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TABLE VI 

COMPARISON OP CHLORANIL" AND T C N E - M E T H O X Y B B N Z E N B COMPLEXES 

Donor 

Anisole 
o-Dimethoxybenzene' 
m-Dimethoxybenzene<i 

p- Dimethoxybenzene 
1,3,5-Trimethoxybenzene 

° See ref. 7. b A* (Benz-I): separation of first c.-t. energy in methoxybenzene-chloranil complexes from the c.-t. energy of the ben-
zene-chloranil complex. ' Measured in this work: two c.-t. bands at 518 and ^ 3 8 6 mp overlapping. d Two very strongly overlap
ping transitions and only approximate values used. 

' 
Ap (Benz-

Exptl. 

7.3 
10.3 
10.2 
11.3 
9.1 

- I ) , 6 l O ' c m . " 
Cor. by 

eq. 10 

8.4 
11.8 
11.7 
13.0 
10.5 

i 

10' cm. -• 

7.9 
7.6 
5.0 
6.3 
6.0 

7*methoiy, 10* cm. ' 

0.5 
0.2 
0.7 
0.25 

(Value 0.5 used) 

«*methoxy, 10* cm. 

7.8 ± 0.3 
7.7 ± 0.35 
5.8 ± 1.3 
6.1 ± 0.35 
7.1 

1 T*methory, 10« cm. "1 

- 0 . 3 5 ± 0.25 
- 0 . 5 ± 0 . 2 5 
- 0 . 5 ± 0 . 3 
- 0 . 3 ± 0 . 1 5 

0 .5 

tions hi>CT(I,H) ™ a.IvO-,11) which were made in our 
calculation of 7s* are inaccurate, particularly for the 
one involving the second c.-t. band, and a more exact 
expression is required. The most complete descrip
tion of hvcT is given by eq. 2. Unfortunately, not 
enough data are available as yet to make use of this 
equation for a more precise, quantitative evaluation of 
our results. 

Qualitatively, however, it is important to realize 
that simple approximations which described first c.-t. 
transitions quite accurately are insufficient for the 
description of second transitions. This is also evident 
from Hiickel calculations on the molecular orbital 
energies of methoxybenzenes and subsequent com
parison of their c.-t. energies with a number of ac
ceptors.28 A good linear correlation was found be
tween the energies of the highest filled methoxybenzene 
orbitals with the first c.-t. energies of their complexes 
with all acceptors considered. With T C N E , they also 
compared the energies of the second highest filled donor 
MO's with the energies of the corresponding second 
c.-t. absorptions. In this case, no good linear correla
tion was obtained. Even though this correlation is 
improved when our analyzed c.-t. values (Table I) are 
used, the second c.-t. energies still do not fall on the 
same line with the first. Whether or not this is largely 

(28) A. Zweig, J. E. Lehnsen, and M. A. Murray, J. Am. Chem. Soc, 85, 
3933 (1963). 

the result of poor second MO energies, there can be little 
doubt tha t some of the irregularities derive from the c.-t. 
process. 

If the complexes have structures similar to those 
shown in Fig. 1 and 2, then the configurations con
tributing primarily to the first c.-t. transitions are 
orthogonal to those contributing primarily to the 
second transitions. For benzene donor cations with 
electron-releasing substituents the ground state is ex
pected to be antisymmetric for mono- and disubstituted 
isomers, while for tetra- and pentasubstituted isomers 
the symmetric orbital should be the lowest. Therefore, 
the first c.-t. band of the former derives principally from 
structures R5, (Fig. 1), tha t of the latter from structures 
Rx (Fig. 2). The opposite applies to configurations 
contributing to the second charge-transfer absorptions. 
Thus, a change in complex structure with increasing 
donor substitution is expected for each c.-t. band. 

Apparently, this theoretically expected changeover 
in complex geometry does not show up in the experi
mental first c.-t. energies (at least of the methoxyben
zenes). The second c.-t. energies cannot be correlated 
a t present. 
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Two isomers of S2F2 were prepared by heating AgF and S. The relative mass spectral cracking patterns 
of both isomers are reported. For one isomer, microwave transitions for the S 3 ! =S"F 2 , S3S=S34F2, and S 3 4 = S " -
F2 species were obtained. The structure was determined to be pyramidal S = S F 2 with <f(SS) = 1.860 ± 0.015 A., 
d(SF) = 1.598 =F 0.012 A., / S S F = 107.5 =F l ° , and ZFSF = 92.5 ± 1°. The dipole moment was 1.03 ± 0.03 
D. For the second isomer, microwave transitions for the F S " S " F and FS32S34F species were obtained. The 
structure was determined to be nonplanar chain FSSF with d(SS) = 1.888 ± 0.01 A., d(SF) = 1.635 ± 0.01 A., 
ZFSS = 108.3 ± 0.5°, and the dihedral angle = 87.9 =F 1.5°. The dipole moment was 1.45 ± 0.02 D. A 

discussion of the observed structural parameters for both isomers is given. 

Introduction 
The earlier reports in the literature concerning S2F2 

presented some conflicting data and gave rise to general 
(1) This work was supported by a grant extended to Harvard University 

by the Office of Naval Research. Reproduction in whole or part is per
mitted for the U. S. Government. 

(2) (a) Standard Oil of California Predoctoral Fellow 1963-1964; (b) Na
tional Bureau of Standards, Washington, D. C. 

skepticism concerning this compound.3 Because of an 
interest in this laboratory in the structure of some simi
lar molecules, notably F2O2,4 we were prompted to re
investigate S2F2 with the hope of unambiguously charac
terizing it as well as determining its structural param-

(3) See footnotes 2-9 in ref. 5 of this paper. 
(4) R. H. Jackson, J. Chtm. Soc., 4585 (1962). 
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eters. As a result, in two recent communications we 
have shown by microwave and mass spectroscopy that it 
exists as two isomers with pyramidal S=SF2 and non-
planar chain FSSF structures.5'6 In concurrent re
ports, Seel, et al., have also identified these isomers 
primarily by infrared and mass spectroscopy.78 Also, 
recently, Glemser, et al., have reported a preparation 
of S2F2 but do not discuss which isomer or the struc
ture.9 

It is now possible to report for the first time the 
microwave spectrum of the FS82S34F species and the 
detailed structural parameters of this isomer. This 
paper also includes the mass spectrum of FSSF, the di-
pole moments of both isomers, and other important de
tails omitted in our previous communications.6-6 Some 
of the results in earlier reports are also repeated here 
for completeness and to facilitate comparisons between 
the two isomers. 

Experimental 
Synthesis.—The isomers of S2F2 were prepared by heating 

in vacuo to about the melting point of sulfur (120°) a mixture of 
dry silver(I) fluoride and sulfur in a glass vessel.10 Volatile 
products began to evolve from as low as 100°; these were con
densed by liquid nitrogen as soon as prepared. 

Analysis of the products by mass and microwave spectroscopy 
showed that SO2, SF4, SOF2, SiF4, and both isomers of S2F2 

were produced in varying amounts depending on the reaction 
conditions.11 The quantities of SO2, SOF2, and SiF4 could be 
reduced by sufficient purification and drying of the AgF. Some 
selective synthesis of the isomers was also possible since larger 
proportions of S = S F 2 resulted at reaction temperatures above 
the melting point of sulfur, while FSSF was favored at tempera
tures just below this. 

In the investigation, nearly pure S = S F 2 was isolated by low 
temperature, low pressure fractional distillation using a glass 
and copper still.12 This compound and SO2 were the least 
volatile products to distil. The FSSF species, however, was 
studied as a component in the reaction mixtures. This is readily 
possible for both mass and microwave spectroscopy under 
favorable circumstances. In this case the reactivity of the FSSF 
species, evidenced by a characteristic decay in the intensity 
of its microwave lines, labeled the transitions arising from this 
species. The other compounds in the mixture did not react in 
the absorption cell. The growth in intensity of SO2 and SOF2 

lines indicated that FSSF was being oxidized in the spectrom
eter. 

The Mass Spectrum.—The mass spectra of S = S F 2 and a semi
quantitative description for FSSF have been previously re
ported.6'6 It is now possible to evaluate more quantitatively 
the cracking pattern for FSSF by accounting for the other com
pounds in the mixtures studied. The contributions of S=SF 2 , 
SOF2, and SF4 to mass peaks also arising from FSSF were esti
mated from their characteristic cracking patterns using a mass 
peak unique to the compound for calibration. In the case of 
S=SF 2 , the unique mass peak was assumed to be the SF2

+ 

fragment after accounting for SF4 and SOF2. 
After such corrections, a residual, essentially invariant cracking 

pattern was obtained indicative of a single compound. This 
cracking pattern, assigned to FSSF, is listed in Table I. The 
expected isotope ratios were also observed. Actually a small 

(5) R Kuczkowski and E. B. Wilson, Jr . , J. Am. Chem. Soc, 88 , 2028 
(1963). 

(6) R. Kuczkowski , ibid., 85 , 3047 (1963). 
(7) F. Seel and D. GoIiU, Chimia. 17, 207 (1963); Z. anorg. allgem. Chem., 

327, 32 (1964). 
(8) F. Seel and R. Budenz, Chimia., 17, 333 (1963). 
(9) O. Glemser, W. D. Heussner , and A. Haas , Natur-wissenschaften, 50, 

402 (1963). 
(10) M. Centnerswer and C. S t renk , Ber., 56. 2249 (1923). 
(11) A small mass peak a t 80 m/t un i t s indicated t h a t SOj or SaO was also 

prepared a t t imes. A s imul taneous slight orange coloring of t he p roduc t s 
favored the presence of SiO. Another likely p roduc t is SFj . Al though the 
mass spec t rum occasionally hinted of i ts presence, no th ing reproducible 
has as yet been obta ined . See, however, ref. 8 and 9. 

(12) W. Kirchhoff, Thesis, D e p a r t m e n t of Chemis t ry , H a r v a r d Uni
versi ty, 1963. 

variability (<10%) was seen for different runs. This could 
be accounted for since the 70 (SF2

+) mass peak was frequently 
small and difficult to estimate accurately. The cracking pattern 
for S=SF 2 is also listed in Table I for comparison. 

TABLE I 

RELATIVE MASS SPECTRAL CRACKING PATTERNS FOR S2F2" 

m/e 

102 
83 
70 
64 
51 
32 
19 
41.5 
35 

* Obtained with a Consolidated Engineering Corporation 
spectrometer, Model 21-103C, at 70 ionizing v. and 10-jia. ionizing 
current. b Peaks below 51 were not measured for this isomer. 
° Assumed. 

TABLE II 

FSSF rel.* 
abundance 

100 
61 

0° 
30 
19 

S=SF1 rel. 
abundance 

100 
30.2 

7 .4 
23.2 

6 . 6 
26.6 

2 . 6 
~ 0 . 6 
< 0 . 1 

Assignment 
S2F2

 + 

S2F
 + 

SF2
 + 

S 2
 + 

SF + (S 2 F 5
+ 2 ) 

S + ( S 2
+ ' ) 

F + 

S2F+2 

SF2
+ 2 

T H E MICROWAVE SPECTRUM OF £ 

Transition 

3 i 2 —*• 322 

Ooo —*• l io 

I n - * 2 1 2 

lio —*• 2 n 

2 i 2 —*• 22o 

loi —* 2 n 

4 2 2 - » 4 3 2 

32i —* 331 

3 2 2 —*• 33o 

4 2 3 - * 4 3 1 

5 2 4 - » 532 

4 2 2 —* 5 u 

936 ~*" 946 

111 —* 2 2 ; 

2o2 —»• 3 i 2 

2 n —*• 32i 

432 - * 533 

2 i 2 —* O 2 2 

3o3 —• 4 n 

Ooo —* lio 

loi —* 2 n 

022 —*- 330 

4 2 ! - * 43 i 

524 —• 5s2 

I n —*- 22i 

2o2 —*• 3 i 2 

2 n —*• 32i 

2n —*" O22 

Ooo —*• lio 

loi —*• 2 u 

4 M ->• 5 U 

322 *• 3so 

4 2 3 - » 4ai 

2o2 * 3 i 2 

I n * 22i 

° Transitions in 
constants. 

Observed 

S32=S32F2 

11324.42 
12147.40 
13067.63 
14937.61 
15577.32 
20083.62 
21911.59 
22796.30 
23486.60 
23915.70 
24843.41 
25012.18 
25804.60 
28505.50 
28532.46 
34312 85 
35362.34 
36441.63 
37620.02 

S32=S34F2 

12068.54 
19969.03 
23230.90 
23651 ± 1 
24554 98 
28304.60 
28371.20 
34109.39 
36205.45 

S34=S32F2 

12007.65 
19676.66 
23625 ± 1 
23972.04 
24341.36 
27821 ± 1 
28353.30 

parentheses used to 

M=SF2(Mc.) 
Calculated 

11324.85 
12147.27 

(13067.63)a 

(14937.61) 
15576.99 
20083.57 
21912.21 
22797.37 
23486.75 
23916.24 
24843 90 
25012.92 
25809.55 

(28505.51) 
28532.05 
34313.12 
35363.16 
36441 81 
37619.81 

(12068.54) 
(19969.02) 
(23230.90) 
23650.45 
24556.46 
28305.14 
28372 90 
34108.86 
36205.62 

(12007.65) 
(19676.66) 
23628.00 

(23972.03) 
24340.96 
27824.45 
28353.95 

calculate rotationa! 

The invariant cracking pattern for FSSF supports the assump
tion that the SF2

+ fragment is present for S=-SF2 but absent or 
small for FSSF. This is of structural interest since this frag
ment would not be expected for FSSF except by rearrangement. 
Therefore, the fragments observed for the two structures are 
in conformity with those expected by ordinary bond breaking. 
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TABLE III 

ROTATIONAL CONSTANTS AND MOMENTS OF INERTIA FOR S=SFi" 

S " = S " F : S " = S » F ! s » = S » F s 

A 8179.12 ± 0.1 Mc. 8118.30 ± 0.2 Mc. 8173.15 ± 0.2 Mc. 
B 3968.15 ± 0 . 1 3950 24 ± 0 . 1 3834 50 ± 0 . 1 
C 3033.16 ± 0 . 1 3030.90 ± 0.2 2955.48 ± 0.2 
IA. 61.8075 ± 0.0008 Amu. A.« 62.2705 ± 0.0015 Amu. A.2 61 8527 ± 0.0015 Amu. A.' 
IB 127.3971 ± 0.0033 127.9748 ± 0.0032 131.8375 ± 0.0035 
Ic 166.6681 ± 0.0055 166.7924 ± 0.0110 171.0487 ± 0.0116 
IA + Ic - IB 101.0785 ± 0.0096 101.0881 ± 0.0157 101 0639 ± 0.0166 

* Conversion factor 505,531 Mc. Amu. A.'. The values of Ic and I0 + IA — IB for the S34 species were listed incorrectly in the 
previous communication.6 

The relative cracking patterns are significantly different which 
permits the quantities of both isomers in a mixture to be esti
mated. The ratio of the SjF+-S2F2

+ peaks is particularly useful 
since it varies between 0.3 to 0.6 for mixtures of the two isomers. 

The Microwave Spectrum of S=SF2 .—A conventional Stark 
modulation spectrometer was used in these studies." Frequen
cies were reproducible to 0.1 Mc. Relative intensities were 
measured with the technique of Esbitt and Wilson with oscillo
scope display employed tor comparisons on FSSF.14 The ab
sorption cell was normally at Dry Ice temperature. The tem
perature dependence studies were made at room and Dry Ice 
temperatures. 

The observed and calculated spectra for three S = S F 2 isotopic 
species are listed in Table I I . Both a and c dipole transitions 
were observed for the main isotopic species. Only the more in
tense c dipole transitions were observed for S32=S34F2 and S 3 4= 
S38F2. The rotational constants and derived moments or inertia 
are listed in Table I I I . 

The assignment for these species was made in the usual 
manner. The near identity of IA + Ic ~ IB for the three 
species, which indicates that the sulfur b coordinates are zero, 
further confirmed the assignment since S = S F 2 has a symmetry 
plane containing these atoms. Two sets of vibrational satellites 
were also observed although not extensively assigned. At Dry 
Ice temperature they were approximately 4 and 10% the in
tensity of the main line. These relative intensities compare well 
with the two lowest vibrational frequencies observed in the in
frared spectrum.' 

The Structure of S=SF 2 .—The detailed structural parameters 
were calculated by the usual procedure of first obtaining the co
ordinates of the atoms. The suliur a and r, coordinates were 
calculated from Kraitchman's equations." The remaining 
fluorine coordinates were calculated from first and second mo
ment equations. These gave structural parameters of d(SS) = 
1.860 ± 0.015 A., d(SF) = 1.598 T 0.012 A., ZSSF = 107.5 
=F l ° , a n d ZFSF = 92.5 ± 1°. The limits of error are sufficient 
to cover the uncertainty in the rotational constants and also 
deviations obtained by calculating the structure in different 
ways from that described above. (The uncertainty in the molec
ular parameters covers a smaller range than quoted in the earlier 
communication6 because the uncertainty in the S34 C-rotational 
constants had been estimated larger than necessary.) A pro
jection of the molecule in the ac symmetry plane is shown in 
Fig. 1. Because of the symmetry plane and because data for 
three isotopic species are available, Fig. 1 illustrates the only way 
the atoms can be distributed in the four quadrants defined by the 
o and c principal axes. 

Dipole Moment of S=SF 2 .—The dipole moment was ob
tained by measuring the frequency shifts for S = S F 2 and OCS 
at the same Stark modulation field. The 3i2 —• 3z>, M = 3 
component, and Om —*• lio transitions of S = S F 2 were compared 
to the 0 — 1 of OCS. This gave Stark coefficients of 3.70 
± 0.06 X lO"' and 1.09 ± 0.02 X 10"6 Mc./(v.2 /cm.2), re
spectively. The dipole moment was calculated to be n* = 0.33, 
Ji0 = 0.97, and ur = 1.03 ± 0.03 D. with ,UT and the c principal 
axis forming an angle of 18°44'. Because of the greater electro
negativity of fluorine, it is most probable that the negative end 
of the dipole moment is oriented roughly in the direction of the 
bisector of the S-F bonds as illustrated in Fig. 1. This orienta
tion is further supported by a prediction of ^ , and /4, based on 
bond moment arguments using the microwave data of SO2,

16 

(13) K. B. McAfee, R. H. Hughes , and E. B. Wilson, J r . , Rev. Set. Inslr., 
»0, 821 (1949). 

(14) A. Esb i t t and E. B. Wilson, J r . , ibid., 34, 901 (1963)! 
(15) J. K r a i t c b m a n , Am. J. Phys., %l, 17 (1953). 
(16) M. H. Sirvetz, J. Chem. Phys., 19, 938 (1951). 

S2O,17 and SOF2
18 and assuming that the center sulfur atom is 

positive in all cases. 
The Microwave Spectrum of FSSF.—The assigned and cal

culated transitions for the FS32S32V and FS32S34F isotopic species 
are listed in Table IV. The rotational constants and derived 
moments of inertia are listed in Table V. The assignment for 
the main isotopic species was made on the basis of the Stark 
effect, the agreement with the calculated spectrum, and the char
acteristic decay in intensity due to decomposition in the absorp
tion cell. In addition, relative intensities and the temperature 
dependence confirmed the assignment for the less abundant 
FS32S34F species. Furthermore, with the relations, (IA + Ic — 
IB) = 4Msis2 + 4 M F W and Mgfts + MFb%' = 0 which are valid 
for the FSSF model, it was possible to calculate the sulfur b 
coordinate using normal isotopic species data alone. The 
value 0.417 A. obtained compares well to 0.416 A. obtained from 
the Kraitchman method,16 providing an additional check on the 
assignment. 

0 

I / 
1 / 

7 
'+1.0 

-+0.5& 

+0.5A 
i 
i 

Mc 

- ^P""-^!* 
" TD 

Fig. 1.—Projection of S=SF 2 on symmetry (ac) plane; in the 
actual molecule, the two fluorine atoms would lie above and below 
the plane and ZFSF = 92.5 ± 1°, ZSSF = 107.5 =F l° ,d(SF) 
= 1.598 =F 0.012 A., and d(SS) = I860 ± 0.015 A. 

The relative intensity measurements demonstrated interesting 
and expected effects due to nuclear spin statistical weight factors. 
First, a 3 to 1 alternation in intensity was observed for rotational 
levels of opposite symmetry for the normal isotopic species. The 
intensity alternation was absent for the FS32S34F species. This 
is because FSSF possesses a C2 symmetry axis except for the un-
symmetrical isotopic species. When the C2 axis is present, ro
tational levels of opposite symmetry have different nuclear 
spin statistical weight factors. Secondly, after accounting for 
the spin statistics and the other intensity factors, the transitions 
from FS32S34F were about 8% the intensity of the main isotopic 
species, roughly twice the natural abundance of the sulfur-34 
isotope. This is because there are two indistinguishable sites 
for the sulfurT34 atom in the FSSF molecule. 

The Structure of FSSF.—The detailed structural parameters 
were calculated from the coordinates of the atoms. The three 

(17) D. J. Meschi and R. J. Myers , J. MoI. Spectry., S, 405 (1959). 
(18) R. C. Ferguson, J. Am. Chem. Soc., 76, 850 (1954). 
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87.9T+1.5* 

Fig. 2—The structure of FSSF. 

sulfur coordinates were obtained from Kraitchman's equations u 

Because of the Cj ' symmetry axis, the two sulfur atoms (or 
fluorines) must have a and c coordinates differing only in sign. 
The fluorine a and c coordinates were obtained from second mo
ment equations and the fluorine b coordinates from the first 
moment condition. 

The structural parameters derived from these coordinates 
are<f(SS) = 1.888 ± 0.01 A.,d(SF) = 1.635 ± 0.01 A., ZFSS = 
108.3 ± 0.5°, and the dihedral angle = 87.9 ± 1 . 5 ° . Theest i-

TABLB IV 
T H E MICROWAVE SPECTRUM OF FSSF ( M C . ) 

Transition 

Ooo— I n 
loi —*• 2 u 

7 » —• 7 » 

615 -*• 6 M 

2M —»• 3u 

5n - » 5» 

4i3 - • 4 a 
3n —*• 3« 

7i7 —*• 7M 

3 d — 4 „ 

8j8 —*• 8j7 

lia —* 2n 

Iu —*• 2 » 

Ooo — In 
loi -*• 2u 
7l6 —*" 7« 

6is —• 6M 

2<B —• 3 n 

5 » —*• Su 
4u -— 4 a 

3u —*• 3M 

7n - • 7» 
3<B — 4 „ 

lio —* 2u 

" Trans i t ions in 
c o n s t a n t s . 

Observed 

F S " S " F 

13843.46 
18983 .41 

2 3 3 6 8 . 3 5 
2 3 8 7 1 . 0 5 
24018 .83 

2 4 3 5 5 . 6 5 

2 4 7 9 8 . 4 5 

25178 .50 
28806 .32 

2 8 9 5 4 . 7 0 

2 9 6 7 9 . 3 5 
3 6 3 9 0 . 0 8 

36605 .47 

F S " S " F 

13655 .84 
18750.31 

22988 .87 

23482 .96 
23741 .67 
2 3 9 5 9 . 9 8 
24395 .33 

24768 .70 
•28335.80 

28635 21 
35873 .33 

pa ren theses used 

Calculated 

13843 .37 
(18983 .41 ) " 

23367 .90 

23870 .69 
24018 .99 
2 4 3 5 5 . 7 8 

2 4 7 9 8 . 6 9 

(25178 .49 ) 
28804 .42 

28955 .09 
29676 .97 

(36390 .07 ) 
3 6 6 0 5 . 8 8 

13655 .91 

(18750 31) 
22988 .34 

2 3 4 8 2 . 7 8 

2 3 7 4 2 . 0 1 
23959 .79 

24395 .29 
(24768 .70 ) 
28333 .54 

28635 .90 
(35873 .33 ) 

t o ca lcula te ro t a t i ona l 

TABLE V 
ROTATIONAL CONSTANTS AND MOMENTS OP INERTIA FOR 

FSSF" 
FS«iS"F FS«»S»F 

11273.35 ± 0.20 Mc. 11108.71 ± 0.20 Mc. 
2781.92 ± 0 . 2 0 2755.53 ± 0.20 
2570 02 ± 0 . 1 0 2547.20 ± 0 . 1 0 
44.8430 ± 0 . 0 0 0 8 Amu. A.J 45.5076 ± 0.0008 Amu. A.1 

181.7202 ± 0.0130 183.4605 ± 0.0133 
196 7031 ± 0.0077 198.4654 ± 0.0076 

' Conversion factor 505,531 Mc. Amu. A.s. The rotational 
constants for the main isotopic species are slightly different 
from those previously reported8 since different transitions were 
used to calculate them. 

A 
B 
C 
IA 

IB 

Ic 

mated errors are uncertainties arising from the determination 
of the rotational constants alone. Since only two isotopic 
species were studied, estimates were not made on how the struc
tural parameters varied upon calculating them by another 
method. This structure is illustrated in Fig. 2. 

Dipole Moment.—The dipole moment of FSSF was measured 
by the same method used for S = S F 1 . The 1 - • 2Af = 0 lobe of 
OCS was directly compared to the 2« -» 3« Af = 1 lobe of FSSF. 
This gave a Stark coefficient of 2.37 ± 0.03 X 1O-* Mc. / (v . ' / 
cm.2). The dipole moment was calculated to be 1.45 ± 0.02 D. , 
and lies along the Cj* symmetry axis. It is most probable that 
the negative end is directed toward the fluorine atoms. 

Discussion 

Before discussing the detailed structural parameters, it 
should be pointed out tha t the discovery of isomerism 
in S2F2 is the first known case in a S2R2 compound. 
This is because the type of bond exhibited in S = S F 2 , 
viz., one which sulfur forms only one bond to sulfur and 
none to another atom, is rare. The only other known 
examples are in S=SO, 1 7 S - S O 3 " 2 , 1 9 S - S O 2 R - , 2 0 and 
as terminal atoms in polysulfide ions. On the other 
hand, the di-, tri-, and polysulfide chain (-S)1 is the 
usual arrangement of two or more sulfur atoms. 

S=SF2 .—Aside from the exception noted above, the 
structural parameters of this species are essentially 
normal when compared to other molecules. In fact the 
structure is very similar to the well-known SOF2 in 
which d(SF) = 1.585 A., Z F S F = 92.8°, and Z F S O = 
106.8°.1S The SO bond in SOF2 has been shown to be a 
double bond experimentally and theoretically.18 '21 

The same result is evident in S = S F 2 where the short 
d{SS) is close to the 1.889 A. seen in S2

22 and 1.884 ± 
0.01 A. in S = S O . 1 ' 

FSSF.—The bond lengths in this molecule are dis
tinctly unusual. The d(SS) and d(SF) are very short 
and long, respectively, implying tha t they are not sim
ple covalent single bonds. Typical SS single bonds are 
2.05 ± 0.02 and 2.04 ± 0.03 A. observed in HSSH and 
CH3SSCH3

23 while the double bond distance of 1.889 A. 
is obtained from S2. I t is striking tha t the d(SS) in 
FSSF is almost identical with t ha t in S2. Also note
worthy, the rf(SS) for S2Cl2 and S2Br2, 1.97 ± 0.03 and 
1.98 ± 0.03 A., lie approximately between the typical 
double and single bond distances.24 (The infrared 
spectrum of FSSF also indicates tha t the SS bond has 
definite double bond character and therefore should be 
distinctly shorter than in ClSSCl.25) In contrast the 
d(SF) in FSSF is long compared to the 1.58 ± 0.03 A. 
in SF6

26 or tha t in SSF2 or SOF2 cited above. In fact, 
all known SF bond lengths are about 1.60 A. or shorter 
except for theaxia l bond in SF4 (1.646 ± 0.003 A.)27 and 
for NSF (1.646 ± 0.01 A.).28 

A similar effect on the bonds has been observed in 
FOOF.4 In this molecule, the d(QO) is very short and 
close to tha t in O2, while the d(FO) is comparatively 
long. The dihedral angle and Z F O O are also very 
close to those in FSSF. 

(19) P. G. Taylor and C. A. Bevers, Acta Cryst.. C, 341 (1952). 
(20) O. Foss and A. Hordvik, Acta Chem. Scand., 11, 1443 (1957). 
(21) W Moffitt, Proc. Roy. Soc. (London), ASM, 409 (1950). 
(22) G. Herzberg, "Molecular Spectra and Molecular Structure," Vol. I, 

D. Van Nostrand Co., Princeton, N. J-, 1950, p. 566. 
(23) B. P. Stevenson and J. Y. Beach, / . Am. Chem. Soc., CO, 2872 (1938). 
(24) E. Hirota. BaH. Chem. Soc. Japan. Sl, 130 (1958). 
(25) F. Seel, private communication. 
(26) I.. R. Maxwell, J. Opt. Soc. Am., SO, 374 (1940). 
(27) W. M. Tolles and W. D. Gwinn, J. Chem. Phys., S6, 1119 (1962). 
(28) W. H. Kirchhoff and E. B. Wilson, Jr., J. Am. Chem. Soc., M, 1726 

(1963). 
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Several explanations for the unusual bond lengths in 
FSSF can be proposed. First, they could be explained 
in valence bond theory as arising from a large contribu
tion from the F - S = S + F ionic structure. Such a struc
ture would be energetically favorable on electro
negativity grounds while unfavorable for species like 
HSSH on similar grounds. This argument is further 
supported by the d(SS) and d(SX) in ClSSCl and Br-
SSBr which exhibit similar shortening and lengthening 
but with less drastic effects than in FSSF. A large 
chemical shift to high fields for the F19 n.m.r. absorp
tion also supports this interpretation.25 

An alternative explanation for the bond lengths is 
possible with qualitative molecular orbital theory. 
This method was first suggested by Professor Lipscomb 
to account for the short d(00) and long d(FO) in 
FOOF.4 By analogy, it is also applicable to FSSF. 
Just as for O*, the Sj molecule is in a *2 ground state. 
The two unpaired electrons are in antibonding *•-
molecular orbitals. A fluorine atom can bond with one 
of these sulfur electrons giving a resultant three-center 
bond. This could qualitatively account for the unusual 
bond lengths and the dihedral angle. The repulsive 
effect of the fluorine nonbonded electrons is proposed as 
the reason why this type of bonding is preferred over 
the normal covalent bonding present in H2S2. 

Introduction 
An exchange of radiosulfur is known to occur be

tween sulfide2 and thiosulfate ions. 

s*-» + -s-so,- =̂& s-' + -s*-so,-
In 1939, in one of the first papers reporting the use of 

(1) (a) This work was supported in part by Contract A T - ( l l - ) - 1 1 6 9 
(at Purdue University) and by Contract At - (40- l ) -3180 (at I . .SU. ) from 
the A t o o i c Energy Commission, (b) Postdoctoral Fellow supported in 
part by Public Health Service Research Grant GM-09020 from the Na 
tional Inst i tutes of Health (at Purdue University) and GM-11908 (at 
L.S.U.). Grateful acknowledgment is made to the donors of these funds, 
(c) Correspondence should be addressed to this author at the Department of 
Chemistry, L. S. U.. Baton Rouge. La. 

(2) In all of the reactions in this paper, sulfide ions will be represented as 
S - 5 , although at the pH used the chief sulfide species is H S - . This sim
plification eliminates the necessity of writing all the fast acid-base reactions 
which occur, and it in no way affects the final kinetic equations. The reader, 
however, should bear tbe simplification in mind. 

A third way of accounting for the bond lengths is by 
Linnett's theory of "double quartet formulation of the 
octet." This method was proposed to explain the 
structure of FOOF.2 ' By analogy, it should also be 
applicable to FSSF although Linnett cautioned against 
applying it to S2CU and S2Br2 (and S2F2 by inference) 
on the basis that it is difficult to know whether the 
number of electrons associated with the sulfur atoms 
in these molecules should be restricted to eight. 

In summary, the S-S and S-F distances in FSSF are 
anomalously short and long, respectively. They can
not be described as simple covalent single bonds. 
Simple arguments suffice to show that these unusual 
bond lengths can be accommodated by the conventional 
theories of chemical bonds. The arguments are a pos
teriori, nonquantitative, and, particularly in the case of 
the ionic explanation, not applicable to some other 
molecules, so that an element of skepticism as to their 
strength is justified. 
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(29) J. W. Linnett, / . Chem. Sex.. 4663 (1963). 

sulfur-35, Voge and Libby3 demonstrated that the ex
change occurs, and in 1951 Ames and Willard4 com
mented on this exchange on the basis of a few prelimi
nary data. This reaction is an example of a nucleo-
philic displacement at a noncarbon atom, and such re
actions are of considerable current interest. In ad
dition, the reaction bears a formal similarity to the 
reaction of hydroxide with thiosulfate to produce sulfide 
and sulfate. 

O H - + -S-SO, - — > • H S " + -O-SO, -

T h i s r eac t i on w a s r e p o r t e d earlier.5 '6 I t is s lower t h a n 
(3) H. H. Voge and W. F. Libby, J. Am. Chem. Soc., it. 2474 (1937); 

H. H. Voge, ibid., 61 , 1032 (1939). 
(4) D. P. Ames and J E. Willard, ibid., TS, 164 (1951). 
(5) W. A. Pryor, "Mechanisms of SuIfur Reactions." McGraw-Hil l Book 

Co., New York, N Y., 1962, pp. 59-70 . 
(6) W. A. Pryor. J. Am. Chem. Soc.. S l , 4794 (1960). 
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The Kinetics of the Exchange of Sulfur-35 between Thiosulfate and Sulfide1* 

B y ENNIO ClUFFARIN l b AND WlLLIAM A. PRYOR lc 

RECEIVED NOVEMBER 14, 1963 

The rate of exchange of sulfur between sodium sulfide-S-35 and sodium thiosulfate has been measured at 
temperatures between 100 and 140°. The order in sulfide is less than 1, and that in thiosulfate is greater than 1; 
however, in the presence of added sulfite, the order in both sulfide and thiosulfate becomes 1.0. Using data 
obtained in the presence of added sulfite, and also data obtained by adding disulfide, the mechanism of the 
exchange has been concluded to be a displacement on the outer sulfur of thiosulfate by sulfide ion (eq. 2). (Note 
that sulfide is shown as S - * rather than H S - in order to simplify the chemical equations.*) However, the 
mechanism is complicated by a simultaneous exchange of S-35 between disulfide and thiosulfate (eq. 12). Tri-
sulfide and higher polysulfides probably also react in this way, but these reactions are not important in the 
present system. In addition to these reactions, an exchange occurs between sulfide and disulfide (eq. 5). The 
rate law for the exchange includes a term in sulfide and one in disulfide (eq. 6). It is shown that this rate law 
plus the equilibrium reaction (2) explains both the nonintegral kinetic orders in the absence of sulfite and the 
integral orders produced by the addition of sulfite. The activation energy for k, is 17.8 kcal./mole, and the 
apparent activation energy for the sum of the two terms in eq. 6 is 17.4 kcal./mole. The following values for 
the rate constants are obtained a t 100°, pH 12.46, u = 2.3, and (Na + ) 1.5 M: k, = 9.8 X lO - 6 . kt = 9.5 X 10~J, 
4-i = 0.13 (all in 1. mole"1 sec.- ' ) . 


