Two isomers of SF? and SFZ: Structures and energetics
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The apparently conflicting results for the ionization energy of SF$ and the standard enthalpy of
formation of SF3" reported over the last 25 years have been reinterpreted and brought into line
in terms of the existence of square pyramidal (C,,) and trigonal bipyramidal (.Ds;) isomers of
SF$ and SF5 . New experimental results and theoretical calculations are reported which are
consistent with this interpretation. Values are recommended for the ionization energy and
standard enthalpies of formation for the two isomers of SF? and SF3 .

The ionization energy of SFi, IE(SF3), and the stan-
dard enthalpy of formation of SF3, AH(} (SF3), have
been the subject of many experimental investigations with
apparently conflicting results for more than 25 years, as
has recently been summarized in J. Chem. Phys. by Fisher,
Kickel, and Armentrout.’ It has been implicitly assumed in
all of these studies that SF§ and SFi each have a single
electronic structure. However, recent measurements in our
laboratory of ion/molecule reactions with S,F,g have re-
vealed the production of two states of SFi~ with distinctly
different chemical reactivities and we have proposed that
these states correspond to square pyramidal (C,,) and trig-
onal bipyramidal (Dsy,) isomers.? Here we present results
of theoretical calculations, as well as further experiments,
which provide convincing evidence for the stabilities of
these two isomers for both SFJ" and SF} and which begin
to bring into line the many, seemingly conflicting, resuits of
previous measurements of IE (SF3) and AH} (SFi).

With a view to the possible formation of two isomers of
SFi, an inspection of the experimental results summarized
in Table I of Ref. 1 shows two sets of values for IE(SF3)
and AH%,(SF{): (six) values in the range 11.31%0.2 to
11.940.2 eV and 461 to 60X 5 kcal mol ~!, respectively,
derived from appearance energy measurements with SFq,
and (four) values in the range 9.60+:0.05 t0 9.83+0.23 eV
and 2.7+4.4 kcal mol~! (recommended),! respectively,
derived from studies of ion/molecule reactions involving
SF: derived from SFy. The low value for IE(SF3) derived
from photoionization appearance energy (AE) measure-
ments with SF;Cl can be assigned to the preferred removal
of a “lone pair” electron on Cl,? followed by intramolecu-
lar charge transfer and dissociation. The intermediate
value of 10.6 eV derived from electron-impact AE mea-
surements with SFsCl has been discounted on the basis of
the energy spread of the ionizing electrons employed in
these measurements.* Of the intermediate values, the upper
limits of 10.0 and 10.4 eV for IE(SF2) derived from the
observation of ion/molecule reactions are consistent with
the four low values, and the value of 10.020.14 eV® can
be discounted since it is based on the erroneous observation
with the flowing afterglow (FA) technique of charge trans-
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fer between SF# and NH,. This latter reaction has been
observed to proceed by HF elimination rather than charge
transfer by others using other mass-spectrometry experi-
ments.”® We have investigated the same reaction in our
selected-ion flow tube (SIFT) apparatus under conditions
similar to the FA experiments and can report a fast reac-
tion, k=(1.0+0.3)X107° cm’® molecule™" at 297 X,
which leads primarily to HF elimination (>97%) with
trace amounts of F* transfer { <2%) and adduct forma-
tion (<1%), rather than charge transfer. The value of
10.67:0.17 eV must also be discounted since it is based on
FA equilibrium-constant measurements for the F~ trans-
fer reaction between CF3 and SF which were discredited
by high-pressure® and guided ion-beam® mass spectrometry
measurements which did not support the attainment of
equilibrium in this reaction.

We interpret the results in Table I of Ref. 1 to provide
evidence for a high and a low ionization energy which we
associate with the ionization of the C, isomer of SF; to
yield the isomers SF5 (C,,) and SF& (D), respectively.
We propose that AE measurements with SF¢ produce the
high-energy C,, isomer of SF5, while ion~molecule reac-
tions produce the low-energy D, isomer.

Also, the (six) values for IE (SF3) in Table I of Ref.
1 need to be corrected downwards since their derivation
from AE measurements with SFy did not recognize that
the SF5 produced in such measurements arises from the
dissociation of ground-state SF§™ which lies above the
thermochemical appearance energy of SF5 . Various exper-
iments have shown that this dissociation releases 0.90.1
eV of translational energy in the products SF5 F®, viz. the
X state of SF¢™ lies above the lowest dissociation channel
yielding SF5 +F* and is a repulsive state.!%!! This means
that the (six) values for IE(SF3) in Table I must be re-
duced by at least 0.9+0.1 eV from the range 11.31 to 11.9
eV to the range 10.4 to 11.0 eV.

Theory is in accord with such an interpretation. Very
recently Gutsev has shown, using a discrete-variation den-
sity method, that the ground states of SF5 and SF} have
D, and C,, symmetry, respectively.'? It was not possible
to establish whether the C,, and D;;, configurations of the
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FIG. 1. Energies and bond lengths computed at the second-order MP2
level of theory using the 6-31G(d) basis set. The geometries have been
optimized under the restriction of C,, and D;;, symmetry, respectively.
Gutsev has reported angles of 90.8° and 102.6" for SF? (C,,) and SF§
(C,,), respectively (Ref. 12).

cation and radical were local minima or transition states,
but energy differences for the Cy, and D;;, configurations
were reported to range from 0.19 to 0.27 eV for SF§ and
from 0.90 to 1.54 eV for SF?%, respectively, depending on
the method used.!? Geometries and relative energies of the
square pyramidal and trigonal bipyramidal isomers of SF3
and SF5” computed in the present study are given in Fig. 1.
The calculations of energies and fully optimized geometries
were performed in the framework of second-order Méller—
Plesset (MP2) theory with a polarized 6-31G(d) basis
et.!> All calculations were performed with the GAUSSIAN
) program14 using a CONVEX 230 computer. In agree-
ment with Gutsev, the C,, configuration was found to be
the global minimum of SF3. The D,;, configuration was
found to be a local minimum and to lie 1.57 eV higher in
energy. This situation is reversed for the cation for which
the Dy, isomer was found to be stabilized by 0.22 eV with
respect to the C,, configuration. The analysis of the force
constant matrix demonstrates that all four species are true
minima, and the relative stabilities found using the MP2
method compares well with the results of the density func-
tional calculations reported previously by Gutsev.'? The
computed energies for the ionization of SF$(C,,) to SF&
(Ds,) and SF{ (C,,) are 9.4 and 9.6 eV, respectively. The
value of 9.4 eV is to be compared with values in the range
from 9.16 to 10.34 eV computed by Gutsev and the exper-
imental value' of 9.600.05 eV which we have assigned to
this transition. All these values are in reasonable agree-

ment. The theoretical value of 9.62 eV for the transition
from SF? (C,,) to SF& (C,,) is lower than the (corrected)
experimental values' which range from 10.4+0.3 eV to
11.0+0.3 eV. A preliminary search in our theoretical
study for a transition state for the isomerization of SFi
points toward a high barrier for this isomerization which is

consistent with the observation of two states of this ion in
the SIFT exneriments.

AL oAl 2 CApPOIIIRIAtS.

We have chosen as the best available AHO(SP') the
value of —218.7+4.2 kcal mol~! at 0 K reported recently
by Fisher et al.' which becomes —221.14.2 kcal mol™~
at 298 K, and we assign this value to the low energy C,,
isomer. IE(SF3) =9.60+0.05 eV! then provides standard
enthalples of formation for the low energy Dj; isomer of
SF3 of 2.7+5.4 and 0.3%5.4 kcal mol ! at 0 and 298 K,

respectively. The computed energy difference of 1.57 eV
bhetween the two isomers of QF" vields AFIOQ.,(QF' Dy )=
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—184.9(%£4.2) kcal mol L. Takmg a lower limit of 9.62
eV for the transition SF$ (C,,) to SFi (C,,) gives a lower
limit for AHJg(SF3, Cy,) =0.7(£4.2) keal mol ™~

H. S. acknowledges financial support from the Deut-
sche Forschungsgemeinschaft and the Fonds der Chemis-
chen Industrie. D.K.B. is grateful to the Natural Sciences
and Engineering Research Council of Canada for financial
support and the Canada Council for a Killam Research
Fellowship.

IE, R. Fisher, B. L. Kickel, and P. B. Armentrout, J. Chem. Phys. 97,
4859 (1992).

2@. Javahery, H. Becker, M. V. Korobov, M. Farber, D. Cooper, and D.
K. Bohme, Int. J. Mass Spectrom. Ion Proc. (submitted).

3R. L. DeKock, B. R. Higginson, and D. R. Lloyd, Faraday Discuss.
Chem. Soc. 54, 84 (1972).

“H. Baumgirtel, H.-W. Jochims, E. Ruhl, O. Losking, and H. Willner,
Z. Naturforsch. B 44, 21 (1969).

SM. Tichy, G. Javahery, N. D. Twiddy, and E. E. Ferguson, Int. J. Mass
Spectrom. Ion Proc. 79, 231 (1987).

$L. M. Babcock and G. E. Streit, J. Chem. Phys. 74, 5700 (1981).

7). G. Dillard and J. H. Troester, J. Phys. Chem. 79, 2455 (1975).

81.. W. Sieck and P. J. Ausloos, J. Chem. Phys. 93, 8374 (1990).

9E. R. Fisher and P. B. Armentrout, Int. J. Mass Spectrom. Ion Proc.
101, R1 (1990).

03 C. Creasey, I. R. Lambert, R. P. Tuckett, K. Codling, L. J. Frasinski,
P. A. Hatherly, and M. Stankiewicz, J. Chem. Soc. Faraday Trans. 87,
1287 (1991).

Hy G. Simm, C. J. Danby, J. H. D. Ehland, and P. I. Mansell, J. Chem.
Soc. Faraday Trans. 2, 72, 426 (1976).

2G, L. Gutsev, Russ. J. Inorg. Chem. 37, 135 (1992).

13W. J. Pietro, W. H. Hehre, J. S. Brinkley, M. S. Gordon, D. J. Defrees,
and J. A. Pople, J. Chem. Phys. 77, 3654 (1982).

14 GAUSSIAN 90: M. J. Frisch, M. Head-Gordon, H. B. Schiegel, K. Ragha-
vachari, J. S. Binkley, C. Gonzalez, D. J. Defrees, D. J. Fox, R. A.
Whiteside, R. Seeger, C. F. Melius, J. Baker, R. L. Martin, L. R. Kahn,
J. J. P. Stewart, E. M. Fluder, S. Topoil, and J. A. Pople (Gaussian
Inc., Pittsburgh, PA, 1990).

J. Chem. Phys., Vol. 100, No. 2, 15 January 1994

Downloaded 09 Jun 2003 to 130.63.84.190. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



