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Preliminary communication of the results of ESR measurements on the polymerization oE liquid SUI- 
phur and selenium in a temperature interval Z5OC < T c 700%. 

1. SULPHUR 

Gardner and Fraenkel [l J were the first to at- 
tempt a determination of the number of free ra- 
dicals in Liquid sulphur with ESR methods 
(24O’C < T < 37O’C). The temperature depend- 
ence of the number of free radicals is supposed 
to be caused by the polymerization process [Z, 31: 

where 

Sz = diradical with tz atoms ; 

Sf; = ring molecule of 8 atoms, 

From the temperature dependence of the radical 
concentration they caiculated the heat of reaction 
of equilibrium (2), using an expression for the 
weight fraction polymers (p), determined from 
calculations of Gee [Z] with help of results of the 
measurements of the specific heat. Poulis and 
Massen [4] applied a similar procedure to their 
measurements of the paramagnetic static sus- 
ceptibility (32OOC < T < SSOOC). With the aid of 
the combined magnetic measurements Poulis and 
Derbyshire [S] calculated the average chainlength 
(24O’C < T < 58O’C). 

ESR measurements on highly purified sulphur 
(1 to 106) were carried out in a temperature in- 
terval 20°C! <: T < ‘7OOOC. Using an ESR spec- 
trometer with high sensitivity and time-averaging 
techniques we found signals from T = 172OC up- 
wards. In fig. 1 the relative intensities (N*)$ of 

$ NC =.f~~dH1/~~ F'(B) &H, F1(Hj is the first deriva- 

tive of the absorption F(B). 

our ESR measurements are given as a function 
of 1000/T. When these intensities are rekted to 
the absolute number of spins direct information 
will be obtained about @ = a(T), the heats of re- 
action of the equiIibria (1) and (2). the average 
chainlength and the temperature of initial poly- 
merization. The results will be published in the 
near future. 
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Fig. 1, Relative intensities (N*) versus lOoo/Z of ESR 
measurements on liquid sulphur. The indicated bars 
give the errors of retative intensity and temperature, 

respectiveiy. 
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When the lifetime of a chain-end spin state is 
determined by a single relaxation mechanism, 
the lineshape must be Lorentzia.n. Applying the 
lineshape analysis [6], based ‘3n the ncethod of 
least squares, it can be shown that from 180% 
upwards the line is Lorentzfan. Moreover the 
line parameters can be calcuktted with their lim- 
its of accuracy. In fig. 2 the ESR spectrum at 
T = 566’C is given by dots. The two lines repre- 
sent the best fit to Lorentzian and Gaussian 
shapes. To explain the enlargement of the line- 
width with increasing temperature Gardner and 
Fraenkel suppose that the lifetime of the spin 
state is determined by the reaction rate of the 
radical displacement reaction: 

If the logarithm of the linewidth of the measured 
spectra is pfotted against lOClO/T, the slope of 
the straight line gives the activation energy of 
the mentioned reaction. In fig. 3 our results are 
shown and it is seen that there is a break at 
T = 550°C. Accordingly it becomes probable that 
above this temperature the linewidth is deter- 
mined by a different relaxation mechanism. 
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Fig. 2, ESR spectrum of Iiquid suIphur at T = 566’C. The measured spectrum is given by dots. The two ICues repro- 
sent the best fit to Lorentzian and Gaussim shapes. 
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Fig. 3. Linewidth (API? versus 2 000/T of the ESR spectra of liquid sulphur. The results of Gardner ard Fraenkel are 
given with (a). The indicated bars give the error of linewidrh and temperature, respectively. 
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2. SELENIUM 

Tolbokky and Eisenberg [7], assuming a sim- 
ilar polymerization process as for sulphur and 
using data for the weight fraction of polymers 
obtained by Brieglieb [8], calculated on a theore- 
tical basis a temperature of initial polymeriza- 
tion in the solid state (T = 85’C). Using the po- 
lymerization model, previously applied for sul- 
phur, Poulis and Massen [9] derived the average 
chainlength from measurements of the static sus- 
ceptibility in a temperature interval 
520°C < Tc 83O’C. Also in this case ESR meas- 
urements would be a helpful tool to investigate 
the polymerization behaviour. Results of our 
preliminary ESR measurements are given here. 

Samples were made of fine- rinded pellets of 
% selenium of high purity (1 to 10 ). They were 

evacuated at 10-3 torr during thirty minutes at a 
temperature of 23O’C. Initial ESR measurements 
on a fresh sample produced a signal that was va- 
riable with temperature but also with time. At 
short exposure times both linewidth and intensity 
increases with increasing temperature; the g 
value being constantg = 2.016 + 0.005 
(25O’C < T < SOO’C). When the samples were 
heated during a longer time the results were dif- 
ferent but better reproducible at each tempera- 
ture. The intensity and the linewidth decrease 
with increasing temperature until about 500°C, 
theg value being temperature-dependent (1OO’C: 
g = 2,080; 45OOC:g = 2.020). At temperatures 
higher than 500°C the intensity and the linewidth 
increase with constantg value; g = 2.018 * 0.005. 
Lineshape analysis shows that the ESR spectra 
of selenium in the liquid phase (fig. 4) are of 
Lorentzisn shape. 

When after the heat treatment the samples are 
measured at room temperature, we find the same 
signal (g = 2.0036) as reported by Sampath [IO] 
and Abdulaev 111 J. Chen and Das 112) attributed 
this signal to one oxygen atom bounded to a chain- 
end: SeO-. We found that this signal disappears 
reversibly at higher temperatures_ 

If we assume the behaviour of oxygen in sele- 
nium to be comparable with that of iodine in sul- 
phur, it is possible to explain some of the results 
of our measurements_ The viscosity of sulphur, 
because of its dependence on the average chain- 
length, decreases with increasing iodine content 
1131. Moreover, the maximum of viscosity moves 
to higher temperatures (pure sulphur 160°C, with 
4% iodine 25OOC). From the temperature depend- 
ence of the intensity of our ESR signals, the con- 
clusion may be drawn that the maximum of chain- 
length for selenium is in this case shifted to 
500°C, as a consequence of the presence of oxy- 
gen. With increasing chainlength the probability 
for free spin states to react with each other di- 
minishes. The lifetime of the free spin state in- 
creases and thus the linewidth must decrease 
with increasing temperature. Above *he temper- 
ature of maximum chainlength, the tinewidth 
must increase following the same model. The 
behaviour of the samples when heated for the 
first time above 230°C (rapid measurements at 
increasing temperatures) can be explained by 
the fact that In this case the oxygen is not yet 
bonded to the chain ends. 

Further ESR investigations on highly de-oxy- 
genized selenium, and on sulphur and selenium 
with different contents of iodine, are in prepa- 
ration 
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Fig. 4. ESR spectrum of liquid selenium at T = 35O’C. The measured spectrum is given by dots. The two lines re- 
present the best fit to Lorentzian and Gaussian shapes. 
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