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SUMMARY 

Alkalimetric and argentometric titrations on the so-called “ruthenium 
trichloride” show the formation of hydroxycomplexes in aqueous solutions and 
mixtures of chlorohydroxy- and chloro-complexes in the presence of alkali 
chloride and HCI. Two absorption maxima are observed in the spectrum in 
the ranges of 3go and 460 rnp. The reduction to Ru(I1) and a further reduc- 
tion can be recorded polarographically, as well as the catalytic discharge 
of H+. The results are in agreement with the presence of ruthenium in the 
+ 4 valency state. 

INTRODUCTION 

The commercially available so-called “ruthenium trichloride” has been said in 
earlier papers to contain trivalent ruthenium1 but some evidence has recently been 
given for the presence of the +4 oxidation statez. It was thought that an investiga- 
tion of the behaviour of this compound in aqueous solution might throw further 
light on this argument. 

As a matter of fact, the available literature generally concerns ruthenium compounds 
other than ruthenium trichloride. The redox potentials in a non-complexing medium 
have been studied394 as well as the polarography of Ru(IV) in perchloric solutions5. 
By using ion-exchange resins for chloride solutions, some indications of Ru(IV)- 
chlorocomplexes were obtained6 and evidence was given for the species RuClz+ in 
the +3 oxidation state’. A compound intermediate between Ru3+ and Ru4f was 
obtained by PSHENITSYN AND GINSBURG * by spectrophotometric titration of 
KsRuOHCls with TiC13. A great deal of information on the spectrophotometry of 
Ru(IV)-chlorocomplexes has been given by WEHNER AND HINDMAN~, whose 
results will be taken into account later in this paper. More recently PSHENITSYN 
AND EZERSKAYA~~ have investigated the behaviour of KzRuC150H and KgRuCls * Hz0 
at the platinum electrode. 

EXPERIMENTAL 

Solutions were prepared from hydrated ruthenium trichloride, purchased from Th. 
Schuchardt, Munchen. Analysis of this compound gave 43.7% Ru and 46.1% Cl, 
corresponding nearly to a I :3 molar ratio. 

Apparatus 

This consisted of a Metrohm E 148 C potentiometer-pH meter, with a glass 
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electrode, a silver electrode and a saturated calomel reference electrode; a Reckman 

DU spectrophotometer, with r-cm corex glass cells; a Leybold polarograph with 
photographic recording. Spectra and polarograms were recorded on stabilized solutions 

in each case after 3-6 days. 

RESULTS AND DISCL’SSION 

Potentiometric titrations 

A freshly prepared aqueous solution of hydrated ruthenium trichloride has a deep 
red colour, which becomes darker in a few minutes, owing to hydrolysis. Several 
days are necessary in order to reach stabilization at room temperature of such a 

* When C:l- was present in the supporting electrolyte, a correction was made for the blank. The 
value IOO~/, means three Cl- per m& of &thcnium: 
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Fig. L. Alkalimetrictitrationsof 8 mM ruthenium trichloridein ~smlof: A,oM; B,o..~ iW; c‘, 1.i M; 
D, 4.8 M N&l. 

solution ; by heating at IOOT a shorter time is required but the results are characterized 
by a lower reproducibility. In the presence of NaCl less hydrolysis is observed, the 
colour of the solutions tending more toward a red tone at higher NaCl concentrations. 
In order to obtain a measureof this hydrolysis, potentiometric measurements of pH were 
carried out by comparison with HCl at the same ionic strength; they showed the pres- 
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ence of 2.0,1.6, 0.8 and 0.4 free H+ ions per mole of Ru respectively in o, 0.3, 1.5 and 
5 M NaCl. On the other hand an argentometric titration on a stabilized aqueous solu- 
tion yielded 3 Cl- per mole of Ru, while in the presence of NaCl a lower amount of free 
chloride ions was found (Table I). When no NaCl is added, no stable ruthenium-chloro- 
complexes but only some hydroxycomplexes are present ; in the presence of NaCl some 
chloro-hydroxycomplexes are formed with a decrease in the amount of coordinated 
OH-, at higher Cl- concentrations. In agreement with this hypothesis, the alkalime- 
tric titrations show two steps when the pH is plotted against the volume of alkali, 
as in Fig. I : the second is due to the complete precipitation of ruthenium hydroxide; 
the first, which is more evident in highly concentrated NaCl, must 
the titration of free H+ ions, whose presence is due to hydrolysis. 

be attributed to 

Fig. 2. Argentometric titrations of IO mg hydrated ruthenium trichloride in 25 ml of: A, o M; 
B, 0.1 M; C, I M; D, 2 M HClO+ 

In the presence of a non-complexing acid such as HC104, less than 3 Cl- per mole 
of Ru is found by titration : some data are given in Table I and the titration curves in 
Fig. 2. A stepwise variation of the potential can be observed as [H+] increases up to 
2 M, giving evidence for the presence of a mixture of chlorocomplexes, whose for- 
mation is favoured since hydroxycomplexes are present in smaller amounts in acid 
solution. By working in HCl solutions, the formation of chlorocomplexes becomes 
evident owing to the simultaneous action of both H+ and Cl-: as indicated by the 
data in Table I, a relatively low concentration of HCl is sufficient to produce an 
amount of free chloride ions substantially less than 3 Cl- per mole of Ru. In general, 
alkalimetric and argentometric titrations, although not able to establish individually 
the valency state of ruthenium, may however show the presence of complex hydrolysis 
equilibria. 

Spectrophotometric characteristics 

The darkish aqueous solutions of ruthenium trichloride do not give a well defined 
absorption spectrum, owing to the colloidal character of the highly hydrolyzed 
species. On the other hand, in the presence of a high concentration of chloride ions, 
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an absorption maximum appears at 425 m(u (Fig. 3A), with a molar extinction coef- 
ficient .smas = 4100. By a small increase of the acidity, two new maxima are pro- 

duced in the ranges of 390 and 460 rnp (Fig. 3B) ; this fact could be attributed to the 
transformation from highly basic complexes to ones containing a lower amount of 
coordinated OH-. At a high concentration of Cl-, a slight acidity is able to produce 

o.8-- 

0.2 - 

L I I 

300 400 500 
h,rnp 

Fig. 3. Spectra of I mg ruthenium trichloride in 25 ml of 3 M (NaCI + HCI) ; the H + concentration 
is: A, o M (hydrolysis only); R, 0.003 M; (‘, 0.01 M; I), 3 M. 
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Fig. 4, Spectra of I mg ruthenium trichloride in 25 ml of: A, 0.1 M HC,I; B, 0.1 M HCI + I n/r 
HC104; C, 0.1 M HCl + 8 M HClO.~. 

this change: a further increase of /Ii+] causes only a slight variation in the spectrum 
(Fig. 3C and D). At low concentrations of Cl-, a large variation in the acidity is 
necessary in order to observe a significant change in the spectrum, as can be observed 
from Fig. 4. 

The spectra obtained in solutions containing T-IO II HCl are shown in Fig. 5. The 
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first maximum increases markedly, while the second undergoes a decrease and a shift 
towards higher wavelengths. The following values of molar extinction coefficients 
weie found : in I M HCl, cmax is 3000 at 385 rnp and 4200 at 465 mp. In IO M HCl: 
6200 at 375 m,u and 2900 at 480 rnp. In 0.6 M HCl the first maximum nearly disap- 
pears and the second attains the highest value of smax, . at lower concentrations of HCl 
the second maximum also decreases. 

400 500 E 
&mu 

0 

Fig. 5. Spectra of I mg ruthenium trichloride in 25 ml of: A, I M; R, 2 M; C, 3 M; D, 5 M; 
E, IO M HCl. 

TABLE II 

COMPARISONWITHTHEDATABYWEHNERAND HINDMAN 

Data by Wehner and Hindman 

Com+!xform am,, (m/L) Em IZ 

Conditions for the same s$mtral characteristics 
by using Ru trichloride 

Ru(OH)&l+(?) 
Ru(OH)zClz(HzO)z 

Ru(OH)~Cl~(H~O)- 
Ru(OH)&- 

Ru(OH)Clsz-(?) 

N 420 
562 
427 
454 
385 
476 

N 360 

16400 
5000 
6100 
8140 
4500 
- 

3 M NaCl 
Unstable form, present only for a short 

time in any solution 
n 0.6 M HCl 
8-10 M WC1 

> IO M HCl, or by using (NH&RuCle 

These spectrophotometric results are in a fair agreement with those given by 
WEHNER AND HINDMANS and obtained from solutions of Ru4+. In Table II are 
reported the characteristics of several chlorocomplexes, characterized by these 
authors, and the conditions under which similar data were obtained in the present 
work, starting from ruthenium trichloride. Small differences were found in the values 
Of E nrax, but one must take into account that the data by WEHNER AND HINDMAN 
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refer to the single complexes, while in our solutions mixtures of complexes are always 

present and crnsx is caiculated on the basis of the total ruthenium. 
The spectrum in 3 M N&l is similar to the one attributed to Ru(O~)~Cl+; however, 

owing to the large influence of [He] on the spectrum (Fig. 3), it may be justifiable to 
ascribe a different amount of coordinated OH-- to this species, with respect to the 
higher chlorocomplexes. 

The presence of the bichlorocomplex, with I mitx at $15 rnp, was demonstrated 
only for a few minutes after ruthenium trichloride was dissolved; no indication of 
this species was observed in stabilized solutions. 

The change in the spectra reported in Fig. 5 nay be ascribed to a mixture of tri- 
and tetra-chlorocomplexes. The shift of A,,, towards N 360 rnp for high [HCl] was 
tentatively attributed by WEHNER AND HINDMAN to the pentachlorocomplex. An 
unstable spectrum with A,,,, = 360 rnp, however, was recorded in the present 
work using freshly prepared solutions of (N~~)~RuCl~, therefore this maximu~n is 

more probably due to the presence of the hexachlorocomplex. 
It is evident however from these comparisons that “ruthenium trichloride” con- 

tains ruthenium in the i-4 valency state. 

\;l’hen the reduction of ruthenium trichloride at the dropping mercury electrode 
is recorded, a wave is obtained which shows two steps of almost the same height ; the 

Fig. 6. Polarogram of 1.6 mA4 ruthenium trichloride in 0.1 M HCI + I M NaCl with o.oI":, 
gelatirl: -0.2, -0.3, --0.4 and -0.5 V]S.C.E. are indicated. 

first begins immediately after the anodic wave of Cl-, the current becoming cathodic 
at the more negative applied voltage the higher the [Cl-]. The second is sufficiently 
well defined (see Fig. 6) and therefore its characteristics can be investigated. Both 
steps are proportional to the ruthenium concentration over the range 0.1-5 m.M; 

for lower values however the steps are not so clearly divided. Half-wave potentials 
(the values of E, are in any case those of the second step) are shifted in accord with the 
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ruthenium concentration: the following values were observed in 0.4 M KC1 + 0.1 M 

HCl: -0.300, -0.318, --0.342, -0.359 and -0.368 V/S.C.E., respectively for I, 

2, 3, 4 and 5 mM Ru at 25°C. 
Both the steps are proportional to the square root of the mercury column height. 

When the temperature is increased (Table III) the second step shows a higher slope 
and is shifted to less negative potentials about I mV/“C ; these facts give some evidence 
for the irreversibility of the reduction. As a maximum is sometimes apparent at the 
beginning of the diffusion current in the second step, 0.01% gelatin can be added to 
suppress it; in any case such a substance causes the step to be shifted to more ne- 
gative potentials. 

TABLE III 

VARIATION OF POLAROGRAPHIC CHARACTERISTICS WITH TEMPERATURE: 3 mM RUTHENIUM 

TRICHLORIDE IN 0.3 M KC1 f 0.1 M HCl 

17 
25 
35 
45 
55 
65 

Average 
variation 
per degree 

6.74 7.92 97 -0.345 
7.37 8.83 100 -0.336 
8.45 10.73 110 -0.325 
9.44 13.48 ‘15 -0.312 

10.40 15.8 116 -0.303 
11.08 18.6 I20 -0.298 

+ 1 I % +1.9% +I mV 

Fig. 7. Polarogram of I mM bivalent ruthenium (blue form, after reduction with Zn) in 2 M HCl + 
2 M NaCl: -0.2, -0.3, -o.4 and -0.5 V/S.C.E. are indicated. 

In r-5 M NaCl well defined polarograms can be obtained, the acidity being only 
that due to the hydrolysis; on the contrary,when the supporting electrolyte is less 
concentrated than I M, the darkish solutions containing basic complexes are not 
able to yield well developed curves. In HCl solutions a variation of E, is observed, in 
agreement with the presence of chlorocomplexes; the values --o.354, -0.377, -0.396, 
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-o.411 and -0.424 V /S.C.E. were found at 25°C respectively in I, 2, 3, 4 and 5 M 
HCI, [Ru] being 1.5 mM. 

lifter reduction of ruthenium by Zn to the well known blue Ru(II), a step such 
as is shown in Fig. 7 can be recorded in the same range as the second step of ruthenium 
trichloride. Since the starting material is Ru 4f, as shown by the spectrophotometric 
results, the first step in the above-mentioned polarograms could correspond to the 
reduction from Ru(IV) to Ru(II), which should then undergo a further reduction to 
metal in the second step. 

Fig. 8. Polarograms of 1 mM Ru HCI + 0.01 mM ino. M KCl: h =g = 42.0 mm (-4) and ~4.7 mln 
(H) ; -1.35 and -1.5 V/S.C.E. are indicated for each curve. 

Finally, the catalytic discharge of H+ can be clearly observed under such conditions 
as are shown in Fig. 8; the wave appears to be divided into two parts: the first corre- 
sponds to the reduction of H+, catalyzed by the presence of ruthenium in the ratio 
I:IOO; the second is the usual hydrogen wave. The curves are recorded at different 
mercury column heights: it is easy to note that the catalytic step is not affected by 
such a variation, while the usual step increases more than proportionally with l/&, 
so that the whole H+ current undergoes a regular variation. 
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