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stoichiometry of the films. The knee in the curve 
corresponds to a change from intrinsic conduc- 
tivity a t  the higher temperatures to impurity or 
extrinsic conductivity a t  the lower tempera- 
tures.* When too high a pressure of SbH, was 
used in preparing the films the resistances were al- 
most independent of temperature (up to 300°K., 
the highest temperature used), apparently be- 
cause excess antimony was produced. . A heated 
probe on the purer films gave a potential corre- 
sponding to a p-type semiconductor a t  room tem- 
perature, so that again we conclude that the high- 
temperature slopes in Fig. 1 are partly due to sur- 
face impurities (principally oxygen). The resist- 
ances were too high for conventional Hall effect 
measurements. 
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Complexes of ruthenium(II1) and (IV) have 
received considerable attention in the modern 
literature with regard to their solution chemistry 
and spectral  characteristic^.^-^ Relatively little 
is known about the behavior of ruthenium(I1) in 
solution, however. J@gensen6 has critically dis- 
cussed the spectra of ruthenium (11) halide com- 
plexes in terms of crystal field theory. 

Ruthenium(I1) is commonly prepared in acid 
solution by reduction of ruthenium(II1) or (IV) 
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with zinc or cadmium amalgams, resulting in the 
inevitable introduction of foreign cations. While 
ruthenium(I1) has been produced polarographi- 
cally a t   microelectrode^,^ attempts to prepare this 
species in perchloric acid media by controlled 
potential reduction a t  macroelectrodes* have been 
unsuccessful . 

This author has found it possible to prepare 
stable solutions of ruthenium(I1) in acidic chloride 
media by controlled potential reduction of 
ruthenium(1V) a t  a mercury pool electrode by 
accurate control of several critical factors. Polaro- 
graphic work? has shown that ruthenium catalyzes 
the reduction of H f  a t  mercury electrodes a t  sur- 
prisingly positive potentials in perchloric acid 
media. Preliminary polarographic experiments in 
hydrochloric acid media have shown similar 
effects. As a result, accurate control of the 
cathode potential is required in order to avoid 
hydrogen evolution while operating a t  potentials 
corresponding to the diffusion plateau of the 
ruthenium wave. The pH of the medium must 
be kept below 2.5 to avoid hydrolysis of ruthenium 
species. 

The optimum conditions for the electrolytic 
production of ruthenium(I1) a t  an applied poten- 
tial of -0.470 f 0.001 volts us. s.c.e. were found 
in 4 M KCl solutions adjusted to pH 1.5 with 
HCI. Best results were obtained in solvent 
deaerated with N:! and pre-electrolyzed under ex- 
perimental conditions to remove reducible im- 
purities. Under these conditions, lavender-blue 
solutions of RuCI~-~,  having characteristic ab- 
sorption maxima a t  538 and 610 mp, were pro- 
duced. The spectra obtained are in good agree- 
ment with those of J@rgensenl6 who prepared 
ruthenium(I1) in 2 and 6 M HCI by redliction 
with zinc amalgam. No spectral evidence for the 
presence of ruthenium(II1) or (IV) was found after 
completion of electrolysis. 

Graphical integration of current-time curves 
for the reduction of KzRuCle by this method 
yielded values of 2.01 0.01 for n, the number of 
electrons involved in the electrode process. Plots 
of log current ZIS. time gave good straight lines 
as a further indication of lOOyo current efficiency. 
The coulometric data are summarized in Table I. 

Experimental 

KlRuCls (A.  D. MacKay, Inc., New York, N. Y.)was 
used as a source of ruthenium(1V). All other chemicals 
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TABLE I 

IN 4 M KCl (pH 1.5) 
Applied potential = -0.470 v. vs. s.c.e. 

COULOMETRIC n-VALUES FOR THE REDUCTION OF RIl(1V) 

R uthenium(IV), mfaradays 
rnmolea consumed It 

0.171 0.346 2.02 
. I68 ,337 2.01 
.172 ,342 1.99 - 

Mean 2.01 =I= 0.01 

were of reagent grade. Cathode potentials were controlled 
by means of a Model 600 electronic potentiostat (Duffers 
Associates, Inc., Troy, N. Y.) .  Electrolyses were carried 
out in a cell providing a mercury pool cathode of 184 cm.2 
area and a platinum gauze anode separated from the 
cathode compartment by a "fine" fritted gIass disk. A 
Leeds and Northrup saturated calomel electrode served as a 
reference. The catholyte was continuously purged with 
N2 during electolysis and kept a t  25 f 0.2". Spectra were 
recorded with a Beckman DB UV-visible spectropho- 
tometer. 
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I t  has been reported' that oxidation of 0,O-di- 
ethyl hydrogen dithiophosphate with concen- 
trated sulfuric acid results in the formation of bis- 
(diethoxythiophosphoryl) disulfide, (CzH6O)2- 
S S 

P-S-S-P(OC2R& (I). Re-investigation of this 
reaction has shown that the reaction product is 
actually a mixture of (I) and bis-(diethoxythio- 

i I 

S S 
I I 

phosphoryl) trisulfide, (C&I60)+S-S-S-P- 
(OGZH~)~ (11). The identity of the latter was con- 
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firmed by a mixed melting point determination 
(m.p. 72-73') with an authentic sample prepared 
by the reaction 

s 
I 

(c~H,o)~P-sH + s e i z  -+ 
S s 
I I 

(C2H50)2P-S-S-S-P( O C Z H ~ ) ~  + 2HC1 

Compound I can originate v i a  a straightforward 
oxidation of 0,O-diethyl hydrogen dithiophos- 
phate or one of its metal salts. In fact, a large 
variety of other oxidizing agents generate (I) as 
well, e.g., Clz,314 18-,s HN02,6 H202,3 etc. The 
formation of compound 11, however, is com- 
plicated by some mechanism that makes an extra 
sulfur atom available during the oxidation of the 
free acid. 

The oxidation of 0,O-diethyl hydrogen dithio- 
phosphate with either iodine or H2Oz results in a 
quantitative yield of (I). When NazS (an obvious 
source of sulfur) is added to the iodine oxidation, 
or when the RzOt oxidation is carried out in 
strongly acidic media, some of (11) is obtained as 
well. This suggests that the extra sulfur required 
in the H&04 oxidation process may result from 
hydrolysis and subsequent oxidation of the H2S 
produced by hydrolysis 

s S 

Compound I11 has been isolated and identified. 
Its potassium salt was prepared and the melting 
point, 195-197', is in excellent agreement with 
the literature valuee of 196-197O. The amount of 
cornpound 111 obtained was approximately equiva- 
lent to the amount of compound 11 found. These 
observations are consistent with the above 
mechanism if (111) is stable to further hydrolysis 
even in strongly acidic media. 

It thus has been demonstrated that the straight- 
forward oxidation of 0,O-diethyl hydrogen dithio- 
phosphate to  its disulfide can be modified so that 
some trisulfide is produced as well. The modifica- 
tion consists essentially of making reactive ele- 
mental sulfur available during the course of the 
reaction. 
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