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negative. For the values of Santry and Segal,26 

negative R is obtained only for the S-S-H angle = 
108°. Already for the S-S-H angle of 100°, R is 
positive for all cf> between 0° and 180°, in disagreement 
with experiment. In summary, those parametrizations 
which lead to agreement with experiment for 4> — 
60° give results basically similar to those obtained from 
the Bergson model. 

It is possible that an improvement of the calculations 
such as inclusion of d orbitals with their complicated 
nodal properties into our basis set would make the 
changes of the calculated rotatory strength with the 
dihedral angle less simple. However, it is unlikely 
that it could change the basic results: (i) the transition 

Sulfur hexafluoride is known as an efficient electron 
scavenger in irradiated liquid and gaseous sys

tems.3-7 Recently it has been shown that the hydrated 
electron produced in the radiolysis of water 

H2O ~ ~ > eaq-, H3O+ , etc. (1) 

reacts with SF6 according to 
H2O, -OH 

ea<f + SF6 » 6F - + SO4
2" + 7H3O+ (2) 

and that the rate constant is equal to 1.65 X 1010 

Af-1 sec-1.6 SF6 scavenges all hydrated electrons in 
7-irradiated aqueous solutions under 6-10 atm of 
sulfur hexafluoride (ca. 1O-3 M). A detailed mecha
nism for the overall process given in eq 2 has been 
proposed,6 according to which the formation of SF6 

(1) Supported in part by the U. S. Atomic Energy Commission. 
(2) (a) Hahn-Meitner Institut fiir Kernforschung, Berlin, Germany; 

(b) Radiation Research Laboratories, Mellon Institute, Carnegie-
Mellon University, Pittsburgh, Pa. 15213. 

(3) G. R. A. Johnson and J. M. Warman, Trans, Faraday Soc, 61, 
1709 (1965). 

(4) J. M. Warman, K.-D. Asmus, and R. H. Schuler, Advances in 
Chemistry Series, No. 82, American Chemical Society, Washington, 
D. C , 1968, p 25, and references cited therein. 

(5) G. R. A. Johnson and M. Simic, / . Phys. Chem., 71, 2775 (1967). 
(6) K.-D. Asmus and J. H. Fendler, ibid., 72, 4285 (1968). 
(7) K.-D. Asmus and J. H. Fendler, ibid., 73,1583 (1969). 

into the lowest excited state of disulfides is inherently 
optically active, but for dihedral angles close to 90°, 
the inherent activities of two such transitions, which 
both contribute to the observed first band in the uv or 
CD spectra, nearly cancel so that environmental 
effects dominate; (ii) for dihedral angles sufficiently 
larger than 90°, the first uv band would again become 
strongly inherently active and the left-handed helix 
would give positive rotatory strength. 
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and the oxidation of water by SF5 are the first two steps. 

SF6+ eaq-—>--SF5 + F- (3) 
-SF5 + 2H2O —> -OH + F- + H3O

+ + SF4 (4) 

The sulfur tetrafluoride formed in reaction 4 then 
hydrolyzes according to 

SF4 + 9H2O —>• SO3
2" + 4F- + 6H3O

+ (5) 

and the sulfite subsequently is oxidized by species such 
as OH, H2O2, or SF5. 

SO3
2" + (-OH, H2O25-SF6) —>• SO4

2" (6) 

Since the reaction of SF6 with eaq~ leads to charged 
products, conductivity measurements appeared to be a 
useful means for tracing the elementary processes 
described in reactions 3-6. A pulse radiolysis study 
in which changes in the conductivity of solutions con
taining SF6 were recorded after a short electron pulse 
has, therefore, been carried out. The simultaneous 
observation of changes in optical absorption and 
conductivity has been utilized in several investigations 
and has been found to be a very suitable technique for 
studying elementary processes which involve the 
creation or destruction of charges.8 

Conductometric Pulse Radiolysis of Sulfur Hexafluoride in 
Aqueous Solutions. Rate of Hydrolysis of Sulfur Tetrafluoride1 

K.-D. Asmus,23 W. Griinbein,23 and J. H. Fendler20 

Contribution from the Hahn-Meitner Institut fiir Kernforschung, Berlin, Germany, 
and the Radiation Research Laboratories, Mellon Institute, 
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213. 
Received December 15, 1969 

Abstract: Changes in the conductivity of pulse-irradiated aqueous solutions saturated with SF8 (ca. 2 X 1O-4 M) 
have been observed as a function of time. In neutral solutions the conductivity increases in two steps. The fast 
first step is attributed to the reactions eaq- + SF6 - • -SF6 + F~ and • SF5 + 2H2O -* OH + SF4 + H8O+ + F~. 
A lower limit for the rate constant of the reaction of -SF5 with H2O of 6.3 X 103 M - 1 sec-1 could be derived. 
The slow second step is due to the hydrolysis of SF4. The observed pseudo-first-order rate constant for this reaction 
increases linearly with hydronium and hydroxide ion concentration and can be described by k+ = h + /Cs[H3O

+] + 
&b[OH~]. The rate constant k0 for the pH-independent hydrolysis is 9.5 X 103 sec-1, and &a and kb for the acid- and 
base-catalyzed hydrolyses are 8.5 X 107 M - 1 sec-1 and 7.0 X 109 M - 1 sec-1, respectively. Mechanisms for the 
hydrolysis of SF4 are discussed. 
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Figure 1. Conductivity change as a function of time in a pulse-
irradiated 2 X 1O-4 M aqueous SF8 solution at pH 5.9; dose, 200 
rads. 

Figure 2. Changes in conductivity and absorbance at 650 nm as a 
function of time in a pulse-irradiated aqueous 2 X 10~5 M SF6 
solution at pH 6.6; dose,400rads; pulse length, ca. 1 Msec. 

Experimental Section 
The pulse radiolytic conductivity experiments were carried out 

using a 1.5-MeV Van de Graaff accelerator at the Hahn-Meitner-
Institut in Berlin. The conductivity cell and associated electronic 
equipment has already been described.9'10 The absorbed dose, 
generally ca. 200 rads/pulse (ca. 0.3 ^sec/pulse, beam current: 10 
mA), was monitored by a secondary emission foil. Simultaneous 
optical absorption and conductivity measurements of the nitro
benzene radical anion, formed by CeH5NO2 + e a q

- -* C6H6NO2•", 
or of the nitroform anion, formed by C(N02)4 + eacT -*• C(N02)3~ 
+ NO2 and C(NOJ4 + -H -* C(NOOr + H+ + NO2, allowed the 
calibration of the cell and served as a method for obtaining ac
curate dosimetry.10 

The solutions were prepared from triply distilled, air-free water. 
SF6 saturated solutions (ca. 2 X 1O-4 M), obtained by bubbling 
with SF6 for 1-2 hr, were pushed through a thermostated (18°) 
flow system into the irradiation cell using SF6 gas. Solutions with 
lower concentrations of SF6 were prepared by diluting a saturated 
solution in a gas-tight syringe (ca. 100 ml). Reagent grade per
chloric acid and sodium hydroxide were used to adjust the pH ofthe 
solutions. The pH was monitored continuously throughout the 
experiments with an accuracy of ±0.05 pH unit. The back
ground conductivity of H3O+ and OH - ions limits the technique to 
the pH 3-10 region. 

It is not possible to operate the irradiation cell at pressures greater 
than 1 atm; and in a solution saturated with SF6 at 1 atm, not all 
ofthe electrons are scavenged by the solute due to the competition of 
H3O+, • OH, H2O, and eaq

- for the hydrated electron. Appropri
ate corrections, therefore, have been made when necessary. 

Quantitative analysis of the conductivity data are based on eq 
I,10 which describes the observed voltage signal, A£/„ due to the 
conductivity change in the pulse-irradiated solution. 

A^ = §t?Ac' | z' |A< (I) 

Ub is the voltage between the electrodes, i?a (1 kQ) is an operating 
resistance in series with the cell, kz is the cell constant in cm-1, 
Zj is the charge number, Ac.,- is the molar concentration ofthe charged 
species, and A,- is the equivalent conductance of the charge carrier 
in cm2 ohm -1 equiv-1. The change in conductivity, 2/Ac>|z/|Ay, 
can be expressed as cAA, i.e., the product of the concentration of 
the charged species produced as a result of the irradiation and the 

(8) (a) K.-D. Asmus, G. Beck, A. Henglein, and A. Wigger, Ber. 
Bunsenges. Phys. Chem., 70, 869 (1966); (b) J. Lilie, G. Beck, and A. 
Henglein, ibid., 72, 529 (1968); (c) J. Lilie and A. Henglein, ibid., 73, 
170 (1969); (d) W. Griinbein and A. Henglein, ibid., 73, 376 (1969); 
(e) M. Gratzel, A. Henglein, J. Lilie, and G. Beck, ibid., 73, 646 (1969). 

(9) A. Henglein, AlIg. Prakt. Chem., 17, 296 (1966). 
(10) G. Beck, Int. J. Radiat. Phys. Chem., 1,361 (1969), and references 

cited therein. 
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Figure 3. Conductivity change as a function of time in a pulse-
irradiated 2 X 1O-4 Maqueous SF6 solution at pH 8.95. The signal 
in the first 2 jusec is distorted (see text). 

total equivalent conductivity. AA then is given by 

AA = AU°k* X 1Q3 (II) 
UbR*c v ' 

The cell constant has been determined to kz. - 0.65 cm -1 and c can 
be derived from the 100-eV yields and the absorbed dose. 

Results and Discussion 
Interpretation of Conductivity-Time Curves. Figure 

1 shows the change in conductivity as a function of time 
in a SF6 saturated solution. It can be recognized that 
the conductivity increases in two steps. The first 
step occurs during the pulse, i.e., is completed after 
ca. 1 fi&ec. This increase is followed by a first-order 
build-up of additional conductivity until a final value 
is reached after about 1 msec. 

The total change in equivalent conductivity, AA, as 
calculated from the observed AUS and the known dose 
and G(eaq-) = 2.76,6 is 2700 ± 250 cm2 ohm~\ Ac
cording to the stoichiometry given in eq 1 and 2 and the 
known specific conductances of the charged species 
involved (AH,o+ = 314.5, Aea„- = 190, AF- = 46.5, and 
Ai/2so.*- = 68.3 cm2 ohm-1 equiv-1),8'11 a AA = 
8AH!o+ + 6AF- + 2A.Aso.*- = 2900 cm2 ohm-1 is 
expected. The agreement between the two values 
clearly suggests that the reaction mechanism given by 
eq 3-6 essentially is completed. 

The first fast step ofthe curve given in Figure 1 amounts 
to ca. 25% of the overall conductivity change. This 
means that a total of 2H3O

+ and 2F - ions are formed 
in the first increase in conductivity, i.e., that both 
reactions 3 and 4 contribute to the initial formation of 
charged species. In order to study this step in more 
detail a dilute solution of SF6 (2 X 1O-5 M) was pulse 
irradiated, and the result is given in Figure 2. The 
lower curve shows the increase of the optical ab
sorption of the hydrated electron at 650 nm during the 
pulse followed by a decrease, due to the reaction of 
eaq- with SF6. The conductivity signal (upper curve) 
is strongly distorted during and immediately after 
(ca. 2 /usee) the pulse due to changes in the double 
layers on the electrodes and the outflow of charges 
from the electron beam.10 The total increase of 
equivalent conductivity coinciding with the disappear
ance of the hydrated electron corresponds to ca. 430 
cm2 ohm-1. This is in agreement with the value 
calculated on the assumption that 2H3O

+ and 2F -

ions are produced in this step and taking into account 
that only 60-70% of the hydrated electrons are scav
enged by the SF6 at a concentration of 2 X 1O-6 M. 

From these results, therefore, it can be concluded 
that the oxidation of H2O by SF6 (eq 4) occurs very 

(11) Landolt-Bornstein, "Zahlenwerte und Funktionen," Vol. II, 
7th Suppl., Springer-Verlag, Berlin-Wilmersdorf (West), 1960, pp 257, 
258. 
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Figure 4. Plots of the normalized logarithm of the conductivity 
change, In00

-1 - Ar1I, vs. time for the hydrolysis of SF4: a, pH 
6.0; b,pH3.5; c,pH8.7. 

10 5x[0H _ ] ,M 
5 

Figure 5. Plots of reciprocal half-lives for the hydrolysis of SF4 
vs. HsO+ and OH" concentration. 

fast, as has been previously suggested.6 Since the 
SF6 radical is obviously shorter lived than the electron 
in this experiment, i.e., Uj, < 2 ,usee, an upper limit for 
the reaction of SF6 with H2O can be calculated 

ki > 
In 2 

(2 X 10-S)[H2O] 
6.3 X 103 M-1 sec-

Figure 3 shows the change in conductivity of a 2 X 
10-4 M SF6 solution at pH 8.95. The strong negative 
signal immediately during and after the pulse comes 
from the distorting effects mentioned above. Sub
sequently, the conductivity change is still negative and 
the signal further decreases to a constant value. This 
decrease in conductivity is observed in all basic solutions 
and results from the neutralization of the hydronium 
ions, produced in reactions 1-5, by O H - ions. The 
net result, therefore, is the substitution of O H - ions 
by anions such as F - and SO4

2-. Since the equivalent 
conductance OfOH-(A0H- = 190 cm2 ohm - 1 equiv -1)11 

is much larger than that of F - and SO4
2", the total 

change in conductivity is negative. 
Hydrolysis of SF4. The slow change in conductivity 

(Figures 1 and 3) is attributed to the hydrolysis of sulfur 
tetrafluoride. Since 2 F - ions are eliminated from the 
SF6 molecule in the first fast step of the reaction 
sequence, as discussed above, the only other possible 
intermediate that could be responsible for the slow 
conductivity change would be sulfur oxytetrafluoride, 

Figure 6. Plot of U/, for the hydrolysis of SF4 vs. pH: solid line, 
calculated from eq III and n/, = In 2/**; •, experimental points. 

SOF4. The formation of this species, however, 
would require an immediate reoxidation of the reduced 
sulfur. This does not seem to be the case since scav
enging of the oxidizing OH radicals by 2-propanol has 
no affect on the overall formation of the F - ions. 

A comparison of Figures 1 and 3 shows that the 
hydrolysis of SF4 is much faster in basic than in neutral 
solutions. Similarly the rate of hydrolysis increases 
in acid solutions. In Figure 4, the change in con
ductivity resulting from this hydrolysis reaction is 
plotted on a logarithmic scale vs. time. Since small 
doses have been used, the concentration of H3O+ ions 
produced does not exceed 1O-6 M and, therefore, the 
overall pH change during the course of the hydrolysis 
is negligible. Thus, the straight lines obtained for 
solutions of different pH indicate a first-order process. 
From the slopes of these lines the following rate con
stants were calculated: k+ = 3.3 X 104 sec -1 at pH 
3.5, 9.9 X 103 sec-1 at pH 6.0, and 4.6 X 104 sec-1 at 
pH 8.7. Figure 5 shows that a linear relationship 
exists between the concentration of H3O+ and O H -

ions and the reciprocal half-life of SF4 (as measured by 
the time required for reaching half of the conductivity 
change of the slow step). From the slopes of these 
straight lines second-order rate constants for the acid-
and base-catalyzed hydrolysis of fca = 8.5 X 107 and 
kh = 7.0 X 109 M-1 sec - 1 were derived. The com
mon intercept of the curves corresponds to a value of 
Jc0 = 9.5 X 103 sec-1, which represents a pH-indepen-
dent rate constant. The observed first-order rate con
stant for the hydrolysis of SF4 at a given pH, then, can 
be expressed by 

A0 + £a[H30+] + Ab[OH-] (III) 

Figure 6 shows the hydrolysis profile of SF4, i.e., a 
plot of /1/, vs. pH. The first-order increase or de
crease of the conductivity after the pulse also shows 
that the rate-determining step of the SF4 hydrolysis 
must be the initial attack of H3O+, OH - , or H2O on 
SF4. If one of the following elementary processes 
would be rate determining the conductivity change 
should exhibit a more complex time dependence. 

Sulfur tetrafluoride exists as a trigonal bipyramid 
with a pair of electrons and two fluorine atoms in 
equatorial positions and can act as a Lewis acid or 

Asmus, Griinbein, Fendler / Rate of Hydrolysis of SFi by Pulse Radiolysis 
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Figure 7. Conductivity change as a function of time in a pulse-
irradiated 2 X 1O-4 M aqueous SF6 solution at pH 8; dose, 200 
rads; (a) time scale, 50 /xsec/cm; (b) time scale, 10 Msec/cm. 

base.12 Hydronium ions can therefore coordinate 
with the electron pair, thereby assisting sulfur-fluorine 
bond breaking (acid catalysis). Since the rate con
stant for the base-catalyzed reaction is much greater 
than that for the acid-catalyzed hydrolysis, the most 
likely reaction mechanism in basic solution is the 
nucleophilic attack of the hydroxide ion on the sulfur. 

(12) H. J. Emeleus, "The Chemistry of Fluorine and Its Compounds," 
Academic Press, New York, N. Y., 1969. 

The very unstable 1,2,3-trioxolanes (primary ozon-
ides) I, which results from the electrophilic 1,3-

dipolar cycloaddition' of ozone to a carbon-carbon 
double bond, have been the object of recent studies. 
Because of the great instability of the primary ozonides, 
any experimental study with these intermediates in the 
ozonolysis reaction must be performed at low tem
peratures ( - 7 8 to -130°) . 

(1) R. Huisgen, Angew. Chem. Intern. Ed. Engl, 2, 565, 633 (1963); 
A. J. Whitworth, R. Ayoub, Y. Rousseau, and S. Fliszar, /. Amer. 
Chem. Soc., 91, 7128 (1969); D. G. Williamson and R. J. Cvetanovic, 
ibid., 90, 4248, 3668 (1968). 

Likewise, the relatively slow neutral hydrolysis could 
occur by nucleophilic attack of water on sulfur. 

Combination of H3O+ and O H - Ions. Figure 7 
shows the change in conductivity of a solution at pH 
8.0 which was irradiated with a dose that produces as 
many hydronium ions in the fast reactions 1 and 4 as 
there are O H - ions present. Immediately after the 
pulse the conductivity increases due to the formation of 
2H3O+ and 2 F - per eaq~ scavenged by SF6. Then the 
neutralization 

H3O
+ + OH- —>- 2H2O (7) 

leads to a decrease in conductivity. Subsequently 
the hydrolysis of SF4 is responsible for the second 
increase. From the first half-life ca. U/, = 7 Msec of 
the second-order decrease of the conductivity after the 
pulse and the known concentration of [H3O+] = [OH -] 
= 10~6 M, the rate constant for the neutralization 
reaction can be calculated as &7 = 1/(10~6 X 7 X 1O-6) = 
(1.4 ± 0.3) X 10 u M - 1 sec -1, which is in good agree
ment with the results of other authors.13 
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Criegee and Schroder,2 and Greenwood3 have 
isolated a-diols by the treatment of ozonized solutions 
of olefins (—115°) in ether by an isopropyl Grignard 
reagent. The configurations of the a-diols obtained 

(2) R. Criegee and G. Schroder, Chem. Ber., 93, 689 (1960). 
(3) F. L. Greenwood, /. Org. Chem., 29, 1321 (1964); 30, 3108 
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A Quantitative Investigation of the Ozonolysis Reaction. XII. 
Quantum Chemical Conformational Analysis of Primary Ozonides 
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Abstract: Extended Huckel LCAO-MO calculations indicate that the half-chair conformation of the five mem-
bered 1,2,3-trioxolane ring is more stable than the envelope form. The equatorial conformation is preferred by all 
substituents in the primary ozonides of monosubstituted ethylenes. In the primary ozonides of fra/w-l,2-disub-
stituted ethylenes, the equatorial,equatorial conformation is preferred by small substituents (methyl, ethyl n-
propyl), whereas the bulkier isopropyl and /-butyl groups prefer the axial.axial conformation. In the primary 
ozonides of cw-l,2-disubstituted ethylenes, the largest group prefers the equatorial conformation when both sub
stituents are small, and the axial conformation when one of the substituents is at least as large as the n-propyl group. 
When one of the substituents is as large as the /-butyl group, the primary ozonide does not appear to possess a 
"stable" conformation. 
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