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The infrared and Raman spectra of Cs+C1F40- and Rb+ClF40- have been recorded. 
been observed consistent with a C4* structure analogous to  that of XeF40 and CIFB. 
vibrations is proposed and a modified valence force field has been calculated. 
a mainly covalent C1=0 double bond and two semiionic three-center, four-electron p-p u C1-F bond pairs. 

Nine fundamental vibrations have 
An assignment of the fundamental 

The bonding in ClF4O- is best described by 

Introduction 
C1F30 forms adducts' with strong Lewis acids and 

In this paper, we present proof for the structure bases. 
of the ClF3O-Lewis base complexes. 

Experimental Section 
The materials, apparatus, and the preparation of Rb+ClF40- 

and Cs+ClF40- have previously been described .l The infrared 
and Raman spectra were recorded as previusly reported.% 

Results and Discussion 
Vibrational Spectra.-Figures 1 and 2 show the 

vibrational spectra of solid RbfClF40- and Cs+C1- 
F40-, respectively. Table I lists the observed fre- 
quencies. For comparison, the values reported for 
ClF4- and C1F54p6 are included. Since C1F4O- and 
ClF4- are pseudo-isoelectronic with XeOF4 and XeF4, 
respectively, the values reported for the latter two 
 molecule^^^^ are also listed. 

Comparison with the known structures of isoelec- 
tronic C1F5 and pseudo-isoelectronic XeOF4 suggests 
for ClF40- symmetry Go. For this point group, the 
nine normal modes of vibration are classified as (3A1 + 
2B1 + BZ + 3E). Of these, all nine modes are Raman 
active, while only the three A1 and the three E modes 
are infrared active. However, for the related com- 
pounds listed in Table I, the antisymmetric XF4 out-of- 
plane deformation mode is either inactive for point 
group D Q ~  or of such low intensity for point group CdV 
that i t  has not been observed. Further complications 
might be expected due to the fact that  we are not 
dealing with the isolated ClFdO- ion but with a solid in 
which the ClF40- ions might occupy lattice sites 
having a symmetry lower than C40. This site sym- 
metry lowering might particularly influence the doubly 
degenerate E modes and cause their splitting into two 
components. The observation of seven or eight 
Raman bands (assuming two of the three E modes to 
split into their degenerate components), with two of 
them having none and one of them having only a very 
weak counterpart in the infrared spectrum, is consis- 
tent with the above considerations. 

The assignments for ClF,O- were made by com- 
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parison with the known spectra of ClF4-,3 C1F5,4r5 
XeF4,e17 and XeOFdS4 The band a t  about 1200 cm-l 
occurs a t  a frequency much too high for any C1-F fun- 
damental vibration and, hence, is assigned to the C1=0 
stretching vibration, vl(A1). The shoulder on the 
lower frequency side of the 12OO-cm-' band is due to 
the 37Cl isotope. The strongest Raman band, a t  about 
460 cm-', should belong to the totally symmetric C1F4 
stretching vibration, vB(A1). Similarly, the strongest 
infrared band a t  about 580 cm-' should be due to  the 
antisymmetric C1F4 stretching vibration, v ~ ( E ) ,  which 
is split into its two degenerate components. The 
second strongest Raman band a t  about 350 cm-l ob- 
viously should represent the symmetric out-of-phase 
C1F4 stretching mode vq(B1). The frequencies and 
relative intensities of vz(A1) and v4(B1) of ClFqO- are in 
good agreement with those reported3 for C1F4-. 

The remaining five modes are deformation modes. 
The O=C1F4 deformation mode, vs(E), involves mainly 
a motion of the double-bonded oxygen and, hence, 
should have the highest frequency. It is assigned to  
the band a t  about 400 cm-l, assuming again a splitting 
into its degenerate components. By analogy with the 
related molecules listed in Table I, the antisymmetric 
in-plane C1F4 deformation mode should have the lowest 
frequency and is therefore assigned to the band a t  about 
210 cm-l. For the remaining three modes, we are left 
with only two frequencies. Since the antisymmetric 
out-of-plane XF4 deformation mode, V5(Bl), has not 
been observed for any of the compounds given in Table 
I, i t  is assumed to  be the unobserved mode. There are 
two frequencies a t  about 340 and 280 cm-' left for as- 
signment to the C1F4 umbrella deformation, V3(Al), and 
the C1F4 scissoring mode, Vg(B2). These two modes 
can easily be distinguished based upon their relative in- 
frared intensities. The v3 mode should be of high in- 
tensity, whereas v o  should ideally be only Raman ac- 
tive. Consequently, the bands a t  340 and 280 cm-' are 
assigned to VQ(A1) and Vg(Bz), respectively. The fre- 
quencies of vS(AI) and v4(B1) almost coincide. The 
possibility that  for Rb+ClF40- the 339-cm-l infrared 
band is the counterpart of the 350-cm-l Raman band 
is not likely owing to its high relative intensity and the 
relatively large frequency difference of 11 cm-'. Com- 
parison of the C1F4- frequencies with those of ClF40- 
and ClF5 involving only the approximately square- 
planar C1F4 part reveals the following trend. The 
ClF4O- anion has the lowest frequencies, ClF4- is inter- 
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TABLE I 
VIBRATIOSAL SPECTRA OF Rb +ClFbO- AND Cs+ClFaO- AND THEIR ASSIGNMEST COMPARED 

WITH THOSE OF CIS-, ClS ,  XeOFa, AND XeF4 

,------Observed frequencies, cm-1, and relative intensities--- 
--Rb +CIFaO --- ---& +ClFaO --- --ClF4- -CIFjb--- ---XeOF4*----. 

Ir Raman Ir Raman I r  Raman Ir Raman Ir Raman 
1216 s 1211 ( 0 . 6 )  1201 s 1203 (0.6) 722 m 709 (3) 926 s 520 (2) 
462 w 461 (10) 457 w 456 (10) 505 (10) 541 rn 538 (1) 576 m 567 (10) 
339 s [35OIe 335 s [34516 425 m 453 s 480 (10) 254 s 285 ( O f )  

350 (4 .3)  345 (4) 417 (10) 480 (10) 527 (4) 

283 v w  285 (0 .4)  280 v w  283 (0 4) 288 (1) 375 (1) 233 (1) 
600 555 (0.1) 600: 593 ( 0 . 2 )  500-680 732 vs 608 vs 
5501 vs 557 ( 0 . 4 )  560) 564 (0 .3)  vs, br  

[346Ie [2301 

Assign- 
ment 

for XZFa 
in point ----___ 

---XeFaC'd-- group 
I r  Raman Ca, Type of vibration 

AI YI Y X Z  
543 (10) Y ?  vQpm in-phase XFc 

251 s ~3 Gsym out-of-plane XF4 
502 ( 8 )  Bi YL vgym out-of-phase XF4 

us 6a,ym out-of-plane XFa 
235 ( O + )  Bz ~6 6,ym in-plane XFa 

E v i  vasgm XF4 686 vs 

482 s (4801 361 s 365 (2) 

302 s 296 ( 0 . 4 )  161 (O+) [2501 

b~ GZXF 

Y Y  6,,ym in-plane XFa 

a Reference 3. References 4 and 5 .  Reference 6. Reference 7. e Frequency values listed in brackets were not observed 
They were either obscured by stronger bands in the same region or estimated from combination bands or force constant directly. 

calculations. 
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Figure 1.-Vibrational spectrum of solid Rb+ClF40-: (A) in- 
frared spectrum as AgBr disk; (B) Raman spectrum at  two dif- 
ferent recorder voltages, exciting line 4880 A ;  C indicates spec- 
tral slit width. 
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Figure 2.-Vibrational spectrum of solid Cs'ClF40-: (A)  in- 
frared2pectrum as AgBr disk; (R)  Raman spectrum, exciting line 
4880 A; C indicates spectral slit width. 

mediate, and C1F; exhibits the highest frequencies. 
This is not surprising, since C1F40- possesses, in addi- 
tion to a bond-weakening formal negative charge, an 
oxygen ligand. The pronounced weakening effect on 
C1F bonds upon oxygen substitution has previously 
been discussed in detail for C102F2- and, hence, will 
not be reiterated. 

The difference in the vibrational spectra of ClF4O- 
and isoelectronic XeOF4 can be rationalized in the fol- 
lowing way. The two symmetric XF4 stretching 
modes do not involve a motion of the central atom. 
Hence, no mass effect of the central atom is expected, 
and XeOF4 with the stronger X-F bond shows the 
higher frequencies for these two modes. For the anti- 
symmetric XF4 stretching mode, the frequencies be- 
come similar for XeOF4 and C1F40- due to a pro- 
nounced mass effect. The deformation modes of 
XeOF4 all shorn lower frequencies than the corre- 
sponding modes of ClF40-. This is due to the increased 
size of the central atom in XeOF4 which facilitates 
angle deformations. For C1F40-, an overlap of the 
range of stretching and deformation vibrations occurs. 
This unusual overlap has previously been recognized 
and discussed3 for the structurally related ClF4- anion 
and requires relatively weak C1-F bonds and a small 
central atom. Furthermore, a comparison between the 
pairs ClF40--ClFd- and XeOF4-XeFd shows for the 
chlorine fluoride stretching modes a frequency de- 
crease from C1F4- toward C1F40-, whereas for the 
xenon fluorides the trend is reversed. This is due to 
the difference in the electronegativity of the central 
atoms. In the case of the xenon compounds, the addi- 
tion of an oxygen ligand (which is more electronegative 
than xenon) to xenon results in a slight further electron- 
density withdrawal from xenon. This increases the 
effective electronegativity of xenon and makes i t  more 
similar to that of fluorine, thus increasing the contri- 
bution of covalent bonding to the Xe-F bond. In the 
case of chlorine fluorides, the multivalent chlorine 
atom is more electronegative than oxygen. Hence, 
oxygen addition lowers the effective electronegativity 
of chlorine, thus causing an increase in the polarity of 
the C1-F bond. This effect of oxygen substitution 
has been observed for the following related pairs: 

(8) K. 0. Christe and E. C. Curtis, Inovg. C h e m . ,  11, 35 (1972). 
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ClF~-ClSO, C1Fz--C1Fz0z-,8 C1F-C1F0Zl8 and ClFZ+- 
C1Fz0+,9 and, hence, appears to be quite general. This 
interpretation assuming a reversed polarity of the 
X=O bond in chlorine oxyfluorides and XeOF4 is fur- 
ther supported by the observed 19F nmr shifts. Thus, 
the fluorine ligands in XeF4 are more shielded than 
those in XeOF4, whereas the fluorine ligand in FClOz is 
less shielded than that in FCIOa.’o 

Force Constants and Bonding.-The potential and 
kinetic energy metrics for the tetrafluorooxychlorate 
anion were computed by a machine meth0d.l’ The 
geometry was assumed to be thFt of an ideal square- 
pyramid with D(C1-0) = 1.42 A, based on a correla- 
tion between stretching frequency and bond length,12 
and with r(C1-F) = 1.75 8, which is somewhat longer 
than the long bonds in C1F3.13 The bond angles, a 
and p, are defined as L 0-C1-F and L F-C1-F, respec- 
tively, and were assumed to be 90”. 

The force constants were found by trial and error 
with the aid of a computer, requiring exact fit between 
the observed and computed frequencies. The results 
are given in Table 11. The values shown for the inter- 

TABLE I1 
FORCE CONSTANTS O F  ClFiO- a 

f R  
f P  
.fs 

9.13 
1.79 f ”3 0.29 
1.33 f’ua 0.08 

fa 0.61 f ra  0.15 

Y r ,  0.04 
fir 0.25 Y’rs -0.15 

4 Stretching force constants in mdyn/A and deformation force 
constants in mdyn A/radian2. 

action constants, while not unique, were the simplest 
set that  would give an exact fit. Since the force con- 
stants are underdetermined, a statistically meaningful 
uncertainty estimate cannot be made. Numerical ex- 
periments showed that assuming different interaction 
constants, and constraining them to plausible values, 
would result in valence force constants differing from 
these shown by less than 0.2. These estimated un- 
certainties are felt to be conservative. The potential 
energy distribution for this force field is shown in Table 
111. 

The two constants of greatest interest are the 
stretching force constants. The value of 9.13 mdyn/A 
found for the C1=0 stretching force constant, f R ,  is 
within the range expected for a covalent C1=0 double 
bond. For example, values of 9.37, 9.07, and 8.3 
mdyn/A were found for the chlorine oxyfluorides, 
C1F30, ClO2F,I4 and C102Fz-,8 respectively. The 
fact that  the value of f R  in ClF40- is slightly lower than 
than in ClF30 can be explained by the negative charge 
(9) K. 0. Christe, E. C. Curtis, and C J. Schack, Inorg. Chem., 11, 2212 

(1972). 
(10) C H Dungan and J R. van Wazer, “Compilation of Reported ’*F 
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TABLE I11 
POTENTIAL ENERGY DISTRIBUTION= FOR CIF4O- 

Frequency, Potential energy 
Assignment cm -1 distribution 

At vi 1203 0 98fR 
v2 456 0.77fi + 0.21fTT 
va 339 0 Sof~ + 0 17f’pp 

V5 (218)b 0.82fp + 0.17f’pp 
Bi v d  345 1 34fT - 0.37fw 

Bz ve 283 0 .  89fu + 0 1 lyan 
E v7 578 0.97fv + 0.17fp 

va 406 1. llfs 
v9 204 1 04fa - 0.  13f’aa 

a Only the more important terms are given. Computed 
frequency. 

on the Sentral atom in C1F40-. The low value of 1.78 
mdyn/A obtained for the C1-F valence force constant, 
f7, is similar to that of 1.6 mdyn/A obtained for 
C102Fz-.* These low values are due to the formal 
negative charge and oxygen substitution (see above). 
The negligible change in the C1-0 order (when com- 
pared with normal C1=0 double bonds), coupled with 
a pronounced deerease in the C1-F bond order, im- 
plies that the negative charge in ClF40- is, to a large 
extent, located on the fluorine ligands and not on the 
chlorine central atom or oxygen atom. 

The pseudo-octahedral C40 structure of C1F40- could 
be explained by two different bond models: (1) an 
sp3d2 hybridization of the valence electrons of chlorine 
resulting in mainly covalent C1-F bonds and ( 2 )  a 
m ~ d e l ’ ~ - ~ ~  involving mainly two delocalized p-electron 
pairs of the chlorine atom for the formation of two 
semi-ionic three-center, four-electron p-p u bonds with 
the four fluorine atoms. Mainly covalent sp hy- 
bridization is assumed for the C1-0 bond and the 
free electron pair. For model 1, we would expect 
for the C1-F va!ence force constant a value in the range 
2.8-3.6 mdyn/A. For model 2, f i  should !e between 
1.6 and 2.5 mdyn/A. The value of 1.78 A observed 
for the C1-F stretching force constant in ClF40- strongly 
favors model 2. 
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