For further confirmation of the dissociation channel of the
ground electronic states of the present systems, we have per-
formed MRCI computations on the ground and several low-
lying excited states of both ionic systems. However, as this
work focuses on the ground states, no discussion associates
with excited states will be presented here. Based on our com-
putation, the dissociation channels of the ground state for the
two ionic species are

SF™(X327) — S*(*S,) + F(*P,), )

and
©)

According to our MRCI/CBS calculation, our Dy is
3.627 eV, 3.711 eV, and 3.629 eV for SF, SF* and SF—, re-

SF~(X'=™) = S~ (°P,) +F(°P,).
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spectively, as listed in Table 1. Our data agree well with ex-
perimental values in Refs. [5] and [6] of less than 3% for the
neutral SF, and with that in Ref. [30] of no more than 4% for
the cation. For both SF and SF™, the values of Dy in this work
are consistent with previous theoretical investigations. As for
the anion, no experimental determination of Dy was given.

Inspection of Table 1 shows that Dy of SF~ reported in
Refs. [12], [17], and [31]-[33] deviated away from that de-
rived in this work and in other literatures available. To ac-
count for the discrepancy, it can be attributed to the wrong
dissociation channels used in those studies. For example, Dy
of SF~ obtained by Polak e al., B1 which is 2.4009) eV, was
derived from their thermodynamic calculation according to
the experimental values of Dy(SF) = 3.52(9) eV PP, EA(F) =
3.4011887(32) eV,[*6] and EA(SF) = 2.285(6) eV 3! with the
following formula:

Do(SE) = Do(SF) — [EA(F) ~EA(SF)l,  (6)

which suggests that SF~ dissociated as S+F~. Based on
our determination of dissociation channel for SF~, which
is ST+F, the thermodynamic calculation should use EA(S),
2.077104(3) eV,1*] instead of EA(F) in Eq. (6). As the dif-
ference between EAs of sulfur and fluorine, which has been
presented above, is calculated to be EA(F)—EA(S) = 1.324 eV,
combined with 2.40 eV in Ref. [31], we obtain Dg of 3.724 eV
with respect to the correct dissociation channel, and this value
agrees with our estimate quite well. Although the CBS result
(4.075 eV) derived from the CCSD(T)/cc-pwCVXZ(DTQ)
computation in Ref. [23] was close to our value, it should be
mentioned that the dissociation channel, which was assumed
to have been formed with S('D) and F~('S) by Czernek and
Zivny, was not for the ground electronic state.

For all three species, their Dy values are quantitatively
similar. The relative large Dy indicates that the neutral FS
and its singly charged ions are almost equally strong bounded,
and this character of electronic stability ensures the feasibil-
ity of performing experimental detections, especially for ionic
species, which is a favorable message for spectroscopists.
However, to accurate determine Dy of all these species, it is
necessary to consider contributions due to nonadiabatic cou-
pling or atomic fine structure and hyperfine structure from suc-

cessful experimental investigations.[48->1]

3.3. Spectroscopic constants and vibrational energy levels

Table 2 presents our fitting parameters a; to a5 of the M—
S function. We use the root mean square (RMS) error with the
expression of

) )

N
(Vﬁt - Vcal)2
=1

1
Erms = N

to evaluate the quality of our fittings. In Eq. (7), N is the num-
ber of fitting points, Vi and V4 are fitted and calculated en-
ergies, respectively. Erms for the three systems are listed in

Table 2, and the results are reasonable. The force constants,
independent of atomic masses, are calculated from the fitting
parameters as well as the geometrical parameters, and are also

collected in Table 2.

Table 2. Fitting parameters of the MS function and force constants of
SF, SF* and SF~ in their ground electronic states.

SF SE+ SE~
ay/nm! 21.82515 57.09017 23.99836
ar/mm2 ~142.8930 1005.2008 30.7289
az/mm~3 137.770 9190.542 552.414
as/mm—* -20922.16 46414.93 -9676.33
as/mm™ 242500.92 —514713.64 —22751.77
ag/mm—° 1446427.5 —32491877.3 343579.4
az;mm~7 -18859726.2 —233513251.7 7504631.9
ag/mm—3 —76794270.0 6696861276.5  —70352394.0
ag/mm—? 1910745919 40272074679 49988
ayp/mm~10 12074948756 -893361730633 2417829313
ay/mm~ 40920778311 94889783148 —13549110780
app/mm™12  _83292926130  53985778699996 36513822747
apz/mm~13 102358534982 —339018930255917 —54620641529
ap/mm™% 70362072481  847261394741442 43692198319
ajs/nm="1 20972270112 -788647270828949 —14705472804
falal-nm 2 505.65 742.49 299.11
3/aJ-nm —3 -26758.63 —49325.63 -15425.96
f
/aJnm ~* 1374574.02 2397452.80 775065.33
g
Erms/cm ™! 16.4 17.1 6.6

Spectroscopic constants of selected isotopes, 32S!°F,
MGI9E, 32819F+ 3MGI9E+  32819F— and 3#SI9F~. of the
present systems are listed in Table 3. Isotopes containing
338 and °S are not considered in this work owing to their
low natural abundance. Literature results are also included
in the table, although the results were derived from the stan-
dard atomic weight of each element. Reasonable agreement
is observed between our spectroscopic constants and avail-
able experimental values in Table 3. The equilibrium rota-
tional constant B. and equilibrium vibrational frequency .
of the neutral, cation, and anion species is ~ 0.55 cm~! and
~840 cm™!, ~0.62 cm~! and ~ 1020 cm™!, ~ 0.48 cm ™!,
and ~ 650 cm~!, respectively.

The microwave investigation carried out by Morino and
Yamada!®! in 2001 provided accurate spectroscopic constants
of SF with B, = 0.5529450(2) cm~! and centrifugal distor-
tion constant Dyo = 9.7484(2) x 10~7 cm~!. Tt is found that
our predictions of both B, and Dy are in good accord with
these experimental results with slight deviations of ~ 0.1%.
Our constants of ., Qe, and ). are also in excellent
agreement with those obtained by the infrared study.!'”) For
example, experimental value of w. was determined to be
837.6418(13) cm™ .

our estimate is just several wavenumbers. To sum up, our com-

The difference between this result and

putation results of the neutral SF radical can be considered as
a trustworthy source of information. Moreover, this provides
evidence of the reliability of our data for both SF* and SF~.
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Table 3. Spectroscopic parameters of SF, SF* and SF~ (incm™!).

B . 103t D Xe 107Dy
This work 32S1°F 0.55709 848.6 3.97 3.45 9.60
This work 3*S'9F 0.54371 839.3 3.83 3.37 9.13
Exp. [3] 0.5527(5) - - - -
Exp. [4] 0.553(2) - - - -
Exp. [7] 0.552174(2)
Exp. [8] 0.5529463(2) - - - 9.75(4)
Exp. [9] 0.5529450(2) - - - 9.7484(2)
Exp. [10] 0.555173(11) 837.6418(13) 4.459(25) 4.46953(46) -
Theory [14]2 - 810(10) - 12(1) -
Theory [18]° - 823 - - -
Theory [21]° - 836.36 - - -
Theory [22]¢ - 839 - -
Theory [23]° - 844.134 4.35 4.156 9.39
Theory [24]F - 840.9 - 4.57 -
Theory [24]¢ - 842.8 - 4.49 -
Theory [25]" 0.553 851.8 - 452 -
Theory [27] 0.5532 839.6 - - -
Theory [28] 0.549767 841.561 4.47743 4.94421 -
This work 32S19F+ 0.63164 1028.3 5.39 7.30 9.53
This work 34S19F+ 0.61780 1017.0 5.21 7.14 9.12
Theory [18]° - 975 - - -
Theory [21]° - 1011.97 - - -
Theory [23]° - 1016.86 4.68 5.030 9.21
Theory [24]" - 1013.4 5.28
This work 32S19F~ 0.48268 652.7 4.16 3.26 10.56
This work 3*S19F~ 0.47211 645.5 4.03 3.19 10.10
Exp. [31] - 635(15) - - -
Theory [21]° - 642.33 - - -
Theory [23]° - 651.79 656.07 422445 3.9512.23 10.06 10.88
Theory [24] - 654.9 - 3.89 -
Theory [32]¢ - 650.12 - 4.08 -
Theory [33]' 0.464 627 4.74 5.06 10.17

ACEPA/modified Gaussian-type orbitals calculation. ®HF/6-31G* calculation. *CCSD(T)/cc-pVQZ calculation. 4CCSD(T)/AVQZ calculation. *CCSD(T)/cc-
pVQZ calculation. TMRCI+Q/AV5Z calculation. ERCCSD(T)/AV5Z results. "MRCISD+Q/ AV5Z results. 'MRCI+Q/AV5Z results. IMRCI+Q/AV6Z results.
kKMP4SDQ/modified Gaussian-type orbitals calculation. 'B3LYP/AVTZ results.

Table 4. Vibrational energy levels, rotational constants and centrifugal distortion constants for SF with J = 0 (in cm™!).

v G(v) B, 10'D, G(v) B, 10’D, G(v)
328191:; 34SI9F SF2

0 412.00 0.55567 9.797 407.38 0.54352 9.373 417.70
1 1245.05 0.55149 9.651 1231.32 0.53948 9.234 1246.40
2 2072.65 0.54734 9.623 2049.95 0.53547 9.206 2066.16
3 2893.01 0.54308 9.621 2861.54 0.53135 9.209 2876.99
4 3705.44 0.53896 9.339 3665.31 0.52735 8.948 3678.87
5 4512.65 0.53524 9.200 4463.88 0.52374 8.793 4471.82
6 5314.79 0.53120 9.505 5257.65 0.51986 9.094 5255.83
7 6108.72 0.52711 9.136 6043.39 0.51588 8.760 -

8 6896.73 0.52336 9.268 6823.25 0.51227 8.837 -

9 7671.53 0.51910 9.422 7596.27 0.50816 9.032 -

10 8449.99 0.51511 9.249 8361.05 0.50429 8.827 -

11 9214.80 0.51083 9.511 9118.46 0.50017 9.109 -

12 9970.70 0.50668 9.347 9867.14 0.49615 8.918 -

13 10718.24 0.50230 9.609 10607.73 0.49193 9.202 -

14 11456.45 0.49802 9.499 11339.17 0.48779 9.058 -

15 12185.64 0.49352 9.707 12061.89 0.48346 9.292 -

16 12905.17 0.48910 9.725 12775.14 0.47919 9.266 -

17 13615.00 0.48448 9.846 13479.01 0.47473 9.419 -

18 14314.80 0.47988 10.001 14173.07 0.47031 9.528 -

19 15004.24 0.47513 10.060 14857.09 0.46572 9.606 -
20 15683.18 0.47032 10.297 15530.88 0.46110 9.814 -

aRef. [11]
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Table 5. Vibrational energy levels, rotational constants and centrifugal distortion constants for SF* and SF~ with / = 0 (in cm™!).

v G(v) B, 10'D, G(v) B, 10'D, G(v) B, 10'D, G(v) B, 10’D,
3ZSI9F+ 325191:— 34SI9F+ 34519]:—
0 5076  0.6286  9.66 3227 04809  10.39 5020  0.6149 924 319.1  0.4704  9.94
1 15161  0.6234  9.68 973.6 04768  10.37 1499.6  0.6098  9.26 962.9 04664  9.92
2 25127 06182 973 1617.1 04726  10.34 24854  0.6048 931 1599.5 04624  9.89
3 34966 06129 975 22533 04685 103 34589  0.5997  9.32 22289 04584  9.86
4 44682  0.6077  9.81 28825 04645  10.26 44203 05947  9.38 28515 04545  9.82
5 54271 0.6024  9.81 35047 04604 1021 5369.4  0.5895  9.39 3467.2 04506  9.77
6 63738 05972 991 41202 04565  10.16 6306.5  0.5845  9.48 40763 04468  9.72
7 7307.8 05919  9.87 4729.0 04525  10.13 7231.1  0.5793  9.44 4679.0 04429  9.69
8 82296 05866  10.05 53313 04486  10.05 8143.8 05742  9.61 52752 04391  9.63
9 91383 05813  9.96 59272 04448  9.96 9043.8  0.5691  9.52 5865.1 04354  9.53
10 100349 0.5759  10.18 65169 04410  9.95 9931.9  0.5639  9.74 6449.1 04318  9.52
11 109183 0.5706  10.05 71005 04372 9.87 10807.1  0.5587 9.6 7027.0 04281 945
12 11789.6 05651 103 7678.1 04335 9.8l 11670.5  0.5535  9.85 75989 04245 939
13 126478 0.5598  10.32 8249.7  0.4298 9.8 12521.0  0.5483  9.83 8165.1  0.4209  9.38
14 13493.1 0.5542 1051 88153 04261  9.73 13359.1  0.5429  10.09 87254 04173  9.31
15 143250 0.5488  10.34 9375.0 04224 975 141839 05377  9.86 9279.9 04138 933
16 151446 0.5432  10.68 9928.6  0.4187 9.7 14996.7  0.5323  10.19 9828.4 04102 9.8
17 15950.7 0.5376  10.69 104762 04150  9.74 157964  0.5269  10.19 10371.1 04067  9.31
18 167435 0.5318  11.02 11017.7 04114 9.7 165832 05213  10.51 10907.9  0.4031  9.28
19 175222 05259  11.02 11553.0  0.4077  9.75 173562 0.5157  10.52 114386 03995  9.33
20 181155 0.5200  10.74 119632 03959  9.32 181155  0.5099  10.74 119632 03959  9.32

The vibrational energy levels of the ground electronic
states for above-mentioned isotopes are obtained by solving
the one-dimensional Schrédinger equation of nuclear motion
(with the rotational quantum number J = 0) with the LEVEL
program. The rotational constants and high-order centrifugal
distortion constants are derived. Table 4 lists energy levels
G(v), rotational constants B, and quadruple centrifugal distor-
tion constants D, of neutral SF with the vibrational quantum
number v up to 20.

According to the infrared data,l'”! Reddy er al. con-
structed the PEC of the ground state of SF by using a mod-
ified RKR method!'!! and derived the vibrational energy lev-
els, which provide us an opportunity to evaluate the reliability
of our results. In Table 4, vibrational energy levels for SF of
both our data and literature ones are tabulated. In considera-
tion of the isotopic abundance of 328 far overweigh that of 34,
our data agree with those literature ones, which are obtained
based on the standard atomic weight, quite reasonable. Vibra-
tional energy levels and spectroscopic constants for ionic SF
are listed in Table 5. Our data can be taken as estimations of
the missing experimental values and can support further stud-
ies such as isotope identification and spectrum detection.

3.4. Tonization potentials, electron affinities, and vertical
detachment energies

By using the MRCI method, coupled with the AV6Z basis
set, the adiabatic ionization potential (AIP), vertical ionization
potential (VIP), adiabatic electron affinity (AEA) and verti-
cal electron affinity (VEA) of the SF radical, as well as the
vertical detachment energy (VDE) of the corresponding neg-

ative molecular ion, have been determined. Estimations from
this work are shown in Table 6 with the inclusion of several
literature data. Our AIP result is 10.01 eV, which agrees ex-
cellently with the experimental measurements.!>3°! Besides,
the agreement for AEA between this study and Ref. [31] is
also reasonable, with a slight deviation of ~ 7%. Therefore,
we are confident about the reliability of our VIP, VEA, and
VDE results, which are expected to be trustworthy results, al-
though several literature predictions were consistent with our
data. The present VIP, 10.16 eV, provides valuable reference

Table 6. Ionization potentials and electron affinities of SF and vertical
detachment energies of SF~ (in eV).

AIP VIP AEA VEA VDE

This work AV6Z 10.01 10.16 2.13 195 229
Exp. [5] 10.09(10) - - - -
Exp. [30] 10.16(17) - - - -
Exp. [31] - - 2.285(6) - -
Theory [12]* - 10.0(4) - 25(5) -
Theory [13]° - 10.0 - 2.8 -
Theory [15]° - - 2.19 2.02 -

Theory [16]¢ - - 225 208 244
Theory [17]° 10.22 - 2.32 - -
Theory [18]f 10.13(20)  10.24 - - -
Theory [19]2 10.4 - 2.33 - -
Theory [20]" - - 232 - -
Theory [23]! 10.1767 - 2.26 - -
Theory [33] - - 235 - -

aHF/modified basis set. Y"CNDO/2 calculation. *LSDA/modified Slater-type
orbitals calculation. 4BHLYP/DZP++ calculation. *B3LYP/6-31+G* calcu-
lation. G2 calculation. £G2 calculation. “G3 calculation. ‘CCSD(T)/cc-

pwCVXZ(DTQ) calculation. JB3LYP/AVTZ calculation.
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for predicting and detecting the photoelectron spectrum of the
SF system because the value of VIP can be used to compare
with the measured maximum peak of a photoelectron spectrum
directly. Owing to the positive VEA of 1.95 eV, the attachment
of an electron to the neutral SF is energetically advantageous.
Both positive values of EAs suggest removal of an electron
from the anion depends on energy input. In addition, the sta-
bility of the anion with respect to vertical electron autodetach-
ment is also evidenced by the positive VDE, which is 2.29 eV
derived from this work.

4. Conclusion

We have aimed at theoretical investigations on the SF rad-
ical and its singly charged cation and anion, SF™ and SF~. The
geometrical structures, potential energy curves, spectroscopic
parameters, vibrational energy levels, ionization potentials and
electron affinities of the ground electronic state for the three
systems have been studied. Computations are performed on
the MRCI/aug-cc-pVXZ (X = Q, 5, 6) levels of theory cou-
pled with the technique of CBS extrapolation and considera-
tion of the core—valence correlation and the relativistic effect
across the entire PEC. Excellent agreement on geometrical pa-
rameters and spectroscopic constants between previous exper-
imental results and our theoretical ones demonstrates the reli-
ability of our data. The information extracted from this work
is anticipated to extend our understanding on characteristics
of diatomic SF systems, including singly charged molecular
ions, and to guide and assist laboratorial detections of these
species, which are difficult to exam owing to their nature of
high activity.
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