
HALOGEN FLUOROSULFATE DERIVATIVES Inorganic Chemistry, Vol. 9, No. 11, 1970 2485 

CONTRIBUTION FROM THE DEPARTMENT O F  CHEMISTRY, 
THE UNIVERSITY OF BRITISH COLUMBIA, VANCOUVER 8, BRITISH COLUMBIA, CANADA 

Raman Spectra and Structure of Bromine Tris(fluorosu1fate) 
and Iodine Tris(fluorosu1fate) and the Anions 
Bromine Tetrakis(fluorosu1fate) and Iodine Tetrakis(fluorosu1fate) 

BY H .  A. CARTER, S. P. L. JONES, AND F. AUBKE* 

Received May 18, 1970 

Alternative routes for the preparation of K[I(OSOzF)*] and K[Br(OS02F)4] are described. The Raman spectra of these 
compounds, of Na[I(OSOzF)4], and of the halogen tris(fluorosu1fates) I(OSO2F)a and Br(OS02F)a are reported. A square- 
planar configuration is proposed for the anions, whereas the presence of two types of fluorosulfate groups in the tris(fluor0- 
sulfates) suggests a polymeric structure. 

Peroxydisulfuryl difluoride, SzOeFz, has been found 
particularly useful in the preparation of halogen fluoro- 
sulfate derivatives, where its behavior can best be ra- 
tionalized as that  of a pseudohalogen. The reaction of 
bromine and iodine with excess SZO~FZ has been found to 
yield the tris-fluorosulfate compounds Br (OSOzF)3 and 
I (OSOZF)~, respectively.2 Under similar conditions 
potassium bromide and iodide have been found3 to give 
complex salts of the composition K [Br(OSOzF)4] and 
K [I (OSOzF)4 1, respectively. Subsequent s t u d i e ~ ~ - ~  
with the tris(fluorosu1fates) have yielded some infor- 
mation on their chemical and physical properties as 
well as their solution behavior in fluorosulfuric acid. 
However, no structural information on any of the com- 
pounds is available a t  present. The assumption that 
the tetrakis(fluorosu1fate) anion is a reaction product of 
the tris(fluorosu1fate) and the fluorosulfate anion, ac- 
cording to 

is logical in view of the related systems BrF3 vs. BrF4- 
and IC&, vs.  IC14-. This, however, has not previously 
been substantiated by synthesis or vibrational spectra. 

The present study was undertaken in order to search 
for new synthetic routes for the fluorosulfate complexes 
which might be used as evidence for the above assump- 
tion and to obtain, if possible, vibrational spectra of 
this group of compounds. Their rather high reactivity 
has prevented any infrared studies so far. Since none 
of the compounds is deeply colored-the tris(fluor0- 
sulfates) are pale yellow to yellow and the anion com- 
plexes white to slightly cream colored-it should be 
possible to obtain laser Raman spectra. 

The most feasible structural models for the tris(fluo- 
rosulfates) are provided by analogs from among the 
interhalogen compounds of the AB3 type: (a) the 
T-shaped monomeric molecule as found for BrF3’ and 
C1F38rg and (b) the fluorosulfate-bridged dimer or pos- 

Hal(OS02F)a + SOaF- = Hal(OS0ZF)d- (Hal = Br, I )  
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sibly polymer similar to the 12Cl,j10 structure. The fact 
that the 19F nmr spectrum of the melt or the solution in 
SzOeFs6 shows only a single line for both tris(fluorosu1- 
fates) might imply that neither model is satisfied, but 
rapid inter- or intramolecular exchange is a definite 
possibility. Vibrational spectra, however, have pre- 
viouslyll been found to be very helpful in distinguishing 
between bridging and terminal fluorosulfate groups in 
compounds such as Sn(S03F)4 and C1zSn(S03F)z. 

Experimental Section 
Materials.-Analytical grade KBrO6, KI,  and NaI from Fisher 

Scientific Co. were used. Sublimed analytical grade Iz was 
supplied by BDH. Bromine (BDH) was purified before use 
according to literature methods.12 KICla was prepared over the 
KIBr2 intermediate.I3 Peroxydisulfuryl difluoride was prepared 
in a catalytic reaction as described in principle by Cady and 
Shree~e .1~ The purity was checked by infrared and l9F nmr 
spectra. Potassium fluorosulfate was prepared from KC1 (BDH) 
and double distilled IlSOaF (Baker and Adamson). The crude 
product was recrystallized from water. All reactions involving 
SzOeFz were carried out in 50-100-nil flat-bottom reaction flasks, 
fitted with Fisher and Porter greaseless Teflon stem stopcocks. 
The reaction mixture was stirred magnetically in case of the com- 
plex salt preparations. All reactions were followed by weight. 
A five to tenfold excess of SzOsFz was used. The details are given 
below. 

K [ I( OSOZF)~] was prepared by combining equimolar amounts 
(3.48 mmol each) of KSOaF and I(OSOzF)3 in a drybox. T o  
complete the mixing of the products, a large excess of S 2 0 6 F 2  

or SzOjFl was added. White crystals were formed and separated 
by distillation of solvent; 3.43 mmol was obtained. The de- 
composition point of -+ 165’ compares well with the previously 
reported one of 167-168°.3 

In the ligand replacement reaction, 1.722 mmol of KICL was 
treated with a large excess of SzOsFz. Chlorine was evolved irn- 
mediately. In  order to complete the reaction, the mixture was 
heated a t  70’ for 24 hr. The products were separated by dis- 
tillation of the volatile components a t  room temperature; 1.709 
mmol of K[I(OS02F)4] with a decomposition point of +16S0 was 
obtained. 

The composition of both products was checked by iodine 
analysis. Identical X-ray powder patterns were obtained for 
K[I(OS02F)4] prepared by the different routes. 

Preparation of K[Br(OS02F)4] .-An excess of S~OGFS was dis- 
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tilled in vucuo onto 6.503 mmol of KBr08.  Upon warming to 
O ” ,  the reaction proceeded moderately fast with the formation of a 
bright orange intermediate. The reaction mixture was kept a t  
0” until oxygen evolution had ceased. After removal of the 
oxygen and the excess S Z O ~ I ~ Z  by pumping, 6.50 mmol of KBr- 
(OS02F)4 was obtained. A decomposition point of 170” was 
found. 

Raman Spectra.-.4 Cary 81 spectrophotometer equipped with 
a Spectra Physics Model 125 laser was used. The samples were 
contained in flat-bottom Pyrex tubes (5-mm 0.d.). 

The sample was analyzed for bromine after hydrolysis. 

Results 
The Raman spectra of K[B~(OSOZF)~] ,  K[I(OSOz- 

F)4], and Na[I(OS02F)4] are listed in Table I, together 

TABLE I 
VIBRATIOSAL FREQUENCIES FOR THE Hal(OSO%F)4- ANIOX 
KBr- 

(OS0zF)c 

1424 mw 
1407 mw 
1237 s 
1220 w, sh 
970 ms 

8.34 m 
615 vs 
578 ms 
553 w 
447 s 
406 w 
399 U’ 
270 s 
239 vs 

NaI- 
(OSO2F)a 

1407 m 
1395 w 
1236 s 
1222 w, sh 
1001 m 
859 w 
834 m 
612 vs 
580 ms 
551 ms 
440 s 
405 w 
394 w 
252 s 
231 vs 

KI- 
(OS0zF)a 

1409 m 

1250 s I 
1222 w, s h i  
1002 m 

837 
620 vs 
582 m 
554 m 
442 s 
407 w 
397 w 
260 s 
239 vs 

--Assignment-- 

V I  vns.sos A” 

V I  Vs,SOa A‘ 

v 4  Vas.SOa A’ 

V? V S F  

V 3  6dd 

VS 

US 

U I  Hal-0 

~4 Hal-0 
u2 Hal-0 

V n  

V6 

A‘ 
A’ 
A’ 
A’’ 
AI, 
A” 
B2g 
B1, 
A’ 

with the estimated intensities and a tentative assign- 
ment. A correlation diagram for the SOJF group is 
given in Table 11. The spectra for Br(OS02F)3 and 
I(OSOZF)~ are listed in Table 111. Approximate polar- 

H. A .  CARTER, S. P. L. JONES, AND F. AUBKE 

tion of equimolar amounts of KSOJF and I(OSOZF)~ 
with SzO6Fz as the liquid phase and (b) the ligand re- 
placement reaction where KIC14 is allowed to react with 
an excess of Sz06F2 at  room temperature according to  
KICh + 2S206Fz = K[I(OSOzF)4] + 2C12. The ob- 
tained products are found to have the required composi- 
tion and appear to be identical with the previously re- 
ported onea as shown by the decomposition points and 
X-ray powder diagrams. The outcome of the prepara- 
tive reactions seems to agree well with expectations but 
is, however, insufficient as structural proof. 

None of the two routes discussed above presents an 
improvement over the previous preparation with K I  as 
the simplest starting material. When potassium iodide 
is substituted by sodium iodide, Na[I(OSOnF)4] is 
formed as expected. 

The alternative route for the preparation of K[Br- 
(OSOzF)4] is far easier than the interaction of KBr with 
S206F2. When KBr03 is allowed to react with S2O6F2 
a t  temperatures below O ” ,  a rather vigorous reaction 
with oxygen evolution takes place and K [Br(OS0zF)4] 
is formed instantaneously. The net reaction is best de- 
scribed as KBr03 + 2S206F2 = K[Br(OS0zF)4] + 
l.502. When the reaction flask is kept below -40°, 
only moderate oxygen evolution occurs and bright 
orange platelike crystals are formed which decompose 
vigorously upon further warming under 0 2  release. 
Since the analogous reactions of SzOoFz with KC10315 
and K I O p  result in the formation of C102S03F and 
I02S03F, respectively, it  seems feasible that the ob- 
served intermediate is possibly thermally unstable 
Br02S03F. The only known BrOz derivatives FBrOZl7 
and Br0z0N0218 are of very limited thermal stability, 

TABLE I1 
CORRELATION DIAGRAM OF THE SOSF GROUP 

SOSF- ion symmetry), VI ( 4 1 )  V? (AI) v3 (-41) v 4  (E) vj (E)  V6 (E) 
vibrational modes V s , S O s  V S F  V e , B O a  v a s , S O a  &3,808 b o k  

Example KSOaF 1082 786 566 1287 592 409 

JI 
-OSOZF group, vibrational modes V I  (A‘) vz (A’)  1 3  (A’) v 4  (A’) v7 (A”)  ~5 (A’) vs (A”) vfi (A‘)  V Q  (A”) 
Example Br(OSO?F)d- 1237,1220 834 615 970 1424, 578 553 239 406 

1407 

ization ratios for the most intense peaks of iodine tris- 
(fluorosulfate) were also obtained since the spectrum 
was obtained for the supercooled melt. All compounds, 
particularly the first four, were found to give well-re- 
solved spectra a t  rather low sensitivities. The accuracy 
is judgedtobe-=+=2.0cm-l. 

The Raman spectra of K[I(OSOZF)~],  K[Br(OS02- 
F)4], and Br(OS02F)3 are shown in Figure 1. All at- 
tempts to obtain well-resolved infrared spectra by 
avoiding window attack did not lead to satisfactory re- 
sults. 

Discussion 
The two new synthetic routes employed for the prep- 

aration of K[I(OS02F)4] are quite logical in view of the 
postulated nature of the complexes: (a) the interac- 

being comparable to the bromine oxides. Because the 
complex K [Br(OS02F)4] is formed instantaneously, this 
route offers some advantages over the previous prep- 
aration where heating t o  50” and a reaction time of 
several days are required. A difference in decomposi- 
tion points--we find 170” while that reported3 is looo- 
is not too meaningful since decomposition points can be 
influenced by small impurities and do not present a 
good criterion for identification. 

The Raman spectra of K[Br(OS0zF)4], K[I(OS02- 
F)4], and Na[I(OSOzF)4] are listed in Table I. All 

(15) H. A. Carter, A. M. Qureshi, and F. Aubke, Chem. Commu?~. ,  1461 
(1568). 
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(18) M. Schmeisser a n d  L. Taglinger, Chem. Bey., 94, 1533 (1961). 
781 (1557). 
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TABLE I11 
VIBRATIONAL FREQUENCIES FOR Br(OS02F)8 AND I(OS02F), 

--Assignment--- 
Br(OSOaF)3 

1490 mw 
1467 w 
1372 rn 
1356 mw, sh 
1241 s 
1230 m, sh 
1168 mw 
1122 m 

1010 m 
1015 m 
859 m 
827 vw 
801 m 
721 ms 
645 vs, br 
612 vs  
583 ms 
563 m 
551 vw 
540 w 
455 s 
430 m 
408 mw 
384 mw, sh 
303 vs 
276 vs 
225 ms 
206 

1381 mw 

1233 s, p (0.34) 

1182 w, sh 
1076 w, sh 
1050 m, p (0.62) 
963 m, p (0.29) 

869 p (0.40) 
826 w 
800 m 
700 w 
642 vs, p (0.49) 
619 p (0.48) 
580 m, sh 
556 

540 m, sh 
457 s, p (0.39) 
430 w, sh 
412 m 
386 mw, sh 
290 vs, p (0.46) 
270 s, sh 

Terminal 

V7 

V I  

v4 

v2 

v5 

V8 

VI  Hal-0 

V 9  

v4 Hal-0 

v z  Hal-0 
V 6  

Bridging 

V l  

V I  I 

V 4 l  

vz 

V5' 

YS' 

va 

VD) 

Y E r  

181 m 
148 m 

three show considerable similarity, indicating struc- 
turally related compounds. The three vibrations 
found in the sulfur-oxygen stretching region of 1500- 
900 cm-l suggest that  all four fluorosulfate groups are 
identical. Some small splittings or the presence of 
shoulders could be due to solid-state splitting. Also a 
single band attributed to the S-F stretching vibration is 
found at -835 cm-l. The observed frequencies differ 
markedly19-21 in total number and position of the ab- 
sorption bands from that of an SOSF- ion. 

Covalent interaction will increase the number of vi- 
brational modes from 6 for the SOBF- ion with CsV sym- 
metry to 9 for the covalent monodentate or bidentate 
SO3F group, both with C, symmetry, by the removal of 
degeneracy for the three E modes. All vibrations for 
CaV and C, symmetry will be ir and Raman active. 

The change in band positions is illustrated nicely for 
the monodentate covalent compounds by S205F2 and re- 
lated compounds, where bands a t  -1500 and 1250 cm-' 
are found,22 indicating a larger degree of multiple 
bonding for the remaining terminal sulfur-oxygen 
bonds. 

A correlation diagram, where a tentative assignment 
for the Hal(OS02F)4- ion is made, is shown in Table 11. 
The degree of splitting of the E modes, best recognized 
for the S-0  stretching modes, will indicate the degree of 
covalency in the halogen-oxygen bond. This is well 

(19) D. W. A. Sharp, J .  Chem. Soc., 3761 (1957). 
(20) H. Siebert, 2. Anoug. Allg. Chem., 289, 15 (1957). 
(21) J. Goubeau and I. B. Milne, Can. J .  Chem., 46, 2321 (1967). 
(22) R. J. Gillespie and E. A. Robinson, ibid., 40, 644 (1962). 
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Figure 1 

illustrated when the Br(OSOZF)4- ion is compared to  
I (OSOZF)~- ion where a slightly smaller splitting for the 
latter indicates a slightly more polar bond. 

For the anions, the vibrational frequencies can best 
be interpreted as being due to a covalently bonded 
monodentate SO3F group. The remaining bands a t  
-445, -395, and -260 cm-' are most probably due to 
halogen-oxygen vibrations and for the bromine species 
occur a t  slightly higher frequencies than the iodine 
species, as expected from the difference in masses. 

The number of vibrational modes agrees well with a 
square-planar configuration, already suggested by the 
structure of the BrF4- ion23~24 which is found to have 
D4h symmetry. To obtain some indication of the ap- 
proximate position of the vibrational bands in the 
fluorosulfate compounds, we have recorded the Raman 
spectrum of KBrF4 which shows a pattern of three ab- 
sorption lines a t  532 (s), 457 (ms), and 246 cm-' (m). 
Due to the above-mentioned thermal instability of 
bromine-oxygen bonds, no other comparable assign- 
ments could be found in the literature. 

The same lack of comparable systems is found for 
the [I(OSOzF)4]- ion. All vibrational studies on ter- 
valent iodine-oxygen compounds are concerned with in- 

(23) S. Siegel, Acta Cvystallogv., 10, 380 (1957). 
(24) W. G. Sly and R. E. Marsh, ibid. ,  10, 378 (1957). 
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frared spectra of iodosyl derivatives25 where the iodine- 
oxygen bond appears to have appreciable multiple-bond 
character. 

The Raman spectra of both tris(fluorosu1fates) indi- 
cate structural similarity but are far more complex than 
those of the anionic species. The vibrational frequen- 
cies are listed in Table 111, together with a tentative 
assignment. For both compounds, a total number of 
six vibrational modes is found in the sulfur-oxygen 
stretching region and two strong bands become assign- 
able to sulfur-fluorine stretching. h similar duplica- 
tion of vibrations is found in the lower range of the 
bending and rocking modes. Bands previously as- 
signed to halogen-oxygen are found again with com- 
parable intensity in the same place as the anionic 
species. 

The obvious explanation for the multitude of bands is 
that two types of fluorosulfate groups are present in 
both compounds. One set of bands is in approximately 
the same place as found for the tetrafluorosulfatohalate- 
(111) anions, even though the asymmetric S-0  
stretching frequency appears at a higher wave number. 
Again the shift is larger for the bromine compound, in- 
dicating a higher degree of covalency, as found before. 

The second set of nine vibrational modes could pos- 
sibly be due to a second covalently bonded monoden- 
tate S03F group as expected for a T-shaped molecule or 
for a bidentate bridging group. We clearly prefer the 
latter alternative for the following reasons. The 

(25) W. E. Dasent and T.  C. Waddington, J .  Chem. Soc., 3350 (1960). 

halogen-oxygen frequencies would be found in a 
different place and a total of six Raman-active bands 
would be expected for the Cz, model with three in the 
stretching range. Only minor positional changes for a 
second terminal S03F group would be expected. In 
addition, fair agreement with the bridging fluorosul- 
fate group in the hexacoordinated compounds Sn- 
(S03F)4 and C12Sn(S03F)211 is found. 

All this points to the fact that the two halogen tris- 
(fluorosulfates) are not monomeric in the solid state, 
The most likely models are a chain-type polymer or a 
bridged dimer, both with a square-planar configuration 
for the halogen. Even though the observed solubility 
in solvents such as SzObFz and SXOsFz points to low 
molecular weight species, no clear distinction is pos- 
sible at this point. 

The occurrence of many doublets in the spectrum of 
bromine tris(fluorosu1fate) is best explained by as- 
suming different conformations of both the terminal and 
the bridging group. Only singlets are observed for 
most corresponding bands of I(OS03F)3 present as a 
melt. All assignments for the two fluorosulfate groups 
are tentative particularly in the lower frequency range. 
The higher frequency S-F vibration is assigned to the 
bridging SO3F group, based on the C12Sn(S03F)211 ex- 
ample. Vibrational modes a t  200 cm-’ and lower could 
possibly be due to lattice modes. 
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Conductivity and pH measurements were made on the heteropoly acids H4[PMo1lS1040] and Hj[PMo~oVnOao] at 25’ in mixed 
oxygen-containing solvents to establish the stability and electrolyte strength of the compounds. Measurements of pH 
were also obtained on H3[PMo12040] and Ha[SiMoizOao]. The conductivity data show that the vanadium compounds exhibit 
typical behavior of unsymmetrical strong electrolytes in the oxygen-containing solvents. The pH data show that t h e  
heteropoly acids studied are strong, stable acids in these media. The acid Hs[PMolsOao] is hydrolytically unstable in water, 
but it is stabilized by mixed oxygen-containing solvents. Diffusion coefficients were calculated for PMO~l\~oao~- and PMolo- 
V20405- using conductivity data. 

Introduction 
A previous paper’ reported the stability and acid 

strength of the heteropoly acids Hd [PMollV040] and 
Hb [ P M O ~ ~ V ~ O ~ ~ ]  as determined by conductivity and pH 
measurements in aqueous solution. These data showed 
that H4 [ P M O ~ ~ V O ~ ~ ]  and H;[PMo10V2040] are strong 
1 : 4 and 1 : 5 electrolytes, respectively, having conduc- 

* T o  whom correspondence should be addressed. 
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tivities that obey the Onsager-Fuoss equation.2’3 
The present work constitutes an extension of the 

conductivity studies on these compounds into dioxane- 
water and tert-butyl alcohol-water solvent mixtures ; 
the compounds are expected to find usefulness in sol- 
vents other than water alone. In addition, pH mea- 
surements of the acids H3 [PMo~~O~C,], Hb [SiMo12040], 
Hd [PMollV040], and Hj [PMoloVz040] were obtained in 

(2) R. fix. Fuoss and L. Onsager, i b i d . ,  61, 668 (1957). 
(3) R.  h.1. Fuoss and F. Accescina, “Electrolytic Conductance,” Inter- 

science, New York, N. Y., 1954. 




