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The molecular structures, electron affinities, and dissociation energies of thS&RF (n = 1—-7) species
were examined using hybrid HartreEock/density functional theory (DFT). The three different types of
electron affinities reported in this work are the adiabatic electron affinity,gE#e vertical electron affinity
(EAver), and the vertical detachment energy (VDE). The first-Bedissociation energies of the Se&nd

Sek,~ species were also been reported. The basis set used in this work is of dqlibéepolarization quality

with additionals- andp-type diffuse functions, and is denoted as BZP. Four different density functionals
(BHLYP, B3LYP, BP86, and BLYP) were used in this work. Among these, the best for predicting molecular
structures and energies was found to be BHLYP, whereas other methods generally overestimated bond lengths.
Neutral Selr was found to have no structures that were significantly bound with respect to dissociation.
SeF~ structures wittDs,, Cq,, andCs, sSymmetry were found to lie very close in energy. The most reliable
adiabatic electron affinities, obtained at the DZP BHLYP level of theory, are 1.99 eV (Se), 2.37 eV
(SeF), 2.21 eV (Se¥y, 3.39 eV (Seh), 2.50 eV (Sek), 5.23 eV (Sek), and 3.13 eV (Seff. The BHLYP
adiabatic electron affinities of the Se atom, §edhd Sek molecules predicted by this work are in good
agreement with the experimental results, but the predicted electron affinities fpafefmuch larger than

the experimental value (1£ 0.1 eV) obtained by the electron impact appearance energy (EIAE) method,
which usually gives lower E4 values. The other molecular electron affinities (SeF= 1, 2, 3, 7) are
unknown experimentally. The predicted vertical detachment energy for Sekery large, 8.01 eV. The
neutral bond dissociation energiBg(F,—1Se—F) are largely unknown experimentally. For Sethe DFT
methods predicD¢(F.Se—F) = 0.88-1.67 eV, which is lower than the experimental estimated value of 2.8
eV. The DZP++ BLYP bond dissociation energy valuB(FsSe—-F) = 3.15 eV, is slightly lower than the
dissociation energies predicted by the other methods (BEBHLYP, 3.34 eV; DZP-+ B3LYP, 3.31 eV,
DZP++ BP86, 3.44 eV). Except for the DZP+ BP86 result, theory matches the experimental estimate
3.15+ 0.2 eV based on thermochemical data. Excluding the-BZBHLYP results, the dissociation energy

for diatomic SeF ranges from 3.4 to 3.80 eV among which the BZMB3LYP result (3.40 eV) is in best
agreement with the experimental value (3.5 eV). For the bond dissociation value of theDa{Sefs~ —F)

the DZP++ BHLYP method giveD(Sek~ —F) = 1.23 eV, whereas the DAP+ B3LYP, DZP++ BP86,

and DZP++ BLYP methods predict dissociation energies (B3LYP, 1.83 eV; BP86, 2.26 eV; BLYP, 2.13
eV) that are larger than experiment (1.890.1 eV). It is concluded that the density functional methods,
although very useful in establishing trends, must be used very carefully. Moreover, additionalS&ghH
experiments are required to precisely establish the reliability of the different density functional methods.

Introduction theoretical prediction of the SgElectron affinities is the 1970
] study of O’'Hare and WaHl,who predicted a vertical electron
The 1978 study by Compton, Reinhardt, and Cobparthe affinity (EAver) < 2.8 & 0.5 eV for diatomic SeF.

negativg iOPrmoIecuI_e.reactions of SeR:oncIud.ed that the The purpose of the present study is to systematically apply
adiabatic electron affinity (E4y) of Seks molecule is 2.9+ 0.2 several modern forms of density functional theory (DFT)

eV, and that of Sef= 5.1+ 0.4 eV. Earlier, Harland and  etermine the electron affinities of the Seferies. Of specific
Thynne reported experimental values for $6&&3 eV) and Sef interest are (a) the accuracy of the electron affinities as
(1.7 eV) through their negative ion electron impact stéidy. getermined by comparison with experimental resuits; (b) the
Although the elgc'_[ron affinity of Se has been experimentally ,5riation in the predicted electron affinities between the different
determined to within0.00003 ?\'B’ the EAyvalues of the Sef DFT methods; (c) the importance of the presence of diffuse
molecules are much more in doubt. Very little is known fynctions in the basis set; and (d) the relationships between the
theoretically or experimentally about the electron affinities and EAas EAver, and vertical detachment energy (VDE) values.
other fundamental properties of the fekolecules. The only  post important is to establish reliable theoretical predictions
in the absence of experimental results and in some cases to
*To whom correspondence should be addressed. challenge existing experiments.
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DFT® has evolved into a widely applicable computational
technique on a par with modest level ab initio methods (e.g.,
second-order perturbation theory); DFT often requires less
computational effort. The application of gradient-corrected DFT

has been shown to be effective for a range of inorganic species

such as the SFSk,~, PR/PR,~, CIR/CIF,~, SiR/SiF,~, CRy/
C,F,~, and Bri/BrF,~ molecules’=12 In addition, although the
prediction of an electron affinity is generally difficult, being
the result of a small difference between two very large energies,

these previous studies have shown that DFT can be a dependable

source for EA predictions. For a general discussion of the
reliability of DFT studies of negative ions, the reader is referred
to the 1996 work of Galbraith and SchaeferThe primary
objective of this study, therefore, is to provide theoretical data
for the electron affinities of the selenium fluorides.

Computational Methods

The four different density functional or hybrid HartreEock/

density functional forms used here are Becke’s 1988 exchangeyitfarences between SgEnd Sef- (n=

functional® with Lee, Yang, and Parr’s correlation functional
(BLYP);* Becke’s half-and-half exchange functiotakith the
LYP correlation functional (BHLYP); Becke’s three-parameter
semiempirical exchange functiod@alith the LYP correlation
functional (B3LYP); and Becke’s 1988 exchange functional with
the Perdew correlation functional (BP88)Unrestricted wave
functions were employed for all open-shell species. All of the
electron affinities and molecular structures were determined
using the Gaussian 94 prografAs is known to some, the
BHLYP method used here, namely that implemented in the
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TABLE 1: Zero-Point Vibrational Energies within the
Harmonic Approximation for the SeF,/SeFk,~ (n = 1—6) at
the DZP++ BHLYP and DZP ++ B3LYP Levels of Theory
in eV (or kcal/mol, in parentheses)

compounds BHLYP B3LYP
SeF 0.044 (1.02) 0.042 (0.97)
SeF 0.035 (0.80) 0.032 (0.75)
Sek 0.104 (2.40) 0.098 (2.26)
Sek~ 0.071 (1.65) 0.067 (1.54)
Sek 0.164 (3.79) 0.153 (3.53)
Sek™ 0.142 (3.28) 0.131 (3.02)
SekR 0.269 (6.21) 0.246 (5.67)
SehR~ 0.186 (4.28) 0.170 (3.91)
Sek 0.344 (7.94) 0.309 (7.13)
Sek™ 0.299 (6.89) 0.272 (6.26)
Sek 0.493 (11.37) 0.450 (10.39)
Sek™ 0.313(7.21) 0.305 (7.04)

frequencies using the other functionals. Zero-point vibrational
energies (ZPVE) evaluated at the DZR® BHLYP and the
DZP++ B3LYP levels are presented in Table 1. The ZPVE
1-6) fall in the range
of 0.01-0.18 eV. Note that the ZPVE differences between.SeF
and Sel~ (0.083 or 0.076 eV with BHLYP and B3LYP
methods, respectively) and between Sefd Sek~ (0.180 or
0.145 eV, respectively) are quite large. These differences may
be used as corrections to the BAalues, as will be discussed.
The electron affinities are evaluated as the difference of total
energies in the following manner. The EAvalues are deter-
mined by

EA,,= E(optimized neutral)- E(optimized anion)

Gaussian programs, is not the half-and-half method proposed

originally by Becket® The default integration grid (75, 302) of

The vertical electron affinities are determined by

Gaussian 94 was applied. The integrals evaluated in this study

should be accurate to 1®Ey, the density-based convergence
for the self-consistent field (SCF) iterations was 4 &, and
Cartesian gradients were converged to at leasf &a.

A standard doublé- plus polarization (DZP) basis set for
fluorine was utilized, which is constructed from the Huzinaga
Dunning—Hay® contracted doublé- Gaussian basis set by
adding a set of five pure angular momentd#ike polarization

functions on each atom. The contraction scheme for this basis

EA . = E(optimized neutral)-
E(anion at optimized neutral geometry)

and the vertical detachment energies of the anions by

VDE = E(neutral at optimized anion geometry)
E(optimized anion)

is F(9s5p1d/4s2pld). The DZP basis set for selenium used the The dissociation energies for S¢Fer,” are determined from
double¢ contracted Gaussian functions Se(14s11p5d/8s6p2d)differences in total energies in the following manner: the first

plus a set of five purel-type polarization functionsy(Se)=
0.338 generated by Sdlea—Horn—Ahlrichs 2° These basis sets
are either identical to or consistent with our large body of
previous and yet unpublished work on electron affinities.

To determine the significance of diffuse function in the
description of the anions, the above DZP basis was augmente
with diffuse functions; each atom received one additicrape
and one additional set gftype functions. The diffuse function

orbital exponents were determined in an “even-tempered sense’

as a mathematical extension of the primitive set, according to
the prescription of Lee and SchaeférThe diffuse function
exponents were taken to lsg = 0.03888,a,, = 0.03819 for
selenium ands = 0.1049,0,, = 0.0826 for fluorine. The final

dissociation energies for the neutrals refer to the reaction
)

whereas the first dissociation energies for the anions refer to

Sek,—Sek_; +F

Othe two different reactions,

SeF —SeF , +F @)

®3)

1

4

SekE

n

— Sek

n—

LHF

Results and Discussion
A. Se and Se. The electron affinities of théP state of the

basis set may be designated Se(15s12p6d/9s7p3d), F(10s6pldie atom at various levels of theory, as well as experimental

5s3pld). This extended basis will be denoted as “DZP.
The total number of DZRP+ basis functions ranged from 64
for SeF/SeF to 178 for Sel/SeFR.

All SeF, (n = 1-6) geometries were determined to be minima
by the evaluation of their harmonic vibrational frequencies at
the DZP++ BHLYP and the DZR-+ B3LYP levels of theory.
Structures with very small vibrational frequencies were con-
firmed to be minima by the further evaluation of their vibrational

electron affinity data, are reported in Table 2. Values are
determined from total energies of the Se atom and thei@e

The four functionals predict the experimental electron affinity
of the Se atom within a deviation of at most 0.28 eV. The EA
values from the DZP+ BHLYP (1.99 eV) and DZR-+ BLYP
(2.11 eV) methods are closest to the very precise experimental
value of 2.02069(3) eV given by Hotop and Lineberger’s laser-
photodetachment threshold spectroscopy study of the Se &nion.
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1.743 BHLYP TABLE 3: Adiabatic and Vertical Electron Affinities of the
1.769 B3LYP Neutral and Vertical Detachment Energies of the Anionic
1.782 BP86 SeF, Sek, Sek, SeR, Seks, and Sek in eV (or kcal/mol in

1.797 BLYP Parentheses) (Values Are Obtained with the DZR+ Basis
1.742 Exp. Set, and Are Not Corrected for ZPVE; See Table 1 for
(e ZPVE Corrections)
N compound  method EA EAvert VDE
SeF BHLYP  2.37(54.7) 2.21(51.0) 2.53(58.3)
Neutral (Coov) B3LYP  252(58.1) 235(54.2) 2.68(61.8)
BPS6 2.53(58.3) 2.35(54.2) 2.68(61.8)
1.847 BHLYP BLYP 2.39(55.1) 2.21(51.0) 2.54(58.6)
1.878 B3LYP Sek BHLYP  2.21(51.0) 0.31(7.1)  4.86(112.1)
1.889 BP86 B3LYP  2.40(55.3) 0.55(12.7) 4.58 (105.6)
1911 BLYP BP86 2.42(55.8) 0.61(14.1)  4.49 (103.5)
BLYP 2.32(535) 0.50(115) 4.18 (96.4)
N N\ Sek  BHLYP 339(782) 2.97(685) 3.83(88.3)
B3LYP  3.41(78.6) 2.96(68.3) 3.80(87.6)
i BPS6 3.22(74.3) 2.83(65.3) 3.56(82.1)
Anion (va) BLYP 3.14 (72.4) 2.75(63.4)  3.47 (80.0)
Figure 1. The molecular geometries of the2KI state of neutral SeF SeR BHLYP ~ 2.50(57.7)  0.69(15.9)  5.05(116.5)
and the X3+ state of anion SeF All bond lengths are in angstroms. B3LYP ~ 2.87(66.2) 0.99(22.8) 4.78(110.2)
All results were obtained with the DZP+ basis set. BP86 2.89(66.6)  1.03(23.8)  4.69 (108.2)
BLYP 2.92(67.3) 1.01(23.3) 4.67 (107.7)
TABLE 2: The Electron Affinities of Se in eV (All Results Expt 1.7
Obtained with the DZP++ Basis Set) Sek BHLYP  5.23(120.6) 4.01(92.5) 6.16(142.0)
B3LYP  5.44(125.4) 4.45(102.6) 6.19 (142.7)
method EA BP86 5.30 (122.2) 4.41(101.7) 5.84(134.7)
BHLYP 1.99 BLYP 5.30 (122.2) 4.49 (103.5) 5.90 (136.1)
B3LYP 2.21 Expt 3.3+ 0.1
BP86 2.30 =251+ 04
BLYP 211 Sek  BHLYP  3.13(72.2) 1.37(31.6) 4.72(108.8)
experimental 2.02069 (3) B3LYP  3.95(91.1) 2.45(56.5) 5.24 (120.8)
BPS6 4.11(94.8) 2.79(64.3) 5.24(120.8)
*Ref 3. BLYP 4.39(101.2) 3.01(69.4) 5.35(123.4)
Expt 2.9+ 0.2
3.0+0.Z

The DZP++ BHLYP value is only 0.03 eV lower than the
experiment. The predictions of the B3LYP and BP86 methods
are at least 0.2 eV larger than the experimental value. The fact

that BHLYP gives the best predictions for electron affinities 2 37 eV as the most trustworthy Efvalue for SeF based on
was also noted in the earlier work on the second-row fluofidés previous studies of other main group fluoride$2 The DZP++
and bromine fluoride$? EAver Values calculated with the DZP+ BHLYP (2.21 eV),

B. SeF and SeF. The first unequivocal synthesis of SeF DZP++ B3LYP (2.35 eV), DZP-+ BP86 (2.35 eV) and
was obtained by Carrington and co-work@rby reacting DzP++ BLYP (2.21 eV) methods are in broad agreement with
carbonyl selenide with fluorine atoms generated in a microwave the previous estimated theoretical value2(8 &= 0.5 eV) by
discharge. The geometries of the ground state of SeF and itsO'Hare and Waht2 The O’Hare-Wahl prediction would appear
anion are given in Figure 1. The SeF radical h&laground to be about 0.5 eV too high. The DFT range forgAs 2.21-
state, and its experimental bond lengthrgs= 1.742+ 0.05 2.35 eV and the range of the VDE for (Sgks 2.53-2.68 eV,
A.22 The DZP++ BHLYP bond length (1.743 A) compares and thus, the anion is quite stable with respect to electron
most favorably with experiment, whereas the other methods detachment. The Ef EAver, and VDE values are similar due
predict longer bond distances by as much as 0.055 A. Here weto the small difference in geometry between neutral and anion.
note the general trend for bond lengths for the selenium fluorides  ¢. SeR, and SeR . The equilibrium geometries of tHe;

is BLYP > BP86> B3LYP > BHLYP. The'X" ground state  ground state of neutral SeBnd the?IT ground state of Sef
of the anion has bond lengths which vary among the different are displayed in Figure 2. The neutral-Sebond length is in
DFT methods by about 0.06 A, and the DZR BHLYP bond the range from 1.733 to 1.794 A. As was the case for SeF, the
length, deemed to be the most reliable, is 1.847 A, longer by pzp++ BHLYP method gives the shortest bond length for
roughly 0.10 A than that of the neutral species. SeR, and provides the most reliable value. The Sedtlical
The DZP++ electron affinities of SeF are given in Table 3. has a bent structure with a bond angle of 986.2 as
The electron affinities computed using the DZP basis are predicted by the four different functions. Kraatz and co-workers
greater than those computed using the DZP basis (withoutreported the theoretical bond lengths to be 1.757 A and the bond
diffuse). For example, E4 was predicted as 2.37 eV at the angle as 96in 199323 They used the local density approxima-
DZP++ BHLYP level, but as 1.77 eV at DZP BHLYP. This tion (LDA) along with a double: Slater-type orbitals (STO)
is not surprising because the stabilization of the anion due to basis set augmented with a single 3d-type polarization function.
the addition of diffuse functions will be greater than the Our BHLYP results are the closest to those from Kraatz and
stabilization of the neutral species. Clearly, using a basis setco-workers. The other functionals predict longer bond distances
including diffuse functions in the computation of electron and larger bond angles.
affinities is of paramount importance. Therefore, the electron  SeR, is linear D.), with Se-F bond distances predicted
affinities computed with the DZP basis are not discussed further. from 1.954 to 2.018 A, which are about 0.2 A longer than their
Note that the EAq values in Table 3 are not corrected for neutral counterparts. We note that $eFwith its 2T, ground
zero-point vibrational energy. Relying upon BHLYP, we report state is a RennefTeller molecule. Specifically, it falls in the

aRef 2.pRef 1.¢Ref 30.
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1.733 BHLYP
1.764 B3LYP
1.780 BP86

1.794 BLYP

Neutral (C,,)

&)

1.954 BHLYP
1.983 B3LYP
1.996 BP86
2.018 BLYP

©

Anion (D_;,)

Figure 2. The molecular geometries i@, symmetry of the X*A;
state of neutral SeFand theD., symmetry geometries of the X1,
state of the anion, SeF. Bond lengths and bond angles are in angstroms
and degrees, respectively. All results were obtained with the-BZP
basis set.

case A category of Lee and co-workéfswith bending
vibrational frequencies of both Renr€Feller components being
real (235 and 76 crii, respectively) and of differing magnitudes.
The theoretical EAy, EAver, and VDE are listed in Table 3.
The predicted range of Efis from 2.21 to 2.42 eV, among
which the DZP++ BHLYP method predicts the smallest value
(2.21 eV). The range of Ef«tis from 0.31 to 0.61 eV and the
range of VDE is from 4.18 to 4.86 eV. The DZP BHLYP
EA.q and EAert are lower than those obtained with the other
functionals, as is often the case for the other Safd related
main group fluorides. Note that the values for gAEAer, and
VDE are significantly different due to the large differences in
geometries between the neutral and the anion (vide infra).
D. Sek and Sek~. The geometries of théB; ground state
of SeR; radical and théA; ground state of SeF are displayed
in Figure 3. Sek was initially found to have a planat,,
symmetry structure (T-shaped), unlike the isovalent $fich
has a nonplanaCs symmetry structure with adf—S—Fax—Feq
torsion angle of 158167°.72With the standard Gaussian grid,
the DZP++ BHLYP method predicts 1.795 and 1.701 A for
the Se-Feq Se—Faxbond distances, respectively, and 8&dr
the Ry—Se—Faxangle. The other functionals predict longer bond
distances, showing the same trend as for. &~ and SeF/
SeF . All four theoretical methods do a reasonable job in
predicting that the equatorial S& bond distances are longer
than the axial distance by about 0.09 A. However, thesSeF
molecule lies on a very flat potential curve with respect to the
Feq—Se—Fax—Feq torsion angle. With the standard Gaussian
integration grid, aCs symmetry structure2A’ state) with a
torsion angle of 172(and all other geometrical parameters fixed
at theCy, equilibrium values) was found to be only 0.0003 eV
(0.006 kcal/mol) higher in energy than the planar for@,(
symmetry), and th€s, symmetry pyramidal structure was found
to be 0.58 eV (13.5 kcal/mol) higher than tke symmetry
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1.702 BHLYP
(@ T=172.5°

172.1°
SCF and larger grid DFT
Neutral (Cy)
1.795
1.828
1.846
1.863

1.701 BHLYP

o 0e 1.736 B3LYP
88 30 1.758 BP86

1.771 BLYP

Neutral (C,,)

1.920
1.955
1.970

1.992
86.2°
8730 1.770 BHLYP
28 0° 1.807 B3LYP
08 8° 1.830 BP86
1.846 BLYP

Anion (C,,)

Figure 3. The molecular geometries i@,, symmetry of the X?B;
state of neutral SeFand theC,, symmetry geometries of the 3A;
state of the anion, SeF. Bond lengths and bond angles are in angstroms
and degrees, respectively. All results were obtained with the-bBZP
basis set.

larger grid, respectively. The analogous results forsSedfe
—2701.042791 (standard grid) an2701.042661 (large grid)
hartree. Not entirely surprisingly and similar to the case af'SF
the Cy, planar structure turned out to be a transition state with
a very small imaginary vibrational frequencyi#n1, and the
minimum becomes a butterfly-shape structue gymmetry)
with a dihedral angle 17221 The Cs structure lies 0.00043 eV
(0.0099 kcal/mol) in energy lower than t@, structure. At
the DZP++ SCF level of theory, with which all integrals are
computed analytically, th€,, structure, once again, has a small
imaginary vibrational frequency (82m™1), and theCs structure
with the torsion angle of 172°5s a minimum. The latter has
an energy 0.00033 eV (0.0076 kcal/mol) lower than @

structure at the above level. The above results mandated thastationary point. The electron affinity Edat the SCF level is

the Selk and Sek~ investigation be repeated with a larger
numerical integration grid, in this case the (99, 590) grid. With
the BHLYP method, the total energies ar2700.918287 and
—2700.918105 hartree for Sgf,,, Cy) with the standard and

predicted to be 2.73 eV (63.0 kcal/mol), which is slightly smaller
than the DFT results. However, the B3LYP, BP86, and BLYP
methods still predict th&,, structure as the minimum, even

when the larger (99, 590) integration grid is used. The electron
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affinity is not significantly affected for all four DFT methods 1.774 BHLYP
using this larger (99, 590) grid with the change less than 0.01 1.807 B3LYP
eV. Our general conclusion is that with presently available DFT 1.826 BP86
procedures, energy differences less than 0.1 kcal/mol are of 1.842 BLYP

dubious numerical stability. 1.771 Exp.
For the Sek™ ion, which is planar withCy, symmetry, there
are likewise no experimental data with which to compare. The
bonds have been elongated from the neutral structure, but the
F—Se-F bond angle has remained virtually constant. The
DZP++ BHLYP method predicts the geometrical parameters
as 1.920 A, 1.770 A, and 86.2or Se—Feq, Se—Fay, and<FSeF,
respectively. The SeFeq distance is significantly longer than
that for the neutral species. Clearly, the character of the bonding
in the Sek™ anion is quite different from that of the neutral
one. The trend for the bond lengths with the different theoretical

methods is similar to the neutral radical. Neutral (CZV)

The theoretical EAy EAver, and VDE values are listed in
Table 3. The predicted range of Efs from 3.14 to 3.41 eV,
among which the DZR+ BHLYP method predicts the value
3.39 eV. In previous work on the sulfur analogues, for which
many experimental EA values exist, it was found that DFT may
slightly overestimate €0.6 eV) the electron affinities of the
larger species (SFn = 5,6); however the DZ#P+ BHLYP
method provided excellent agreement for thes 1—4 series
and was usually within 0.2 eV of experiment. Therefore, the

1.875 BHLYP
1.915 B3LYP
1.937 BP86
1.955 BLYP

EA.q value from the BHLYP method for SeFshould be 169-7:

regarded as dependable. Theg¥alues obtained for Sgfrom 171.5

the other functionals are in a good agreement with BHLYP,

showing deviation of about (or less than) 0.2 eV. The range of 1

EAvert is from 2.75 to 2.97 eV and the range of VDE is from AnlOn (C4V)

3.47 t0 3.83 eV. The DZP+ BLYP EA,qand EAerrare lower Figure 4. The molecular geometries i@, symmetry of the X'A;
than those obtained with the other functionals. Compared with state of neutral SaFand theCs, symmetry geometries of the 3A;

SeFR/SeR, these smaller differences betweenEAA e, and state of the anion, SeF: Bond lengths and bond angles are in angstroms
VDE values are due to the minor changes in geometry betweenand degrees, respectively. All results were obtained with the-BZP
-~ basis set.
Sek and Seg.
E. SeR and SeR™. The C;, symmetry geometry of théA; ment for related systems, it seems likely that the experimental

ground state for SeFand theCs, symmetry geometry of the g for SeF, is incorrect. The Efyr ranges from 0.69 to 1.03
?A1 ground state of SeF are given in Figure 4. The geometries ey and the VDE ranges from 4.67 to 5.05 eV, and thus the
vary by as much as 0.08 A from the experimental geometry of anjon is quite stable on the basis of large electron detachment
Brown’s group?® As expected, the BHLYP method gives the energy. Again, these large differences betweendEBAer
experiment. The BLYP method predicted the worst geometry petween SefFand Sek.
with bond lengths 0.08 A too long as well as an axiedjuatorial F. SeR and SeR~. The C,, symmetry geometry of theA;
angle in error by 4. For comparison with other theoretical work ground state of Sgfand the similaiC,, symmetry structure of
done on the Sefimolecule, Se-Fegand Se-Fabond distances,  the 1A, ground state of SeF are given in Figure 5. For the
and Rq—Se-Feq bond angles obtained by Bliet al*® at the  neutral Sek the DZP++ BHLYP method predicts 1.740 and
SCF/641(d), MP2/541(d), and MP2/962(d) levels of theory were 1 671 A for the Se-Feqand Se-Fa bond distances and 90.9
1670, 1713, and 1.707 A, 1747, 1781, and 1.796 A, and 102.1,f0r the FaX_Se_Feq ang|e1 respective|y_ Ana|ogous to Se&nd
101.6, and 100 respectively. Their SCF bond lengths are seR-, the Sek™ ion has longer SeF bond distances than the
less than our DZP+ BHLYP results (1.688 and 1.774 A).  neytral. It is clear that the bonding in the anion (S8Fmust
Their MP2 bond distances are |Onger than our BAPBHLYP be quite different from that for neutral Speciesl
results. This difference is due to the widely known fact that  The EA,, EAver, and VDE values are reported in Table 3.
second-order perturbation theory almost always yields long The experimental E4 was reported as 3.3 eV in 1973ut it
equilibrium bond distances, even in the complete basis setwas reported as 5.1+ 0.4 eV 5 years laterOur theoretical
limit.?” Therefore, the most reliable S€& bond distances are  EA,qvalues predicted by all functionals are larger than 5.1 eV.
thought to be the present BHLYP results. The DZP++ BHLYP method gives the closest EA5.23 eV)
The electron affinities of SgFare given in Table 3. The to the 1978 Compton experimehtith correction for ZPVE,
DZP++ BHLYP method gives the lowest EA(2.50 eV) and the BHLYP result (5.18 eV) is even closer to the Compton
EAvert (0.69 eV). After ZPVE correction, the BHLYP value of  experiment. Thus it would appear that the 1973 experiment is
EAaqis 2.42 eV, which is in poor agreement with Harland and in error. The EAer values range from 4.01 to 4.49 eV and the
Thynne’s (1973) experimental value of EASeR) = 1.7 e\2 range for VDE is from 5.84 to 6.19 eV.
All of our theoretical electron affinities lie significantly above G. Sek and Sek~. The octahedral geometry of tHé 4
this experimental value, with the BHLYP being the lowest value. ground state of SeFand the octahedral geometry of thie,,
On the basis of our earlier extensive comparisons with experi- ground state of SeF are given in Figure 6. Again the DZP+
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1.686 BHLYP

{%‘1‘ 1721 B3LYP

. 1.743 BP86

1.728 90.9°BHLYP 1.;53 BLYP
1740 1.742 91.6° B3LYP 1.678 Exp.

92.2°BP86
92.5°BLYP

1.719
1.755
L8a0 1780 | 84.4° BHLYP
0 1793 85.4° B3LYP 1.818 BHLYP
1.881 26.1° BPS6 1.253 B3LYP
. 1.872 BP86
86.6° BLYP 1.889 BLYP

Anion (C 4V)

Figure 5. The molecular geometries i@, symmetry of the X?A;
state of neutral SeFand theC,, symmetry geometries of the ¥A;
state of the anion, SeF. Bond lengths and bond angles are in angstroms
and degrees, respectively. All results were obtained with the-BZP
basis set.

o ~ Figure 6. The molecular geometries i@, symmetry of the X'A4

BHLYP bond length (1.686 A) is in the best agreement with state of neutral SeFand theO, symmetry geometries of the ¥z
the experimental result{= 1.678 A28). The DZP++ BLYP state of the anion, SeF Bond lengths and bond angles are in angstroms
method predicted the poorest geometry, with a bond distanceand degrees, respectively. All results were obtained with the-BZP
that is 0.08 A too long. Compared with earlier theoretical work Pasis set.
on Sek, the bond lengths obtained by SCF theory range from ) ) ) )
1.652 to 1.675 A, and with MP2 from 1.707 to 1.716°%, Boring®! with the multiple scattering (MS) Xmethod. The other
respectively. The SCF bond lengths are less than our-DZP DFT methods predict too large EA values, in the range 3.95
BHLYP (1.686 A) distance, while the MP2 internuclear 4.39 eV. The E,Qertvalues range from 1.37 to 3.01 eV and the
separations are larger than our DEP BHLYP results. As  range for VDE is 4.72 to 5.35 eV.
mentioned above, this difference between theoretical methods H. SeF; and SeF; . The molecular geometries of Seénd
is due to the widely known fact that second-order perturbation SeF~ were also investigated. No significant minimum was
theory often provides equilibrium bond distances that are too found on the potential energy surface for the neutral;SeF
long, even in the complete basis set liffit. species. However, similar to TgF2 a minimumDs, symmetry

The EAw EAver, and VDE values are reported in Table 3. structure was found for the SgFanion with all four DFT
Again, The DZP+-+ BHLYP method gives the lowest EAand methods, and its geometry is shown in Figure 7. The BZP
EAverr The experimental values for Bfare 2.9+ 0.2 eV by VDE for the Ds, structure is predicted as 8.01 eV(BHLYP),
Compton et al, and 3.04 0.2 eV by Boring et af® The 7.05 eV(B3LYP), 6.23 eV (BP86), or 6.15 eV (BLYP). Two
DZP++ BHLYP method predicted the smallest A= 3.13 other structures witlC4, and C3, symmetries (both of théA;
eV, which is in satisfactory agreement with the experimental ground state) were also found (Figure 7). Thg symmetry
values. Even better agreement with experiment is found for the structure was confirmed to be a minimum by the evaluation of
ZPVE corrected BHLYP result (2.95 eV). The BHLYP EA is its harmonic vibrational frequencies with all four functionals,
also close to an earlier theoretical value (2.9 eV) obtained by whereas th€s, symmetry structure is confirmed as a minimum
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level, theCs, structure lies 0.36 eV (8.2 kcal/mol) higher in

energy than th®s, structure, and th€,, structure is 0.07 eV

(1.6 kcal/mol) higher than th€s, structure. P
For the Sel ion with Dsy symmetry structure, the DZP+ BLYP 1.788

dissociation energie®(FsSe—F~) are predicted as 0.67, 0.91,

1.11, and 1.11 eV by using the BHLYP, B3LYP, BP86, and

BLYP methods, respectively. Those for tlk, structure are

0.25, 0.95, 1.55, and 1.71 eV. Thus one has the peculiar result

that the pentagonal bipyramidk, structure lies lower in energy

with the BHLYP method, while th€,, structure lies lower with

at only the DZP-+ BHLYP level. At the DZP-+ BHLYP @
BHLYP 1.702

the other DFT methods (B3LYP, BP86, and BLYP). When the @
larger integration grid (99, 590) is used, this unusual energetic . @
ordering is unchanged. This exercise demonstrates the impor- Anion (Dgy,)
tance of using a range of such DFT methods for chemical 2337 BHLYP
problems for which the answer is not known in advance from 2 s
experiment. Even better, one might use convergent quantum 1.989 BLYP
mechanical methods (e.g., coupled cluster theory with large basis
sets). 3.170 BHLYP

|. Dissociation Energies. The neutral and anionic bond @
dissociation energies for S¢bek,~ (n = 1—6) are given in 0210 §ie67
Tables 4 and 5. The DZP+ BHLYP dissociation energies are 92.5° §1.804

92.4° 1.849

much lower than those from the other three methods. It was 924> F1880
found in the previous studiés'? that the DZP-+ BHLYP (@ (@
predictions for dissociation energies were the worst of the four B ‘~ e B
functionals employed. This highlights the necessity of being & 1.705 N
very selective in choosing DFT results for final theoretical };?; }Z,ég
predictions. Although the BHLYP method is excellent for the 1.838 1.793
structures and electron affinities of these main group fluorides, { 1808
the thermochemistry predicted by this method is unreliable. @
Because the DFT/HF hybrid BHLYP functional incorporates Anion (C 3v) Anion (C4v)

standard HartreeFock theory to the greatest degree of all the

functionals used in this study, this finding is not surprising. It Figure 7. The molecular geometries of SeFwith Dsp, Ca,, andCs,

is well-known that HartreeFock (without the inclusion of ~ Symmetries. Bond lengths and bond angles are in angstroms and
dynamic or nondynamic correlation) performs poorly for bond- degrees, respectively. All results were obtained with the bZmbasis
breaking processéd. The Hartree-Fock method seriously set.

under-predicts dissociation energies, so the inclusion of 50% Table 4 shows the dissociation energies (for the process
exact exchange in the BHLYP method transfers this Hartree Sek, — Sek-1 + F) pertaining to the neutral molecules.
Fock problem to DFT. Excluding the DZR-+ BHLYP results, the dissociation energy

TABLE 4: Dissociation EnergiesD¢(SeF,) for the Neutral Members of the Series in eV (or kcal/mol in parentheses) (Values Are
Obtained with the DZP++ Basis Set, and Are Not Corrected for ZPVE)

dissociation BHLYP B3LYP BP86 BLYP expt
SeF— SetF 2.82 (65.6) 3.40 (78.4) 3.80 (87.6) 3.71 (85.6) a3.5
Sekh — SeF+F 3.01 (69.4) 3.50 (80.7) 3.87 (89.2) 3.78 (87.2)
Sek — Seh+F 2.21(48.9) 2.71 (62.5) 3.21 (74.0) 3.10 (71.5)
SekR — Sek+F 3.26 (75.2) 3.56 (82.1) 3.84 (88.6) 3.67 (84.6)
Sek — SeR+F 0.88 (20.3) 1.27 (29.3) 1.67 (38.5) 1.52 (35.1) 2.8
Sek — Sek+F 3.34(77.0) 3.31(76.3) 3.44 (79.3) 3.15(72.6) 3486.2

aRef 4a-b. " Ref 1.

TABLE 5: Dissociation Energies Dg(SeF,™) for the Anionic Members of the Series in eV (or kcal/mol in parentheses) (Values
Are Obtained with the DZP++ Basis Set, and Are Not Corrected for ZPVE)

dissociation BHLYP B3LYP BP86 BLYP expt
SeF — Se +F 3.19 (73.6) 3.71 (85.6) 4.04 (93.2) 3.98 (91.8)
SekR~ — SeF+F 2.85 (65.7) 3.38(77.9) 3.75(86.5) 3.70 (85.3)
SekR~— SeR +F 3.79 (75.9) 3.71 (85.6) 4.01 (92.5) 3.93 (90.6)
SeR~ — SeR +F 2.37 (54.7) 3.02 (69.6) 3.52(81.2) 3.46 (79.8)
Sek™ — SeR +F 3.61(83.2) 3.84 (88.6) 4.08 (94.1) 3.89 (87.7)
Sek™ — Sek +F 1.23(28.6) 1.83(42.2) 2.26 (52.1) 2.13 (49.2) 1400.1
SeF — Set+F 2.25(51.8) 2.38 (54.8) 2.56 (59.1) 2.42 (55.9)
SekR™ — SeFF- 2.28 (52.5) 2.36 (54.4) 2.52 (58.1) 2.42 (55.9)
Sek™ — SeR+F 2.56 (59.1) 2.57 (59.3) 2.66 (61.4) 2.57 (59.3)
SeR™ — SeR'F 2.82 (65.0) 2.88 (66.5) 2.97 (68.6) 2.92 (67.4)
Sek™ — SeR'F" 3.17 (73.1) 3.17 (73.0) 3.20 (73.9) 3.14 (72.4)
Sek™ — SeR'F 3.53(81.3) 3.72 (85.8) 3.79 (87.5) 3.76 (86.7)

aRef 1.
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for SeF ranges from 3.4 to 3.80 eV. This is in good agreement
with the experimental value 3.5 eV, which was derived by
O’Hare et al42® based on the heats of formation for Se, F,
and Sek. Our DFT results are also in reasonable agreement
with the early theoretical dissociation of energy of &20.1

eV from O’Hare?¢

The theoretical dissociation energies for seierease to the
range of 3.56-3.87 eV. Table 4 shows that this value decreases
for Sek; and increases for SgBgain. The same trend continues
for Sek and Sek. In other words, the dissociation energies
are larger for SefFwhenn is even than whem is an odd
number. This zigzag phenomenon can be readily explained. The
Sek, molecules with odd number are radicals, and are less
stable than those with even numbremwhich have closed-shell
electronic structures. Another trend is that when the even number
increases (i.e., from 2, 4, to 6), the dissociation energy decreases.
The molecules with odd numbers show the same trend. This
indicates in a qualitative way that the larger geRolecules
are less stable than the smaller ones, due to their increasing
hypervalency. For SeFour predicted neutral bond dissociation
energiedD(FsSe-F) = (BHLYP, 0.88 eV; B3LYP, 1.27 eV,
BP86, 1.67 eV; BLYP, 1.52 eV) are lower than the experimental
estimated value of 2.8 eVFor Sek, the dissociation energy
values ard¢(FsSe-F) = (BHLYP, 3.34 eV; B3LYP, 3.31 eV;
BP86, 3.44 eV; BLYP, 3.15 eV). Except for the DZR- BP86
results, the other methods match the experimental estimate
3.15+ 0.2 eV of Comptohbased on previous thermochemical ©
data®* and the DZR-+ BLYP method gives the “best” value © ®

of 3.15 ev. Figure 8. The singly occupied (SeF, Sgfand SeE) and the lowest
For the anions, SeF, there are two forms of dissociation:  unoccupied (Sef Sek, and Sef) molecular orbitals: (a)5, SOMO
either to a neutral SgF; plus an F ion, or to Sek-;~ ion of SeF; (b) 8k, LUMO of Sek; (c) 6k, SOMO of Sek; (d) 9k, LUMO
plus a neutral F atom. Excluding the DZR- BHLYP dis- of SeR (e) 14a, SOMO of SeF; (b) 7ag LUMO of Sef.
sociation energies, which are significantly smaller than the
others, Table 5 shows that, for the dissociation to {SgF+ the situation for Sefis just opposite. To explain why the SeF
F”, the zigzag phenomenon is similar to that shown in Table 4. systems is different from Bg-we need to investigate those
The amplitude of the zigzag is significant and the general trend Molecular orbitals to which an electron is added in going from
is downward. The difference is that the molecules with odd the neutral molecules to the anions.
numbern are more stable because they have closed shell Figure 8 shows the singly occupied (SeF, $ethd SeF)
electronic structures. This may also be related to the fact thatand the lowest unoccupied (SefSeh, and Sef) molecular
whenn is even, the additional electron of the anion is residing orbitals (SOMO and LUMO, respectively). All of these are
in an antibonding orbital (primarily &* orbital), lengthening antibonding molecular orbitals. Adding an electron to these
and destabilizing those bonds. However, for the dissociation ~Orbitals will thus decrease the bond order, and accordingly
to Sek-1 + F, the zigzag feature is not as obvious, and the lengthen the bond distances. However, because there is one less
general trend is upward. This indicates that when the size of €lectron in the Sefsystem than in Brf the SOMOs and
the molecule increases, dissociation to a,SgFplus aneutral ~ LUMOs in Sef; are quite different from those in BfF
F atom becomes preferable. The 1978 experiment by Compton,(Compare Figure 8 in this paper to Figure 6 in ref 12). The
Reinhardt, and Coopemeasure¢(FsSe-F) = 1.094 0.1 SeFR, molecules containing an odd number of F atoms have a
eV. The DZP++ BHLYP method gives the resullg(FsSe—F) SOMO with antibondingr character, while those with an even
= 1.23 eV, while the other functionals predict the dissociation number of F atoms have a-type LUMO. The latter has a
energies that are larger than experimental value (B3LYP, 1.83 stronger effect on the bond distance when an electron is added
eV; BP86, 2.26 eV; BLYP, 2.13 eV). If the dissociation trends than the former #-type). Therefore, contrary to the situation
discussed earlier hold up, the experimengld—F dissociation of BrF, the bond length differences between neutral and anionic
energy may be too small. species for SeFwhich contain an odd number of F atoms are
The theoretical electron affinities for the F atom with the same Smaller than the corresponding differences in those, 8tf
methods used in this paper are 2.94 eV (BHLYP), 3.54 ey €Ven numbers of F atoms. o
(B3LYP), 3.76 eV (BP86), and 3.68 eV (BLYP). These data Noﬁe also that the symmetries for anionic §e§nd Self
are relevant to the dissociation in terms of the different are different from those for their neutral species, and thus the

dissociation channels, and they should suggest the accuracy oPfder of the molecular orbitals would change. The bond
the results. distances could similarly be influenced.

J. Bond Distances and Molecular Orbitals.For the previ-
ously studied Brf systems? the bond length differences
between neutral and anionic species which contain an odd On the basis of the experimental RAalues for the Se atom,
number of F atoms are greater than the corresponding differ- Seks, and Sek molecules, and the previous work on the,SF
ences in those BfFwith even numbers of F atoms. However, SF,”, PR/PR,~, CIF/CIF,, SiR/SiF,~, CF/CoF,~, and Brk/

Conclusions
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6 - chalcogen fluorides, excluding the DZR- BHLYP values, are
3.40-3.80 eV (SeF), 3.503.87 eV (Sep), 2.71-3.21 eV
(Sek), 3.56-3.84 eV (Sek), 1.27-1.67 eV (Sek), and 3.15
3.44 eV (Sebk). The general trend for dissociation energy values
5.27 is BP86 ~ BLYP > B3LYP > BHLYP. Compared to the
experimental dissociation energy for 3¢B.15+ 0.2 eV), our
predictions are reasonable, but the experimental dissociation
energy for Sek (2.8 eV) appears to be too large. The
dissociation energy ranges for losing F from the Se&hions
are 3.19-4.04 eV (SeF), 2.85-3.75 eV (Sek), 3.71-4.01
eV (Sek7), 2.37-3.52 eV (Sel), 3.61-4.08 eV (Sek ), and
1.23-2.26 eV (Sek"). The general trend is BP86 BLYP >
B3LYP > BHLYP. The dissociation energy ranges for losing
F~ from the Sef~ anions are 2.252.56 eV (SeF), 2.28-
2.52 eV (Sek), 2.56-2.66 eV (Sek), 2.82-2.97 eV (Sek ),
3.14-3.20 eV (SeF), and 3.53-3.79 eV (Sek), and the
general trend is BP86- BLYP > B3LYP ~ BHLYP. Thus,
except for Sef, the lower energy dissociation limit is always
to the F anion. The lone experimental dissociation energy, for
Sek™ — Sek™ + F, appears to be too small.

The range of seleniurfluorine bond distances predicted here
is of special interest. For this purpose we consider only the more
reliable BHLYP predictions. The neutral SE bond distances
are 1.743 A (SeF), 1.733 A (SgF1.701 and 1.795 A (SeF
1.688 and 1.774 A (SeJ; 1.671 and 1.740 A (Sef; and 1.686
A (SeR). Thus, the entire range, from 1.671t0 1.795 A, is 0.124
A. The negative ion SeF bond distances are 1.847 A (S8F
1.954 A (Sek), 1.770 and 1.920 A (SeF), 1.875 A (Sek),
1.719 and 1.840 A (SeF), 1.818 A (Sek"), and 1.702 and
1.812 A (SeF, Ds;). We see that the closed-shell SeBek™,
and Sek~ have Se-F bond distances longer than the neutral
1 — T v T selenium fluorides by within 0.1 A, but the distances for SeF

0 1 2 3 4 5 6 SeR~, and Seg are all much longer (around 0.2 A) than those
SeF, observed for the neutral selenium fluorides. One is tempted via
ideas such as Badger’s Rule to suggest that unusually long bond
distances might be associated with low electron affinities. Such
an argument may be applied to the geBehk, and Sef
BrE,~ molecules-12 we have concluded that the DZF- systems, which have smaller EA values and longer anion bond

BHLYP method is the most reliable method for predicting the dlstanc,es. However, one should be. C"’?ref‘." abpu.t myolgng
electron affinities [1.99 eV (Se), 2.37 eV (SeF), 2.21 eV (SieF Badger’s rule with F compo_unds anq ionic dI.SSOCIaFIOH limits.
3.39 eV (SeB), 2.50 eV (SeB), 5.23 eV (SeB), 3.13 eV (Sef)] We h.ope that our theoreycal predlcthns will prowde strong
and molecular structures of the selenium fluorides. After ZPvE Motivation for future experimental studies of these important
corrections, the E& values are predicted to be 1.99 eV (Se), chalcogen fluorides and their anions.

2.38 eV (SeF), 2.24 eV(Sef; 3.41 eV (Sek), 2.58 eV (Seh),

EA,, (eV)

Figure 9. The plot of “the best theoretical adiabatic electron affinities”,
which are BHLYP results after ZPVE correction, for G¢f = 0—6).
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