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AN ELECTRON.DIFFRACTION INVESTIGATION 
OF THE MOLECULAR STRUCTURE 

OF GASEOUS FLUORINE FLUOROULFONATE (S03F2) 

I NTRODUCTI ON 

In 19% Dudley, Cady, and Eggers reported the pre- 

paration, by fluorination of sulfamic acid or sulfur tri- 

oxide, of a new volatile compound having the formula 

S03F2 (9) . Chemical evidence, such as the reactions 

with cold alkali and with iodide ion illustrated by the 

equations 

SO3f #2oN -SOFf*HD (1) 

SOjF 2r 'SF (2) 

suggested that the fluorine atoms were non-equivalent; a 

similar conclusion was drawn from the infrared spectrum, 

which showed strong bands at (among others) 879, and 

82 cm' identifiable as O-F and S-F stretching frequen- 

cies, respectively. Although S03F2 thus seemed to be 

fluorine fluorosulfonate, with the structure represented 

by the fonnula 

F 
F-O-- Q 

/1 (3) 

o 



lt seemed worthwhile to undertake an electron-diffraction 

investigation of the vapor: such an investigation might be 

expected to give detailed infonat1on about the geometry 

of the molecule in a favorable circumstance; In an unfavor- 

able circumstance one would expect to confirm the itruc- 

turai conclusions reached from other studies and, in addi- 
tion, to obtain average values for the bond distances and 

bond angles 

THEORY OF GASEOUS ELECTRON DIFFRACTION 

The trieory of scatteriri of fast electrons by gase- 

ous molecules has been extensively investigated by a number 

ofworkers(E),(13),(6),(1l),(23),(16). Sinoeasumrnaryof 
theoretical material pertinent to this thesis work bas been 

made by Crawford (7) , it will not be repeated here other 

than to describe the important formulae used. 

*Statect .mply, if the eometry of 503F2 were such as to 
lead to internuclear distances differing by approximately 
O.iO-O.lS A°, the distances could be individually identi- 
fled and their values determined to about 0.02 A°. On the 
other hand, If several distances were to fall within this 
range, they would not be distinguishable and the uncer- 
taintles thus arising might even prevent a choice of one 
geometry over another. 



The intensity dike to randomly oriented gseou8 mole- 

cules to a good approxi,mation is given by Equation (Lj) 

where 

l.,fs) [x ¡'s) e ( Sm s.1/ (Li) 
¿ s)3>. 

+ 

= _z-O (Srne 

s = 

e is one-half of the scattering angle 

is the ecuilibrium distance between atoms i 

and j 

is the X-ray form factor 

3 i the incoherent scattering factor 

Ws) is a factor due to vibration of the pairs of 

atoms in the molecule 

Is an increasing function of the atomic 

numb e r 

When the atomic numbers of the pairs of atoms differ by 

little, (as in S03F2), the and ?7y are nearly equal, 

and in work where the determination of the vibration 

factors ¡.() is not Important, Equation (Lt) reduces to 



r 

s«.Zjs) A 

*7j(z,c)t $iJJ 
The first term on the ri.ht hand side or Equation (5) is 

molecular structure sensitive and may be called the rnoleo- 

ular intensity Im(s). The second term1 which arises from 

the coherent atomic scattering [( -J )jand the incoherent 

scattering (ES.7), is structure insensitive and consists of 

a smooth bacground which nay be designated For a 

molecule for which each pair of atoms acts as a harmonic 
- q,.. 5 L 

oscillator the vibration factor e where 

is a constant characteristic of an atomic 

pair. 

There is an alternate view of the Scattering process 

which lends itself readily to the deduction of ari approx- 

imate structure for the molecule. If one defines the 

probability distribution of scattering volume elements as 

P(r), the molecular intensity may be written (7), (19) 

I' (j) _Ij P ('r) :, si- di- (6) 

The intensity I is obtained from I (the second term of 

Equation (4)) in a Straightforward way, as described in the 



next section. This function may be Fourier inverted, 

leading to 

= -'2 
sr51(s) sv'rr c/s (7) 

?(r)/r mey be conveniently obtained by nwnertcal integra- 

tion; in practice, high-speed computers are employed. The 

use of these functions In the deduction of the structure 

of S03F2 will be described in detail later. 

EXPERIMENTAL PROCEDURE 

Figure (1) te a schematic dìaram of the diffraction 

apparatus. electron beam A of accurately known energy 

(about 40 kilovolts, corresponding to an electron wave 

length of about 0.06 A9, known to about O.Ob%) and cross 

section of about 0.01 mm. passes the tip of a "gas ad- 

mittance" nozzle B at a distance somewhat leas than a 

millimeter. The intersection of the electron beam and the 

stream of gas molecules issuing from the nozzle tip gives 

rise to diffraction; the diffracted rays, distributed in 

the shae of cones having axes coincident with the axis of 

the undtftracted beam, are recorded photometrically at C. 

The beam stop D prevents undesirable effects which otherwise 

would result from contact of the direct beam with the photo- 

graphic plate, and the sector E is a mechanical device 

which, when rotated during exposure, serves to 



FIGURE I 

A SCHEMATIC OF THE DIFFRACTION APPARATUS 

A ELLCTRON BEAM 
B GAS ADMITTANCE NOZZLE 
C FILM 
D BEAM STOP 
E SECTOR 
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give a suitably unifoi exposure t the plate aver a large 

angle range. The entire system is maintained at a pressure 

of about 106mm. by diffusion pumps and by an efficient 

method (not indicated) of trapping the admitted gases 

shortly beyond the scattering point. Detailed descriptions 

of gaseous electron-diffraction apparatuses have been given 

by Bastiansen et al (L), and by Bartell and Brockway (1). 

The sample of S03F2 was prepared by DudLey and about 

fifteen photographs (a typical example is shown in Fig- 

ure 2) were made using Eastman Frocess plates, an electron 

wave-length of 0.0620 A°, and a camera distance of 

9.627 cm. Three plates of the highest quality were se- 

lected for analysis and traced with a recording micro- 

photometer while being spun about their centers in order 

to even out emulsion graïn. The analysis was made from 

the resulting traces. 

PREPARATION OF TRE EXPERIMENTAL 
INTENSITY CURVE 'E 

The araiysis cf a n:olecular structwe is most con- 

veniently done front an intensity curve which reflects only 

that part of the total scattering dependent on the truc- 

turo Itself; that is, the part not Including incoherent 

and "atomic" scattering. Procedures for obtaIning this 

intensity curve (lE) have been 4ven by several authors (7) 

(3), (lLì, (ls). The following is a short summary of the 



FIGURE 2 

ELECTRON DIFFRACTION PHOTOGRAPH OF S03F2 



i 

pr1n1pies. 
The niicrophotometer traces are first related t,o in- 

tenity of electrons striking the plate (lp) as a ftnetion 

s This process Involves esb&bli3hing the interconuec 

tions bteen I photorapr.c density (blackenIng), end 

light incnsity transnitted by the plate and sensed by the 

inicrophotoraeter. The latter two qantIties are related by 

JD 
2 

(8) 

where D is the photoraphIo density end is the recip- 

rocal of the fraction of light transmitted. The connection 

(therefore scattered Inten- 

sity) is nearly linear but the exact dependence must be 

established by calibration. 

The conversion of I to a curve described by sI 

(Equation ) is obtained by multiplying I with the fune- 
1/ 

p 

tion - 3__ , where aUS) is the sector function and 
cks)cös Ø 

0 the scattering angle,which takes into account the modify- 

Ing effect of the sector and of the fact that the plate is 

perpendicular to the undiffractod beam instead of every- 

where equidistant from the scattering point. The molecular 

structure sensitive part (Im) of this Intensity curve is 

extracted by drawing in an experimental background curve 

and subtracting it from the curve sI: though the theoret- 

leal background may be calculated and used, it is generally 
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necossry o use the oxperixnental background because sorne 

apparatus scattering is ineviahly encountered. 

The curve is not particularly well suited for 

structure analysis, since the coefficients af each term ifl 

the sumrnaton are varying rapidly with s. Âcurdin.ly, 'm 

is usually converted to 'E by multiplicabion with a f uno- 

tion ivin essentially constant coefficients; these con- 

stant coefficients lead to peaks in the radial distribu- 
tion curve (Equation (7)) which are essentially Gaussian, 

and hence easily interpreted. The function chosen is 
where the quantities bave been defined 

in connection with rquation (L). Hence 

COnS V &) COS (10) 
'j rï 

'ihe S0F2 data had been recorded zsing two different 
sized central bec stops ono of which blanked out informa- 

tion in the range O ( s !.0 and the cther ifl he range 

O(s8.5. Accordingly, it seemed easiest to keep the twc 

types of plate separate, and to combine the data after 
obtaining 1E from each. 

Th preparation of the two curves I followed 
Crawford's procedure(9) (with the excepbion that the black- 
floss correction method was that of Bartell and Brockway 

(2) ) and need not be further described. Preliminary 'E 
curves were derived from I without going through the step 
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described above as the preparation of 'm' by combining the 

function designed tc correct for the sector and plane 

plate with the function Z52o/'Z-fj.t'-4(the atom form 

factors are those or Viervoll and Ogrinì(22)) anu iulti- 

plying I by the combination. The result was the curves 

IE/8 superosed on a climbing background. The background 

was then drawn n and subtracted and preliminary curves 

'E obtained by multiplying the difference by s. Figures 

(3) and (Lt) show the various curves described. 

curves obtained by the above procedure are rare- 

ly immediately satisfactory for structural analysis. The 

process of correctly drawing in the experimental back- 

ground is difficult, and the errors which are present in 

the background are carried over to the 1E curves. Fortu- 

nately, these errors are usuallj of s typo easily spotted 

and corrected. For example, the most common error is te 

draw the background too high or too low over s considerable 

s range; when the Fourier transformation of the 1E curve is 

calculated, the error reflects itself as an error peak 

which can be 1dentifi-d because of its position (in a re- 

gion where no distance could exist) or its shape (too 

broad to correspond to a real distance). It is customary, 

therefore, to prepare additional curves 1E which include 

corrections for error introduced by drawing in the back- 

ground and deduced from radial distribution curves 



-I 

C- 

calculated from ther-. 

In 1he case of S03F2 th . s procedure wa complicated 

by two factors usually not. encountered. First, the beam. 

stop obscured a rEther large amount of date. at srali s val- 
ues (one often ha data down to s'l.S) and second, the 

sector calibration s probably oulte inaccurate. Both of 

these factors aro due to the apparatus which, when used for 

the SOF2 experIments, wflLi quite new and untested. Data at 
small s values are ordinarily obtained by using longer 
camera lengths, at which the beam stop subtends a smaller 
scattering angle. This was not possible at the time of 

the 303F2 experiments and instead it was necessary to make 

some light photographs without sector and beam stop and to 

estImate vIsually the intensities and positions of the 

rings at small angles. Such visual data are quite maccu- 

rate compared to sector microphotometer data. The sector 
was cut to a prescribed formula and calibrated by direct 
measurement with a projection comparitor; subsequmt ex.- 

peririents suggested that the sector function deviated 
significantly from that prescribed and that these devia- 
tions were not revealed by the calibration. The conse- 

quenco of these matters was the introduction of more than 
the usual amount of error into the Fourier transforms, 

some of which could not he clearly so labeled and hence 
corrected; that is to say, peaks appeared which appeared 
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to be spurious since they could not be identified with 

interatomic distances in any reasonable model but could 

not with confidence be called spurious. 

Fiuros () and (6) show various 'E cur',es for 

303F2 from the photographs made with the large beam stop 

and the radial distribution curves calculated from them. 

These calculatIons were carried out on the Aiwac III-E 

digital computer according to the equation 

-b s1 
e ' rs (11) 

y- 

s o 

an operation which amounts to the numerical integration 

of Equation (7). The factor exp (-bs2) was included to 

minimize the error arising from use of a finite instead of 

an infinite upper limit (series termination errors). The 

dashed curves superimposed on the 
'E 

curves of Figure () 

are background corrections deduced for the most part from 

the apparent errors in the radial distribution curves. 

For example, curve RD 1 is the radial distribution curve 

calculated from 1El The spurious peaks in the former at 

less than " 1.0 A° su;gested the dashed background corree- 

tion curve drawn on 
'El' which, when subtracted from 'El 

gives 
'E2' The radial distribution curve corresponding to 

'E2 (R]) 2) was then calculated and the procedure repeated. 

The improvement in the quality of the RD curves (and hence 
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of the 'E curves) Is apparent in Figure (6). 

Figure (7) shows the 'E curves and a radial distri- 

bution curve obtained from photographs made with the small 

beam stop. Fewer calcuistions were necessary in this case, 

since knowledge of the experimental background gained from 

the other set of plates coûd be employed. 

Figure (8) shows a composite intensity curve (1E7) 

derived by combining an intensity curve similar to 
'EO with 

No real use was made of this curvo in the structure 

analysis, since it appeared that ali the information was 

as well contained in 

ANALYSIS OF THE iADIAL DISTRIBUTION CURVE 

Stated sip1y, the determination of the structure 

of a gaseous molecule by electron diffraction depends on 

an elucidation of the spectrum of nternuclear distances 

and the formulation of a model based upon it. In practice 

this is usually accomplished by analyzing the experimental 

intensity curve 'E by the Fourier methods already de- 

scribed, from which the approximate distance distribution 

(the radial distribution curve) and a preliminary model is 

obtained, and by then calculating theoretical intensity 

curves for a number of models differing slightly from the 

starting model; the theoretical curve most nearly agreeing 

with the experimental one allows a choice of "beste values 
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TABLE i 

S03F2 INTENSITY CURVE 

S 'E 2 

o.!; 1276 22. -160 
1.0 1310 23.0 
lis LI4 23. 130 
2.0 -300 24.0 30 
2. -L.62 29S 
3.0 -37S 2.0 90 
3'S -37S 25.S -130 
!4..0 -L80 26.0 -27S 
14.5 -2S0 26.5 -310 
seo 6L0 27.0 -12g 
;.s 1250 27. 
6.0 i16 28.0 20S 
6.S 21S 28. 27 
7.0 -8S0 29.0 23S 
7.S -loiS 29. 
8.0 -30 30.0 -110 
8. -165 30.S -270 
9.0 05 31.0 -300 
9.S 31.S -210 

10.0 280 32.0 -10 
10.!; 2 32. 260 
11.0 20 33.0 350 
11.5 -133 33.5 230 
12.0 -765 3L.0 65 
12.5 -710 3LkS -90 
13.0 -160 35.0 -230 
13.5 L25 35,5 -190 
1L.0 775 36.0 -85 
Jj4_.5 535 36eS 70 
15.0 -100 37.0 140 
15.5 -2L$ 37.5 19 
16.0 -90 38.0 170 
16.5 -20 38.5 25 
17.0 -173 39.0 -135 
17.5 -290 39.5 -210 
18.0 -98 140.0 -220 
18.5 210 ¿o.5 -90 
19.0 L10 1#1.0 80 
19.5 300 ¿4.5 230 
20.0 50 L2.0 250 
20.5 -215 t2.5 185 
21.0 -180 L3.0 80 
21.5 -95 Lj3.5 -75 
22.0 -130 1i4.0 -115 
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TABLE 2 

S03F2 RADIAL DISTRIBUTION CURVE RD i. 

r (t) P(r)/r r (t) P(r)/r 

o.J_ 9S7 3.1 111 
0.2 9 3.2 
0.3 93L 3.3 216 
0.14 77 3d, 218 
o.; 191 3.S 7OLi. 

0.6 -23 3.6 L3L. 
0.7 -729 3.7 -1S1 
0.8 -2L.6 3.8 -608 
0.9 -133 3.9 
1.0 1Li5 Lì.O 
1.]. 0 14..1 6)4. 
1.2 -1S8 L.2 392 
1.3 L2L8 L.3 -1u9 
1.L; 12725 -165 
1.5 8210 14.5 -2 
1.6 L.8o3 L.6 -20 
1.7 2LjO Lk7 -211 
1.8 -318 -120 
1.9 -27 i.9 5i. 

2.0 -6 5.0 226 
2.1 -92 5.1 105 
2.2 5.2 -38 
2.3 960 5.3 L.6 

2.L. 7265 5.L 67 
2.5 3708 5.5 120 
2.6 8L5 5.6 12]. 

2.7 962 5.7 13L 
2.8 867 5.8 -39 
2.9 371i. 5,9 -253 
3.0 166 6.0 -173 
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TABLE 3 

S03F2 INTENSITY CURVE 
'E6 

a T a T 

0.5 1220 11.5 58 
1.0 1260 12.0 -986 
1.5 565 12.5 -973 
2.0 -197 13.0 _310 
2.5 -695 13.5 323 
3.0 -728 1l.o 958 
3.5 -600 lLj.5 731 

-675 15.0 -2L3 
14.5 -500 15.5 -575 
5.0 385 16.0 -338 
5.5 1161 16.5 -228 
6.0 1063 17.0 -388 
6.5 -55 17.5 -585 
7,0 -1590 18.0 -238 
7.5 -16LJi. 18.5 1146 
8.0 -698 19.0 612 
8.5 371 19.' Lj76 
9.0 932 20.0 22 
9.5 1079 20.5 373 

10.0 760 21.0 L60 
10.5 715 21.5 14.09 

11.0 636 22.0 205 
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TABLE L 

S03F2 RADIAL DISTRIBUTION CURVE RD 6 

r (A°) P(r)/r r (A°) P(r)/r 

0.1 -17S 3.1 1]. 

0.2 -251 3.2 ]J7 
0.3 -1036 3.3 196 
O.Lj. -2011 3.14. 41 
o.5 -17S2 3. 63L 
0.6 -210 3.6 32 
0.7 13S6 3.7 
0.8 1618 3.8 -258 
0.9 617 3.9 91 
1.0 -5914- L1.O 6814. 

1.1 -1275 Lkl 7714. 
1.2 L92 14.2 1416 
1.3 5972 ¿4..3 107 
1.14. 10807 19 
1.5 99L0 14.5 17 
1.6 53114. 14.6 -69 
1.7 11469 14.7 -210 
1.8 -392 14.8 -191 
1.9 -816 14.9 214. 

2.0 -701 5.0 200 
2.1 -327 5.]. 18 
2.2 1678 5.2 10 
2.3 14867 5.3 91 
2.14 58014 5.14. 51 
2.5 3525 5.5 -27 
2.6 971 5.6 -56 
2.7 14 5.7 -1014 
2.8 -217 5.8 -178 
2.9 -1415 5.9 -86 
3.0 -3114. 6.0 1149 
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TABLE S 

S03F2 INTENSITY CURVE 'E7 

'E s 
'E 

0.5 96L. 22.5 -133 
1.0 966 23.0 0 
1.5 5614. 23.5 209 
2.0 -90 2L1.0 368 
2.5 -520 2L.5 310 
3.0 -530 25.0 106 
3.5 -382 25. -1)4 
Li.0 -146 26.0 -259 
LkS -3314 26.5 -293 
5.0 312 27.0 -lib 
5.5 918 27.5 93 
6.0 808 2.0 202 
6.5 -1414 28.5 25b 
7.0 -979 29.0 208 
7.5 -1058 29.5 21 
8.0 -1j82 30.0 -]47 
8.5 l7L 30.5 -302 
9.0 SL6 31.0 -331 
9.5 603 31.5 -238 

10.0 36 32.0 -3L. 

10.5 297 32.5 214 
)l.0 213 33.0 332 
11.5 -162 33.5 219 
12.0 -8J45 3L.0 
12.5 -813 31S -99 
13.0 -3Lj.2 35,0 -21.4 
13.5 181 35.5 -200 
]j4..0 585 36.0 -95 
1)4.5 L09 3c.5 60 
15.0 -200 37.0 131 
15.5 -140 37.5 18L. 
16,0 -186 36.0 159 
16.5 -100 38.5 17 
17.0 -219 39.0 
17.5 -333 39.5 -22L 
18.o -133 I.0.0 -232 
18.5 189 L0.5 -105 
19.0 L.38 14.0 6L. 

19.5 308 L.l.5 205 
20.0 20 L.2.0 229 
20.5 -205 L.5 156 
21.0 -158 L3.0 Li6 
21.5 -79 L3.5 -ill 
22.0 -108 1.4.0 -2014. 
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TABLE 6 

S03F2 RADIAL DISTRIBUTION CURVE RD 7 

r (A°) P(r)/r r (A) P(r)/r 

O.]. 97 3.6 
0.2 9L15 3.7 -151 
0.3 93)4 3.8 -608 
0.14 77 3.9 
0.!; 191 L.O 
0.6 -23 L.1 6)4k. 

0.7 -729 L,2 392 
0.8 -2I46 14.3 -189 
0.9 -133 -16g 
1.0 1Ls -2L 
1.1 1 L..6 -208 
1.2 -158 L.7 -211 
1.3 L2L8 L.8 -120 
1.14. 1272g L.9 
1.5 8210 5.0 226 
1.6 L803 !i;.1 10 
1.7 2L10 .2 -38 
1.8 -318 E;.3 14.6 

1.9 -27 5.14 67 
2.0 -6 120 
2.1 -92 S.6 12]. 
2.2 S8 S.? 1314. 

2.3 14.960 5.8 -39 
2.14. 7265 5.9 -253 
2.5 3708 6.0 -173 
2.6 814.5 6.1 82 
2.7 962 t.2 -50 
2.8 867 6.3 9 
2.9 3714. 6.14. 214. 

3.0 166 6.5 -145 
3,]. 111 6.6 251 
3.2 185 6.7 190 
3.3 216 6.8 -29 
3.14. 218 6.9 
3.5 7014. 7.0 -1.37 
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for the parameters. 

PRELI MINARY M3DELS 

The first step wis the deduction of a preliminary 

model of the S03F2 molecule, and to do this RD L. of Fig- 

ure (6) was used. The lirge peak centered at l.L5 A° 

corresponds to the bond distances of the molecule and sure- 

ly includes S-O, 3:0, S-F, and 0-F interactlons*, if pres- 

ent The large peak at 2.38 ° 
largely corresponds to 

distances arising from atoms separated by one bond angle, 

and the peaks at 2.76 and 3.S6 A°, presumably from atoms 

still further separated. The peak at L1.02 I° will be dis- 

cussed later. By comparing the bond distance peak with 

the first non-bond distance, one may dedu'e an average 

bond angle: 

Qi). bond on/e = (2.38/2 )/i.s 

0 (12) 
I/o 

This result is suggestive of tetrahedral coordination 

around the sulfur atom (the tetrahedral bond angle is 

*One, two, and three dashes connecting atomic symbols mean 
single, double, and triple bonds, respectively. A series 
of three dots connecting atomic symbols means a non-bonded 
distance. 
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lO9. ) and effectively rules out structures in which the 

sulfur atom is octahedrally coordinated. 

To derive a model corresponding to the details of 

the radial distribution curve requires an analysis of the 

composite peaks. To begin with, the molecule was assumed 

to have the configuration shown in Figure (9). This 

structure is suggestive of the structures of sulfuryl 

fluoride (302F2), sulfuric acid (S02(OH)2), and oxygen di- 

fluoride (OF2), and accordingly the parameters of these 

molecules were taken as a guide for preliminary ausignrnents 

of 3istances in S03F2. Table (7) shows these preliminary 

distances assignments and the values found for correspond- 
ing distance types in the comparison molecules. Using 

the tentative distance values a theoretical radial distri- 

bution peak consisting of the sum of the several individual 

components was next calculated for comparison with the 

observed peak. The calculation was made by adding four 

Gaussian peaks, each centered at the distance to which it 

corresponded, each having a half-width at half height 

corresponding to (1.386 <4rf.> )ì, and each having a 

weight (area) equal to n . The use of Gaussian 

peaks is a consequence of the harmonic oscillator approx- 
i 

imatlon for vibrational motion. The values of 

used are shown in Table (7) and were estimated from past 

experience. 
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The first theoretical radial distribution peak 

(described above) agreed rather poorly with the experimen- 

ta]. one: the shoulder ws too high end the maximum was at 

l.L2 A° rather than at the experimentally observed l.LO A°. 

To seek better models additional theoretical peaks were 

calculated by changing slightly the distance values and 

the root-mean-square amplitudes of vibration. At the saine 

time theoretical non-bond peaks corresponding to the ex- 

perimental one centered at 2.3C A° were calculated from 

the bond distances and from re&sonable assumptions re- 

gerding the bond angles, based again on the vaiues foind 

in the comparison molecules. All-in-all, seventeen models 

were investigated covering the geometrical parameter 

ranges given in Table (e). o atLempt was made to explore 

the vibration parameters; adju;tments were made as seemed 

indicated to irîprove t.e quality of fit subject only to 

the criterion of reasonableness. The best of these mod- 

eis gave the fit to the l.L A° end 2.38 f peaks shown in 
Figure (10). The fit to the l.L.5 A° peak is excellent; 

that to the 2.38 A° peak is very good. The values of the 

geometrical parar.ieters and of the root-mean-square ampli- 

tudes used for this model are given in Table () 

DIFFICULTIES WITH THE TETRAHEDRAi MODEL 

The tetrahedral model for SO3?2 provides a good Lit 

to the principle peaks of the experimental radial 
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PRELIMINARY BOND DISTANCE VALUES FOR SOp AS 
DERIVED FRO4 CERTAIN COMPARISON MOL CLZ 

PRELININARY 2 COMPARISON REFERENCE 
TYPE VALUE (J > MOLECULE VALUE 

(in A°) (in A°) (in A°) 

3:0 1.140 0.0140 302F2 1.143 (20) 
1.3? (10) 

S-0 ]3 0.OIJ4 1.S2 (18) 
(18) SF l.7 0.01414 302F2 1.6 (20) 

1.S7 (10) 
0-F 1.141 0.01414 OF2 1.38 () 

1.141 (12) 
1.142 (12), (21) 

J) 
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TABLE B 

RANGES OF GEOMETRICÎL PARAMETERS 
FOR S03F2 MODELS 

PARAMETER MINIMUM MAXIMUM 
VALUE VALUE 

S:O 1.39 A 
° 

1.L.O A 

O-F 1.39 A 
° 

1.L.2 A 

S-O 1.3 A ° 
1.56 A° 

S-F 1.2 A ° 1.58 A 

L" 109°28' 116°30' 

L ,3 105°O' 112°3Li.' 

L t 107°33' 109 

LS 9000t 125°0' 
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TABLE 9 

PARAMETER VALUI8 FOR THE BE8r $03F2 ÄODEL FOUND 

ITEM z', A° L ,deg. *1 AO 

8:0 1.39 0.035 

8-0 1.56 0.044 

8-F 1.52 0.056 

O-F 1.39 0.056 

¿Y 
¿cv 

(2.30) 

(2,55) 

(2.38) 

0103,02'Oa (2.38) 

O1"F1102F1 (2.38) 

F2.s01,F2'02 (2.81) 

F2"sFl (3.60) 

111,50 

111.5? 

108.5? 

109.00 

0.071 

0.0?1 

O .071 

- 0.071 

0.071 

0.095 

0.095 

Parentheslzed values are determined by the distance and 
angle parameters. 
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distribution curvo, as has beon sbown When the remaining 

peak3 are considred however, the fÎt is considerably less 

satisfactory. As may be seen from Figure (11) the small 

peaks in the experimental curve at 2q76 A° and 3.5b A are 

matched by theoretical peaks at 2.81 A and 3.76 A°, re- 

spectively, and the oxperiental peak at Lt.02 ° has no 

theoretical counterpart at all. These difficulties are 

serious and must be explained. 

it must be admitted that the experimental L1.02 A° 

peak is incompatible with any reasonable tetrahedral model. 

It could correspond only to the longest distances in the 

molecule, i.e. to those of the type F2''.01, I2O2 and 

F2...F1, but even the more bizarre distortions of the model 

in cuestion lead to values for these distances considerably 

less than wanted, while at the same time destroying the fit 

to the remaining peaks4 A considerable amount of time was 

devoted to investigation of the L.O2 1½D peak end it appears 

quite likely that it can be ascribed to the poor quality 

of the data in the region s < 12. This reion is one in 

which the sector calibration may have been in error, end 

further, is a region in which the experimental background 

was especially difficult to draw in. It is felt that the 

peak is quite likely spurious. However, it remains a ser- 

tous question which serves to demand caution in accepting 

the tetrahedral model as correct. 
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The small peak at 2.76 A° may be ascribed to 

01...F2 02...F2 interactions in models without internal 

rotation about the O-F bond. The corresponding peak In the 

theoretical curve fails at 2.3]. A° for the best model 

(already described). The fit might be improved by dimin- 

ishing the angle S' (the value 2.l A° is a consequence of 

an arbitrary assumption of the reasonable value 109. 0° for 

this angle), and, in fact, the corresponding lessening of 

the F2'''Fl distance would bring about better agreement of 

this distance with the observed peak at 3.8 A°. The only 

adverse effect of diminishing the an;1e t is that the 

accompanying shortening of the F2.'S distance from the 

value of 2.38 A° in the model would give a poorer fit to 

the experimentally observed 2.38 A° peak, but it is quite 

likely that small adjustments of the other parameters 

might re-establish the present good fit. 

CONSIDERATION OF FREE INTERNAL ROTATION 

Hather than proceed slong the lines described above 

(i.e., to seek to improve the fit to the rotation free 

model), it seemed more worthwhile to consider the roblem 

of internal rotation: rotBtion about the O-F bond affects 

just those distances ascribed to the 2.76 AD and 3.!58 A 

peaks. The following coordinate system was established 

for ease in handling this internal rotation problem: 
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1' o 

: 
O3 y 

X 

Atom x - coordinate - coordinate - coordinate 

Oi 0 (SO)sin Y (SO)sinr 

F2 (F-O)sjns1n -gS-0)+(F-O)cosáJ (F-0)sinScos$ 

where 

is the angle of twist as measured 

from the y plane. 

If this system is rotated about the y axis by the 

atom 02 falls into the Dosition occupied in the above 

diagram by the atom Oi, and its coordinates are identical 

to those found for the atom 01. Upon rotating the system 

by ( 
t+ 180)°, the atom F1 comes into the yz plane and its 

coordinate system becomes 

F1 

__y 
X 
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Atom x - coordinate - coordinate - coordinate 

F1 O _(S_F)cos/ (S-F)sin 

If P(r) dr equals the probability that a distance in the 

molecule is found between r and r + dr, then j'(r)= P4$')i,t 

by the chain rule. The coordinates given above for F2, 01, 

and 02 can readily give the relationships between and 

the non-bonded distances 

From these reiati3nships 

these distances 
( 
2L_ 

readily be calculated. 

F2...F1, F2''01, and 

ths variation of with each of 

can 
) 

Assuming free rotation about the 

O-F bond, P( ÇA) = i and P(r) was obtained by integrating 

p() i over r. For example for the distance F201, 
¿r 

C 
(f)J5,2d(SO)co52? 

-2 (s-a,[(s-c) , (/-c3 )côs L] Co$ ?' 

* (-c3 ). (S-ô )(5ô3) c.s J' (_ô5)sY 
1_ (s-,/)s,).r (13) 
- (f_o3)(so,),j' 

= (s-o,»2 

+ 2[(s- )_ (S-o,) !òs?-7(;c; 3 )(c:òsJ') 
- 

.2 ('a-3)(S'--O,) y cc'sç$ 

lence, by taking partial derivatives with respect to 

F2..'C1 and rearranging, 

- ,c:...o, k(o3) 
- (P2-03)(S-01) S/flc'S/nS/F7Ø Sinçi (114) 



where 

(iS) 
(F2 - 73 »'5- 0,) Sii o' Sin I 

Similar considerations concerning the distance F1...F2 

lead to the equation 

where 

'(f,.../;) (16) 

(5-jY5-f,.ìs,n1.c,hf5rn# 3nØ 

(f2 03)(S-F,)5,n s,,,/, 

In order to get tbe net P(r) curve it was necessary to 

calculate over a Ø range of O36O, integrate this 
function over r and combine the individial curves after 

norrnalizin; them with respect to each other. The normal- 

ization was achieved in the following fashion 

aAt?? 5.»Fi 
(17) 

AIe-i, ¡--O 



For F2..'01, for example, 

where 

(f2..o,)2 a_ bcosØ 

Q 

-2(5-Oi) (S-o3) CO5 

.[(s-o3)-(s-ô,) S ?J (P2 -ô) cosJ 

b (F2-)3) 5, P (s-e,) 5171 

Li]. 

(16) 

(19) 

From the relationship that sin2 + cos2 = 1, sin for 

Hence 

can be found to equal 

¿#1 

.1 

L 

r. 

I 

f-' 

J_(_5 
. , ''_!'' ::J 

,. 
6 s,, 

,. ( 7- 

-Ip a 

( 21) 

= -3,n_17__ (-J 

In order to take account of vibration of the molecular 
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frne, it, Is necessary t multiply the rotational distri- 

j i - bution above by - e J 
j-jj: <4t>1/Z 

This is done by choosin::; a vaie for the root-mean-square 
a - 

amplitude of vibration <4r1 ) and constructing a Gaussian 

peak at each r value or the rotational distribution, and 

then summing at each r the contribution of all the Gaussian 

peaks. The resilts are shown in Figure (12) for three 

different assumed values of . ihe effect of vi- 

bration is clearly seen. There are two peaks centered at 

about 2.6 AG and 3.5 I, the exact position depending on 

the value of (Ary> In all cases, however, the effect 

of free rotation is to distribute scattering mat;er in 

significant quantity between the two peaks which correspond 

to the case without rotation, The observed radial distri- 

bution curve does not suggest this distribution of scatter- 

ing matter (unless the hase lino is in error), and accord- 

ingly it seems reasonahie to suppose that the rotation is 

restricted. Restricted rotation was not investigated. 

C ONSI DERAT1 ON OF OTHER P0331 F3LE C ONFI GURTI ONS 

Another possible configuration for the 503F2 mole- 

cule is one in which each of the two fluorines are bonded 

to sulfur through oxygen, one oxygen is doubly bonded 

directly to the sulfur, and one of the coordinating posi- 

tions in the tetrahedral model is left vacant. For this 
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rwdel a longer F1.e.F2 separation and many different FwO 

separations may be obtained by varying both the two F-O-S 

angles and the angle or twist of each F atom from the 

piane of symrnetr in the molecule. 3ome preliminary con- 

siderations suggested that a fair fit might be obtained 

with this structare. There seemed to be no point to in- 

vestigating it in detail, in the face of all the evidence 

for the tetrahedral model. 

THEORETICAL INTENSITY CURVES 

Theoretical intensity eurves were calculated for 
al]. 303F2 riodel on the Aiwac III-E digital computer, 

using the equation 

s i(s) P1Zij e (22) 

where n is a weighting factor which has a value equal to 

the number of a given typo of a distence at a given value 

. . 
This is identical with Equation (10). A comparison 

of the theoretical intensity curve for the best model with 

1E6 is shown in Fiure (13). 

The two curves match well except in the region 

l where the relative depths of the minimums in 

the theoretical doublet are opnosite to that of the ex- 

perimentel curve. r2his discrepancy is simply another 



manifestation of the discrepancies between the experimental 

and theoretical radial distribution curves. 

STRUCTURAL CONCLUSI ONS 

i3ecau8e of the quality of the data it became clear 

early in the investigation that a determination of the 

structure of 303F2 was not possible and that little better 

than a verification of the proposed tetrahedral configura- 

tion could be hoped for. This was borne out b later work. 

It may be stated that the electron diffraction results 

support the tetrahedral model and that good areement with 

the exrerimental results is provided by reasonable values 

of all bond distances and bond angle parameters. 
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