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The CsF-SF,O adduct has been prepared and characterized by infrared and Raman spectroscopy. All eleven fundamental
vibrations expected for a pseudooctahedral anion of symmetry C,, have been observed and are assigned. A modified
valence force field has been computed for SF,0~ and suggests an SO bond order of approximately 1.5.

Introduction

The existence of a CsF-SF40 adduct has been reported’ in
1960 by Smith and Englehardt and in 1964 by Ruff and
Lustig.> 'However, no details were given regarding its prep-
aration or properties. In a subsequent paper Lustig and
Ruff described® the synthesis of Cs*SFsO~ from CsF and
SF40 in CH3CN solution. The ionic formulation of this
adduct was substantiated® by its "*F nmr spectrum which
showed a characteristic AB4 pattern. The vibrational spec-
trum of this interesting compound is essentially unknown,
since only four infrared absorptions were published.® In
~ this paper we wish to report the complete vibrational spec-
trum of the SFsO™ anion and the results from a force con-
stant computation.

Experimental Section

Materials and Apparatus. Volatile materials used in this work
were manipulated in a well-passivated (with CIF,) stainless steel
vacuum line equipped with Teflon FEP U traps and 316 stainless
steel bellows-seal valves (Hoke, Inc., 425 1F4Y). Pressures were
measured with a Heise Bourdon tube-type gauge (0-1500 mm =
0.1%). Sulfur oxide tetrafluoride was prepared by the method? of
Ruff and Lustig from SF,0 and F, and was purified by fractional
condensation. Cesium fluoride was fused in a platinum crucible
and powdered in a drybox prior to use. The purity of the volatile
starting materials was determined by measurements of their vapor
pressures and infrared spectra. Solid products were handled in the
dry nitrogen atmosphere of a glove box.

The infrared spectra were recorded on a Perkin-Elmer Model
457 spectrophotometer in the range 4000-250 cm™! with an ac-
curacy of 2 cm™! for sharp bands. The spectra of gases were ob-
tained using 304 stainless steel cells of 5-cm path length fitted with
AgCl windows. Screw-cap metal cells with AgCl or AgBr windows
and Teflon FEP gaskets were used for obtaining the spectra of solids
as dry powders at ambient temperature. The quality of the infrared
spectra could be somewhat improved by pressing two small single-
crystal platelets of either AgCl or AgBr to a disk in a pellet press.
The powdered sample was placed between the platelets before start-
ing the pressing operation.

The Raman spectra were recorded with an accuracy of +2 cm™!
using a Coherent Radiation Laboratories Model 52 Ar laser as a
source of 1.3 W of exciting light at 5145 A. The scattered light was
analyzed with a Spex Model 1400 double monochromator, a photo-
multiplier cooled to ~—25°, and a dc ammeter. Pyrex-glass tubes
(7-mm o.d.) with a hollow 1n51de glass cone for variable sample
thicknesses or melting point capillaries were used as sample con-
tainers. For the conical tubes the axial viewing-transverse excita-
tion technique and for the capillaries the transverse viewing-trans-
verse excitation techniques were used.

Preparation of CsSF,0. A prepassivated (with CIF,) 30-ml 316
stainless steel cylinder was loaded with dry, powdered CsF (9.93
mmol). Purified SF,0 (16.1 mmol) was added to the cylinder at
—196°. After warming to ambient temperature overnight, the
cylinder was heatéd at 90° for 5 days. Upon recooling to room
temperature, all volatiles were removed in vacuo and trapped at
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—196°. The recovered SF,0O (7.32 mmol) indicated that 88.5% of
the CsF had been converted to CsSF,0. Confirmation of this was
obtained by pyrolyzing a sample of the complex at approximately
250° for 10 min while pumping the evolved gas through a trap
cooled to —196°. ' The evolved gas was identified as SF,O and the
amount found corresponded to an 82% conversion of CsF to
CsSF,0. A similar experiment exposing KF to SF,0 at tempera-
tures up to 125° for several days did not result in any complexing.

Results and Discussion

Synthesis and Properties. In the absence of a solvent,
heating was required to achieve a significant conversion of
CsF to CsSFs0. The conversion obtained in the present
study is comparable to that of 76% previously achieved® by
the use of CH3CN as a solvent. The reversibility of the for-
mation reaction was demonstrated by the pyrolysis experi-
ment which resulted in SF40 as the only volatile product.
CsSF;0 is a white, crystalline solid and does not show any
detectable dissociation pressure at ambient temperature;
attempts to synthesize the analogous potassium salt failed
under similar reaction conditions. This is not surprising
since the stability of salts of this type generally decreases
with decreasing cation size.

Vibrational Spectra. Figures 1 and 2 show the Raman
and the infrared spectra, respectlvely, of CsSFs0. The
absorption between 300 and 250 cm™ in the infrared spec-
trum is due to the AgBr window material. The observed
frequencies are listed in Table I.

Analogy with isoelectronic SFsCI*:® and the typical AB4
F nmr pattern previously reported® for SFsO™ suggests
the following square-bipyramidal structure of symmetry
Cyy for SF50°

F\Jr"/?
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For this ion of symmetry Cy, 11 fundamentals are expected.
These are classified as4 A; +2B; +B, +4E. All11
modes should be Raman active, whereas only the A, and E
modes should be infrared active. The assignment of the
observed bands to the individual modes is given in Table I
and is supported by the following arguments. The very in-
tense infrared band at 1154 cm™ must be due to the SO
stretching mode. As expected for an A; mode it was also
observed in the Raman spectrum. Its high frequency rules
out any alternate assignment. Comparison with the cor-
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Table I. Vibrational Spectrum of CsSF,0 Compared to Those of SF,Cl and IF,0
- . Assignment in Approximate
Obsd freq, cm ™!, and intens point group description of
CsSF,0 SF,Cle IF,0b ’ o vibration
Ir R Ir R Ir R
1154 vs 1153 (1) 402 403 (10) p 927 s 928 @) p A, vy v(XY)
735 vs 722 (0.2) 855 vs 833 (0.2) p " 680s 680 (10) p v, v(XF)
697 m 697 (10) 707 s 704 (3.0) p 640 w 640 9+) p v, Vsym(XF,)
506 s 506 (1) 602s 603 (0.2) p 360s [ v, 8 sym(out-of-plane XF,)
541 (3.3) 625 (0.7) dp : 640 (9+) p B, vsym(out-of-phase XF,)
472(0.2) (275)4 Vg 6 asym (out-of-plane XF,)
452(0.9) 505 (0.2) dp 305 (1) dp B, v, 8 sym{in-plane XF,)
785vs,br 780 (0.1) br 909 vs 927 (0.2) dp 710 vs 700 (0+) sh E v Vasym
606 s 607 (2.2) 287 vw 271 (0.6) dp 369 s 374 (1) dp v, 8(YXF,)
530 sh 530(2) 579 mw 584 (0.1) dp 3425 340 (4) dp Vio 8(FXF,)
325 mw 441 m 442 (0. 8) dp e 205 (0+) i 6 gs(in-plane XF,)

8 L. H. Cross, M. L. Roberts, P Goggm, and L. A. Woodward, Trans. Faraday Soc., 56, 945 (1969); J. E. Griffiths, Spectrochim. Acta, Part

A, 23, 2145 (1967); K. O. Christe, C. J. Schack, and E. C. Curtis, Inorg. Chém., 11, 583 (1972). b D.F. Smith and G. M. Begun, J. Chem.

Phys., 43, 2001 (1971).
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Figure 1. Raman spectrum of solid Cs*SF,0". A indicates spec-
tral slit width.
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Figure 2. Infrared spectrum of solid Cs*SF,0" as an AgBr disk.

responding mode in SF;0* (1538 cm™)® and SF,0 (1380
em™)? shows the expected frequency decrease with an
increasing formal negative charge.. The SFsO~ anion should
have four additional stretching modes. Three of these be-
long to the approximately square-planar SF4 part and one
involves the unique fluorine ligand. Of these, the totally
symmetric SF, stretching mode of species A, should result
in the most intense Raman line and is consequently a851gned
to the Raman band at 697 cm™. As expected for species
A,, this Raman band has an infrared counterpart. The
antisymmetric SF; and the SF stretching modes in SFsCl
are both of very high intensity in the 1nfrared and of very .
low intensity in the Raman spectrum >"and occur at fre-

(6) M. Brownstein, P. A. W. Dean, and R. J. Gillespie, Chem
Commun., 9 (1970).

(7 P. L Goggin, H. L. Roberts, and L. A. Woodward, Trans
Faraday Soc., 57, 1877 (1961).

d Not observed; value estimated from combmatron band.
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quencies higher than that of v,(SFs) (A;). Consequently,
for SF;0~ these two modes are assigned to the two weak
Raman lines at 780 and 722 cm™, respectively. Of these
two, the 780-cm™ line is attributed to v,{SF,) owing to
its width, lower Raman intensity, and larger frequency
separation from vgy(SFs) (A;). Both Raman bands show
as expected a very intense infrared counterpart. Owing to
the broadness of v4(SFys), these two bands are poorly re-
solved in the infrared spectrum. The broadness of v,g
was also observed for several other approx1mate1y square-
planar XF, groups, such as BrF,~,% CIF,~,° or those in
SFs™ and SeFs™,'® and hence appears to be quite general.
The remaining, yet unassigned, stretching mode, vz p,(out-
of-phase SFs) (By), should be of medium Raman intensity,
should ideally have no infrared counterpart, and should
occur in the range 500-600 cm™. Since both the 506-
and 607-cm™" Raman lines show very intense infrared
counterparts, only the 530- or the 541-cm™ line might be-
long to vgym(SF4) (B1). Based upon its higher Raman in-
tensity and frequency, we prefer to assign 541 cm™ to
Vsym(SF4) (B 1)~

There are six frequencies left for assignment to the six
deformational modes. Of these, the O-SF, wagging mode
(E) should have the highest frequency since it involves a
motion of the oxygen atom which has partial double-bond
character (see below). Furthermore, this mode should re-
sult in a relatively intense band in both the infrared and
Raman s?ectra Consequently, this mode is ascribed to
607 cm™. By comparison with SFsC1,%>% SF5~,!° and
SeFsC1'! one would expect 8 ,¢ym(in-plane SF,) (E) to have
the lowest frequency of the SFs group deformational modes
and to be infrared active. Consequently, this mode is as-
signed to the 325-cm™ infrared band. Of the remaining
two yet unassigned infrared-active deformational modes,
the 8¢ m(out-of-plane SFy) or umbrella mode (A ) should
result in a very intense infrared band of relatively high fre-
quency.*%10:11 Consequently, this mode is assigned to
506 cm™, leaving 530 cm™* for assignment to the F-SF,
wagging mode (E). The two remaining, yet unassigned in-

(8) K. O. Chnste and C. J. Schack, Inorg. Chem., 9, 1852
(1970). =

(9) K. O. Christe and W. Sawodny, Z. Anorg. Allg. Chem., 374,
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Table Il. Symmetry Force Constants of SF,0- ¢

Christe, et al.

A v, 1154 F,=f 6.46
L2} 733 F, =fR 3.75

vy 697 Fyy = o+ 2fp + fr' , ’ 5.43

v, 506 ?4 f}/z(fﬁ +2fpp + fop + foy + 2yy + foyn' = 2y —4py = 203y (2)22

12 ~JRD .

> . a2 F S S o+ fy 2 319
ve Foo = '[2(f3 ~ 2fpp + fo5' + Fy = 2yy + fyy = 2y + 4y — 2y 3.19

B, vy 452 Fpy = fa = 2faa + foo 1.46
E Vg 785 Foy=fr—fr 2.84
vy 607 Foo=fy—1yy ’ 2.22

Y10 530 Fio10 :fa_faa, 2.62

Vyq 325 Fiun =fﬁ—fﬁ5” 1.21

FB9 =f7"Y_fr’Y 0.40

Foo = \/T(fra:fra’) 0.50

Foo=fp—frg 0.28

@ Stretching constants in mdyn/A, deformation constants in mdyn/A radian?, and stretch-bend interaction constants in mdyn/A radian.

frared-inactive modes of species By and B,, respectively, be-
long to the Raman lines at 472 and 452 cm™. Since, for
numerous structurally related species, 8 ,5ym(out-of-plane
SF,) (B,) either has not been observed or was of very low
intensity,3:%1? this mode is assigned to the very weak Raman
line at 472 cm™. Hence, the last yet unassigned Raman

line at 452 cm™ should represent & sym(in-plane SF,) (B2).

Comparison of the SFs0O~ assignment with that made for
SF;sCl1**5 (it should be noted that the assignment given in
ref 7 for vy; (E) is likely to be incorrect'!) shows satisfactory
agreement (see Table I). The slight discrepancy in the
relative Raman intensities observed for vy, (E) between the
two species might be ascribed to increased coupling between
vq and vy in SFs0™ due to O being more similar in mass to
F than Cl. This might result in a symmetric and antisym-
metric rather than in a characteristic F-SF, and OSF;,
wagging motion. This assumption appears to be supported
by the spectrum®® of isoelectronic IFsO (see Table I) for
which the Raman intensity of vjo is higher than that of vs.

Of the four infrared bands previously reported® for
CsSFs0 only the two weaker ones agree with our observa-
tions. Furthermore, the previously suggested® assignment
of the SO stretching mode to a broad band centered at 718
cm™ is obviously incorrect.

In summary, all 11 fundamentals of SF;O™ have been ob-
served and an assignment is offered. The observed vibra-
tional spectrum definitely supports the proposed structural
model of symmetry Cg,.

Force Constants. A normal-coordinate analysis was car-
ried out to aid the spectral assignment. The kinetic and po-
tential energy metrics were computed by a machine
method,'® assuming the following geometry and coordinate
definitions: Rgp =rgg =1.60 &, Dgq =1.47 A, a (FSF) =
B (F'SF) =y (OSF) = 90°, where F' refers to the axial
(unique) fluorine ligand. The symmetry coordinates used
were identical with those reported!® for IFs0. The bond
lengths were estimated by comparison with similar molecules
using the correlation’® noted by Gillespie and Robinson
between stretching frequencies and bond lengths. The
deformation coordinates were weighted by unit (1 A)
distance.

The force constants were calculated by trial and error with
the aid of a time-sharing computer to get exact agreement
“between the observed and computed frequencies using the
simplest possible modified valence force field. Unique

(12) G. M. Begun, W. H. Fletcher, and D. F. Smith, J. Chem.
Phys., 42, 2236 (1965).

(13) D. F. Smith and G. M. Begun, J. Chem. Phys., 43, 2001
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force constants could not be computed since the general
valence field has 36 constants and there are only 11 observed
frequencies. It was found, that for the A, block the values
of Fi; and F», were strongly influenced by the value of the
interaction constant Fy,. Since in isoelectronic SFsCl!¢

and in IF;0' the equatorial and axial fluorine atoms do

not significantly differ in their stretching force constants and
since in SF;07 the equatorial SF stretching force constant

f; is about 3.6 mdyn/A, we prefer for SF;0" a force field
with Fy, = Fp =~ f,. Surprisingly, the interaction constant
Fi3 = 2f,p had little influence on the frequencies of »; and
v3. Hence, its value might be comparable to that of Fi,
although it is not required for obtaining a fit between the
computed and observed frequencies. The computed sym-
metry force constants are listed in Table II. The interac-
tion constants not listed were assumed to be zero.

The following values were obtained for the more impor-
tant internal force constants: fp =6.46,fg =3.75,f.=
3.60, fap = 0.66, f,, = 0.54, and f,,' = 0.75 mdyn/A. Sig-
nificantly larger values of about 4.6 and 7.7 mdyn/A are
possible for fp and fp, respectively, by assuming a much
smaller value for frpp. However, the resulting large dif-
ference between fp and f; renders such a force field less
likely. In spite of these uncertainties in the force constants,
certain conclusions can be reached. The value of the SO
stretching force constant fp (6.5 mdyn/A) is much lower
than those of 10-12 mdyn/A generally found for S=0
double bonds.'5>'® Tts value is comé)arable to that found
for the SO4°™ anion (7.44 mdyn/A'®) indicating for SFsO~
a SO bond order of about 1.5. Furthermore, the values of
the SF stretching force constants, fz and f;, are somewhat
lower than those generally found for covalent SF bonds
(4.5-6 mdyn/A'®) indicating significant ionic contributions
to the SF bonds in SFsO™. These results are best interpre-
ted in terms of the resonance structures

Ve o
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These structures together with orbital-following effects
could also account for the unusually strong coupling be-
tween the SO and SF stretching modes suggested by the
force constant computation.
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