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ABSTRACT 

A method for the identification of ions in solution has been developed 

which utilizes the properties of ion exchange resin. It is possible to 

determine the charge on an ion in solution and its degree of polymerization. 

The method was checked with known ions and used to isolate and establish 

+3 ++ + the formulas of Ru , ,RuCl , and HuC_l2 . 

In this investigation the above ions were identified and the existence 

of ~complexed Ru(II), and polymeric Ru(IV) were shown. In addition, 

evidence was found for intermediate oxidation-state compounds of ruthenium 

with oxidation states between +3 and +4, and between +4 and +5. 

Potentiometric titrations were carried out in order to measure the 

electrode potentials of the various "uncomplexed" ruthenium couples. 

, 
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I. INTRODUCTION 

Even though ruthenium was discovered more than 100 years ago, the 

chemistry of this element has not been well defined, especially the 

aqueous solution chemistry of the lower·oxidation states. The older 
1 . I 2 

literature is well summarized in Gmelin. More recently, Deford has 

published a critical review of the chemistry of ruthenium, and Schloo3 

has compiled a bibliography on "Properties and Behavior of Ruthenium and 

its Compounds and Complexes." 

With a few exceptions, almost all the quantitative work on ruthenium 

has been analysis of solid compounds. Recently, Silverman and Levy4 and 

Connick and Hurley5 have established the formulas, the oxidation potentials, 

and spectra of the upper oxidation state ruthenium species existing in 

basic solution. Wehner and Hindman,
6' 7 Wilson et al.,8-12 and Niedrach 

and Tevebaugh13 have attempted similar investigations on the uncomplexed 

ruthenium species of lower oxidation state, in acidic solution. 

Since the results of the work in acidic media show many peculiarities 

such as evidence for species with intermediate oxidation states, and in 

any event did not lead to the establishment of formulas for the species 

present, it was evident that further research would, be necessary before 

the system could be understood. 

It was initially hoped that the uncomplexed or aqua complex ions 

of ruthenium(·III) and (IV) could be purified and identified, and that 

information on these ions and their reactions could then be us'ed as a 

base to characterize other ruthe~ium species. It has been possible to 

purify and identify the ions Ru+3, RuCl++, and RuC12+. In addition, it 
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has been shown that "uncomplexedn Ru(I'IT) is polymeric~ that there is 

probably a species in which the average oxidation state is about 4.2, 

that there is another species with an average oxidation state between 

3 and 4, that it is possible to prepare "uncomplexed" divalent ruthenium, 

and that trifluoroacetic acid complexes Ru(III) if the Ru(III) species 

is pre~ared by reduction of Ru04 in acidic trifluoroacetate solution. 
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II. APPARATUS. A~. EQUIPMENT, 

All absorption spectra were measured on E!ither a Cary Recording 

Spectrophotometer Model 11 Serial 4, or a Beckman Model DU Spectro-

photometer •. The wavelength scales were checked against the emission 

spectra from hydrogen and mercury discharge tubes, and the Fraunhofer 

lines in the spectrum of the sun. The. solution samples were. contained 

in quartz absorption cells while the spectra were being measured. The 

The absorption spectrum of a material was obtained by running a spectrum 
\ 

of a solution containing material versus air, and then, using the same 

cell, measuring the absorption of a plank solution versus air. Sub-

traction of the two curves gave the absor~tion of the mate~ial in 

solution •. 

In theexperiments in which it was desired to obtain spectral and 

potentiometric data- simultaneously, or where it was necessary to work in 

an oxygen-free atmosphere, .a special quartz cell was used. This cell 

.fitted into the Cary Spectrophotometer and had a 1.09-cm optical path in 

the light beam of the instrument. Above the optic portion of the cell 

was. a region of larger volume where the solutions were mixed and the 

electrodes were positioned. Through the top of the cell passed a 

gold and ~ platinum electrode, a salt bridge, and a stirrer. A stream 

of oxygen-free nitrogen blown into the cell was sufficient to exclude 

oxygen from the air. A representation of the cell is shown in Fig. 1. 

In some experiments a similar, but much smaller cell without optical 
. ' 

wind9ws was used for potentiometric titration,s. The numbers indicate: 
.... • •• f .• 

(1) entrance tube for purified and water saturated nitrogen 

(2) wire leads to the potentiometer 

(3) graduated pipette 
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(4) stirrer and combination bearing and plug of teflon 

(5) salt bridge 

(6) ground glass lip and gasket where the lid is joined to the base 

of the cell, and 

(7) the optical portion of the cell. 

Either a Rubicon High Precision Type B potentiometer, or a Beckman 

Model G pH meter was·used for the potential measurements. The potentials 

were measured against a saturated calomel electrode (s.c.e.). 

The salt bridges were of two types,. however in both cases contact 

was made by a solution flowing through a very small orifice. In one 

case the orifice was formed by standard taper 5/20 ground glass joints, 

in the other by almost plu~ging a capillary tube with a tapered glass 

* rod. The ground glass junction allows faster flow of solutions through 

it with the flow approaching 0.01 ml per h~ur. The flow through the 

partly plugged capillary is probably about 0.001 ml per hour. 

In titrations involving the addition of Ruo4 solution to another 

solution it was necessary to use a graduated pipet instead of a burette. 
, 

A burette could not be used because Ruo4 would react with all the common 

stopcock greases and it appears to be catalytically decomposed by the 

ground glass in the stopcock. A ttp_r;opipet:te''** was. used to control the 

flow from the pipette and was as satisfactory as a stopcock in that it 

was airtight. 

* This type of junction was developed by Robert H. Wood now at the University 

of California (Berkeley) • · 

** Instrumentation Associates, l7 West 6oth Street, New York 23, N. Y. 
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Fig'. 1. Representation of cell used for spectrophotometric and 
potentrome tric titratrons 
The numbers indicate: 

(l) entrance tube for, purified and water saturated, nitrogen, 
( 2) wire leads to the potentimete r, 
(3) graduated pipette, 
(4) stirrer, and combination bearing and plug of teflon, 
(5) saltbridge, 
(6) ground glass lip and gasket where the lid is joined to the 

base of the cell, and 
(7) the optical portion of the cell. 

( 
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IJihe continuous-control type potentiostat used to control the 

electrode potentials in electrolytic oxidation and reduction was similar 

to that described by Wehner and Hindman. 6 
/ 

A Beckman Model G pH meter was used to determine the pH of solutions 

where direct titration of the hydrogen ion was not practical. 
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III. . PREPARATION OF. SOLUTIQN$ AND ANALYTICAL METHODS 

The water used in all experiments was either normal distilled water 

or conductivity water prepared by redistillation of distilled water from 

alkaline permanganate .solution. In neither case could any evidence for 

the presence of chloride ion by obtained by precipitation of AgCl. The 

perchloric acid solutions were prepared by diluting G. F. Smith double 
I 

vacuum distilledperchloric acid. The trifluoroacetic acid (hereafter 

called HTFA) was obtained from Minnesota Mining and Manufacturing Co., 

and purified by -fractional distillation·. Solutions were made up by 

dilution, and were standardized by titration with standard carbonate-

free sodium hydroxide. 

The stock supply of ruthenium chloride was obtained from the A.D. 

MaCKay ,company. It was analyzed spectroscopically for metals. The 

results are shown in Table I· 

Table l 

Spectroscopic Analysis' of Ruthenium Chloride 

Al < 0.01 % Mo < 0.01 % Pt < 0.1% 

Ca < 0.01 % Na '0 .01 % Rh < 0.05% 

Fe 0.01 % Os < 0.1 % Ru 'V 100% 

Mg < 0~01 % · Pd < 0.1% 

The ruthenium tetroxide solutions were prepared as follows~ First 

the,ruthenium chloride was fumed with sulfuric acid to remove the 

chloride as HCl. Then the ruthenium was oxidized to Ruo4 by permanganate 

in dilute sulfuric acid. The ruthenium tetroxide was distilled from this 
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solution into a solution of trifluoroacetic or perqhloric acid of known 

concentration. The concentration of the Ruo4 in these acidic solutions 

was determined spectrophctometrically by use of the molar extinction 

coefficients determined by Connick and Hurley. 5 The molar extinction 

coefficients, e, used for most analyses were e
385 

= 930 and 

e
310 

= 296o, where e
385 

is the e .measured at 385 ~ and so on. 

The ruthenium concentration in acidic solutions of the lower 

oxidation states, could be determined from oxidation of the ruthenium 

to Ruo4 by sodium periodate or ammonium persulfate, followed by 

spectrophe>tometric analysis for the rutheriium~ 7 ' 11 In general, sodium per-

iodate oxidation was used unless there was an undesirable side reaction 

involving iodate or periodate. 

The reason for avo~ding persulfate, where possible, was that it 

requires heating the 's~lutions to nearly boiling for several minutes, 

which could lead to loss of Ruo4 by volatilization. 

The procedure for ruthenium analysis by periodate was to add ~ 0.03 

gram of Na
3
H2Io6 to a s~ple contained in a ~uartz absorption cell. It 

() 

was assumed that this ~aunt of. material would not appreciably change 

the volume of the solution. Ruthenium analyses by persulfate were done 

in the same manner with about 0.06 gram of (NH4)
2
s

2
o8. Sometimes it was 

necessary to analyze a small volume .of a relatively concentrated solution 

for ruthenium. In these cases the ruthenium solution was diluted to a 

known volume and oxidize~ before it was added to the absorption cell. 

A qual:i.tative test for the presence of Ru(IV) in a Ru(III) solutiOil 

was based on the reduction of the higher oxidation states of ruthenium 
' 

to Ru' .( r.rr) by -iod-ide -ion •
14 

J 
15 '. 6 

I d d • • • The procedure was to ad so ium 
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iodide to the ruthenium solution which was about 1 ~- in hyd~ogen ion. 

After about 20 seconds' a solution of colloidal starch was added to the 

above solution. Evidence of I 2 in this.-solution was considered to in

dicate the presence of Ru(IV) in the initial ruthenium solution. Because 

air oxidizes Ru(II) to Ru(III), it was not necessary to test fo'r Ru(II) 

in solutions of Ru(III) exposed to the atmosphere. 

Ferrous perchlorate solutions were prepared by solution of G. F. 

Smith ferrous perchlorate in perchloric acid4 The ferrous perchlorate 
I 

was essentially free of chloride ion as tested by silver iori. The 

chloride ion concentration was about 10-4 M in a 0.5 ~ ferrous per-

chlorate solution. 

Ferrous trifluoroacetate solutions were prepared by dissolving 

spectroscopic iron in a known excess of the acid. Silver nitrate gave 

a negative test for chloride ion. After filtration to remove carbon 

and possible ferric oxide, the ferrous solutions were standardized by 

titration with permanganate solutions. The primary standards for this 

titration were sodium oxidate and arsenious oxide. Ferric trifluoro-

acetate and perchlorate solutions were prepared by adding hydrogen 

peroxide to a ferrous solution and boiling. The ferric solutions were 

standardized by reduction to ferrous in a Jones Reductor and titration 

of the ferrous by permanganate. 

A secondary.gravimetric standard for iron was ferrous armnonium 

sulfate hexahydrate that had been stored over a saturated potassium 

* bromide solution. The determined equivalent weight is 393.0 + .3 

* Dr. Charles Koch suggested this t~chnique for holding con~tant the 
tlegree ~f hydration ofthe ferrous ammonium sulfate. 
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a.s compared with a calculated molecular weight of 392.1. This equivalent 

weight was checked over a period of 2 years and remained constant. 

Cupric solutions were prepared by dissolving cupric carbonate in 

the appropriate acid and filtering to remove insoluble mat:ter. The 

solutiqns were standardized by titration usingthe iodide and thio-

sulfate method. 

Stannous solutions were prepared by passing an acidic cupric 

solution: of known composition through a column .of granular tin. These 

solutions were not standardized, but were assumed to have a final 

stannous ion concentration equal to that of the initial cupric ion. 

Solutions of mercuric ion were prepared by dissolving weighed 

amounts of mercuric oxide in the desired acid and filtering out any 

insoluble material. Solutions of mer.curous ion were prepared by 

treating solutions of mercuric ion with mercury metal. The reaction 

was carried out ~t about 6o°C over a period of more than 2 days. The 

mercurGus ion was standardize~ by titration with standard sodium chloride. 

Bromphenol blue was used as the adsorption indicator.~6 

Solutions of titanous trifluoroacetate were prepared by dissolving 

pure titanium metal in HTFA that contained enough sulfuric acid to 

initiate the reaction between hydrogen ion and the metal. The reaction 

was initiated by placing 3 or 4 drops of concentratedsulfuric acid 

'directly on the titanium metal while it was in the HTFA solution. The 

solu~ions were protected from air to prevent the oxidation of titanous 

ion to titanic. Sulfate ion was .removed from solution by addition of 

a slight excess of barium trifluoroacetate fo~lowed by centrifugation 

to remove the resulting barium sulfate. 

As titanous ion reacts with perchlorate ion at a finite rate it 

was not possible to prepare titanous perchlorate. solutions by:exactly 
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the same method. The procedure used was to dissolve titaniummetal in a 

slight excess of sulfuric acid, cool the solution to 0°C, and precipitate 

the sulfate by addition of a slight excess of a cold barium perchlorate 

solution. The· solutions were centrifuged to remove the barium sulfate 

0 and kept at 0 C to slow the reaction between perchlorate and titanous 

ions. The concentration of the titanous ion was determined by adding 

an aliquot of the titanous solution to an acidic eerie solution and 

titrating the excess eerie with ferrous ion. 

Decomposition of recrystallized NH4vo
3 

by heating it in a muffle 
. 0 r . . 

furnace to 900 C was the method used to prepare pure v
2
o

5
• This v2o5 

was dissolved in perchloric acid and reacted with sulfur dioxide or 

formic acid to prepare VO++. This vanadyl ion was purified by means 

of an ion exchange column. The vanadyl ion was adsorbed on Dow ex 50W 

x 12 ion exchange resin in a column. After the column was washed with· 

' dilute perchloric acid to remove undesirable anions the column was 

elut~d with 4 ~ perchloric acid and the purified vanadyl perchlorate 

collected. Vanadyl solutions were standardized by titration with a 

standard permanganate solution. Vanadous solutions were prepared from 

vanadyl by use of a Jones Reductor. Vanadic solutions were prepared 

by air oxidation of the vanadous solutions. The spectra of these ions 

agreed reasonably well with those obtained by King and Garner, 17 with 

the exception that the €'s for v++ were lower in our solutions. A 

plot of the spectrum of vanadous perchlorate is shown in Fig. 2. 

Solutions of dichromate in perchloric acid were prepared by dissolving 

weighed sodium dichromate. The standardization of these solutions was 

checked by titrati9n with standard ferrous solutions, with diphenylamine 
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Fig. 2. Spectrum of ~anadons perchlorate in 0.6 MHCI0
4

. 
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sulfonate as the indicator. Standard chromate solutions were prepared 

by dissolving a known weight of sodium dichromate in basic solution. 

Chromic solutions were prepared by hydrogen peroxide reduction of di-

chromate, or solution of chromic nitrate. Chromic ion was standardized 

by peroxydisulfate oxidation to dichromate and analysis either by 

titration with standard ferrous, or spectrophotometrically as chromate 

ion. The molar extinction coefficient of chromate ion was determined 
3 . 

as 4.8 x 10 at 373 ~· Chromous solutions were prepared by reduction 

of sodium dichromate or chromic perchlorate solutions by zinc amalgam. 

The eerie perchlorate used in titrations was obtained from G. F. 

Smith as a solution of 0.5 ~eerie in 6 ~ perchloric acid. This solution 

was standardized by titration with a standard ferrous solution. Cerous 

perchlorate was prepared from recrystallized G. F. Smith primary 

standard ammonium hexanitrato cerate. The preparation procedure was 

to dissolve this eerie salt in dilute hydrochloric acid solution, and 

to boil this solution until the eerie was reduced to cerous chloride 

and there were no ammonium or nitrate ions remaining in solution. Then 

the solution was fumed with perchloric acid to remove the chloride ion 

as HCl. The cerous solutions were analyzed by oxidation to eerie by 

peroxydisulfate, and titrate'a. with standard ferrous _solution. 

Calcium, magnesium, and barium solutions were prepared by solution 

in perchloric acid of the oxide, hydroxide, or carbonate, whichever was 

obtainable in the purest form. The concentration of the calcium was 

determined roughly by hydroxide titration of the acid before and after 

solution of the basic calcium salt. The difference in the hydrogen ion 

concentrations was assumed to be twice the calcium ion concentration. 
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The magnesium was standardized by titration with standard sodium hydroxide 

with a glass electrode as the indicator~ Two breaks occurred in the 

titration~ one for hydrogen ionj the second after the formation of 

magnesium hydroxide. The barium solutions were roughly standardized 

by titration with standard sulfate. 

The hydrogen peroxid7 used was obtained as a 30% solution of 

hydrogen peroxide with no preservatives added. The source of sodium 

periodate was Na
3
H2ro6 from the Fish.er Scientific Company, and the 

ammonium per sulfate ( pe:roxydisulfa te) was a Baker's Analyzed reagent. 

The ion-exchange resins used were obtained from the Bio-Rad 

taboratories as analytical-grade resin. These resins had been proces~ed 

from Dowex-50W and Dowex-1 ion exchange resins. The resins used were 

Dowex-50W x 8, Dowex-50W x 12, Dowex-1 x 2, and Dowex-1 x 10 in 200 to 

400-mesh particle size. Dowex-50W x 12 colloidal resin was also used. 

No evidence for the presence of iron o~ aluminum in these resins was 

noticed. They were nqt analyzed spect;roscopically,.however. 
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IV. DIVALENT RUTHENIUM 

The divalent state of ruthenium is well known in both solid compounds 

and solution. All the materials t~at had been previously prepared had one 

characteristic in common: the ruthenium was complexed. It was hoped 

that an uncomplexed ruthenium (II) or in reality an aquo complex of 

ruthenium (II) could be prepared so that it could be used to establish 

+2 +3 -the Ru = Ru + e potential. 

Two·methods of preparing divalent ruthenium in "noncomplexing" media 

were attempted. These methods were electrolytic reduction and direct 

chemical' reduction. The solvents used .in the preparation we~e perchloric 

acid and trifluoroacetic acid. Perchloric acid has the di~~dvantage that 

it reaCts with the lower oxidation states of ruthenium. The reaction with 

the trivalent state is slow, but it is much faster with the divalent state. 

Trifluoroacetic acid does not have this disadvantage of reaction, but it 

was discovered that it complexes the trivalent state of ruthenium when the 

ruthenium (III) is p~epared· by reduction of Ruo4 in HTFA._ It. was feared 

that complexing in the diva~ent state might occur; however this ~as not 

demonstrated. 

A. Electrolytic Reduction as a Preparative Method 

Electrolytic reduction of Ruo4 in perchloric acid was not attempted. 

The difficulties encountered by Wehner and Hindman in preparing Ru(III) 

in this medium
6' 7 indicated that attempts to prepare Ru(II) by reduction 

of Ru(IV) were likely to be fruitless. Also, Niedrach and Tevebaugh 

were unable to prepare Ru(II) by this method. 13 

An at tempt was made to prepare Ru( II) in HTFA by· electrolytic 

reduction. Both Ru04 and chemically prepared Ru(III) were used as 
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starting materials. In neither case was there any indication of the 

formation of the divalent species. In 1 M HTFA the reduction of Ru(III) 

appeared to proceed directly to the metal. 

B. Chemical Reduction and the Chemistry of Ru(II) 

Chemical reduction of Ruo4 to Ru(II) by ionic reducing agents in 

aqueous so~ution was atte~pted in the hope that Ru(II) could be prepared 

if there was no reactive surface upon which the ruthenium metal could 

form. 

In HTFA Ruo4 reacted with titai1ous ion to give a product in which 

the ruthenium had an oxidation state of +2. A solution of"' 2.5 x 10-3 M 

Ruo4 in 1 ~ HTFA was added to a solution of 0.022 ~ Ti+3 in 1 M HTFA. The 

spectrum of Ru(II) obtained by this method i.s shown in Fig. 3, Curve L 

Oxygen from the air reacts with both Ru(II) and Ti+3 in HTFA at a 

rate which would interfere with the stoichiometry of the Ruo4 reduction, 

if no steps were ta~en to exclude this oxygen. This reaction with oxygen 

is faster.for Ti+3 than for Ru(II), as is shown by the fact that a 

solution of Ti+3 exposed to the air was oxidized in a few hours, while 

it·took about a day to oxidize Ru(II) under the same conditions. Air 

was not completely eliminated from the reaction vessel during the 

preparation of Ru(II) but was considerably decreased in ~oncentration by 

sweeping the system with nitrogen. 

The reaction of Ruo4 with Ti+3 is rapid and appears to go to completion. 

Air oxidation of the product formed during the reduction yields Ru(III). 

The -~completeness of the reduction is shown by the fact that different Ruo4 

preparations and different Ti+3 to Ru(II) ratios give essentially the 

same E's for.Ru(II) as long as there is an appreciable amount of Ti+3 · 

present. 
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Other evidence supporting the assumption that Ru(II) is the product 

is that the titration of Ti+3 with Ruo
4 

in HTFA showed at most a 6.6 

electron reduction of the ruthenium to the product called Ru(II). There 

is an apparent 1.0-electron oxidation of this product .to Ru(III) and an 

* apparent 1.2-electron oxidation of Ru(III) to Ru(IV). If any of the 

titanous ion was oxidized by oxygen the first end point would appear to 

indicate that the ruthenium reduction had progressed-further than it 

actually had. The assumption of a six electron reduction of the Ruo4 

would require that 9% of the Ti+3 had been oxidized by oxygen of the 

air over a period of 4 hours -- a not unreasonable assumption. 

The end points used to determine the'oxidation states of the 

ruthenium were observed spectrophotometrically (Fig. 9) and potentia-
. . . . ** 
metrically (Fig. 12). The abcissas of these figures have been 

arbitrarily shifted to fit the Ru(III) end point in order to allow 

for the presumed 9%·oxygen oxidation. 

In perchloric acid the reduction was not so straightforward as in 

HTFA. A complicating factor was that HC104 reacted with Ru(II), or else 

some ruthenium species was formed that was a catalyst for the reduction 

of HC10
4

• Another complication was a direct result of the first. The 

eventual reduction product of HCl04 is chloride ion and this ion could 

have l~d to the formation of ruthenium (II) chlorides. The color of 

a solution of Ru(II) in HCl is blue.
14 

This finding does not necessarily 

prove that the yellowish brown species formed by Ti+3 reduction is not a 

lower chloride. Better evidence that the species formed is "uncomplexed" 

* See section on tet:r;-avalent state for explanation of oxidation from Ru(III) 
to Ru(4.2). 

** The potentiometric behavior of this-titration is discussed in the section 
on potentials. 
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Ru(II) is that air oxidation of this yellow-brown species yields a color

less ion with no evidence for the formation of the ion RuCl++, or any 

other known ruthenium chloride species. 

Three reducing agents were used in attempts to form Ru(II) in per-

chloric acid. 
. . +3 ++ +2 

These were Ti , V , and Cr • It was necessary to.ex-

elude oxygen from the reaction vessel during the reductions. None of 

the reductions was quantitative, and only qualitative observations are 

possible. 

The reduction of Ruo4 by Ti+3 in perchloric acid is similar to the 

reduction in HTFA in that it is fast, yields a product with a peak at 

383 ~' and has approximately the same ; however, the species 

or proportions· of species in HCl04 are not exactly the same as those in 

HTFA because of the spectral differences at other wavelengths. See 

Fig. 3, Curve 2 for this spectrum. 

Reduction of Ruo4 with vanadous ion as the reducing agent yielded 

a product that resembled the one obtained by Ti+3 reduction in ;~r
chloric acid. A spectrum of the Ru(II) obtained in.this v++ reduction 

'\ 

of Ruo4 is shown in Fig. 3, Curve 3· (Note that the scale for € 

is different than for the other curves.) 
I ++ 

Observations of the reaction with V showed that the Ruo4 was 

reduced rapidly; but the Ru(II) species was formed slowly. The rate 

of formation of Ru(II) was dependent upon the concentration of vanadous 

perchlorate, as was shown bY the change in rate with change in vanadous 

ion concentration. This species might be a chloride complex of Ru(II)~ 

since chloride is being formed in the reaction of V++ with perchloric 

acid. The concentration of the Ru(II) species was increasing slowly 
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during the whole of this experiment at the expense of some.other color-

less ruthenium species. This meant that the apparel].t € was rising 

throughout the experiment. The spectrum reported in Fig. 3, Curve 3 

is the highes:t obtained, but not as high as that which would have been 

obtained at a later time. 

The rapid reduction of Ruo4 by Cr+
2 

in HC104 yielded an entirely 

different species than the Ti+3 or V++ reductions~ Suggestions of 

possible species formed could be chromium-ruthenium complexes with 

oxide, hydroxide, or chloride bridges, Ru(III) instead of Ru(II); or 

possibly a Ru(I) species. None of these choices is particularly. 

attractive, although the first can be rationalized more easily than 

the others. A Cr-0-Ru bond system could be kinetically stable because 

complexes of both Cr(III) az;d Ru(IIIf are slow to disproportionate once 

formed. The bond system could be formed during the reduction if an 

oxygen atom reacted as a charge-transfer agent. An approximate spectrum 

of this species obtained by Cr++ reduction appears in Fig. 3, Curve 4. 
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V, TRIVALENT RUTHENIUM 

A considerable number of solid compounds of three-valent ruthenium 

1 2 have been prepared, ' In all the compounds that have been well 

characterized the ruthenium behaves as though it were present in the 

form of a complex ion, Likewise, almost all the observations o.n the 

properties of Ru(III) in solution are observations on the behavior of 

complex ions, 

Until recently the majority of the reports on the aqueous chemistry 

of this oxidation state consisted of reports on the changes of color 

observed when different ruthenium species were oxidized or reduced. 

The oxidation state of the ruthenium was not definitely known for many 

of the solutions that were assumed to contain Ru(III), Later investi

gations have shown that often this assumption was in error, 9 

In the more recent investigations there have been attempts·to 
( . 

determine exactly what changes were taking place in a ruthenium species 

during its reaction, There have been efforts to study the aquo complex 

or complexes of Ru(III) 6'7,l3 and to determine what complexes are 

present when some of the characterized ruthenium compounds are 

dissolved.S,9,lO Most of the conclusions from these investigations 

have been ambiguous to some degree, especially those concerning the 

uncomplexed or aquo complex of Ru(III), 

It seemed desirable to purify and ,identify some of the ions of 

Ru(III), particularly the aqua complex and the simpler_ chlori_de 

complexes. These ions could then be used as known starting materials 

in the study of the chemistry of thre'e-valent ruthenium. 

The properties of the ruthenium system make it impractical to 

purify and identify the species of interest by the conventional methods 
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of crystallization, analysis, and freezing point depression. In order 

to determine the formulas of the ruthenium species in solution, a 

method was devised that gave the oxidation state of the ruthenium, the 

net charge per ruthenium atom in the species, the gross charge per 

species in solution; and the number of anions, if any, bonded to the 

ruthenium atom. It was necessary to know both the net charge per 

atom and the gross charge per species in order to tell if the ruthenium 

was polymerized, as it is in Ru(IV) solutions. As an example, the 

. +4 
hypothetica\complex ion Ru2c12 would have a charge of +4 per species 

and +2 per ruthenium atom. 

The Ru(III) ions that have been isolated and identified are Ru+3, 

RuC1+2, and ~robably RuC1
2
+. 

A. Experimental Method 

· In essence; the classical method for determination of species by 

analysis and freezing point lowering yields information as to the 

chemical composition and the degree of dissociation of the species. 

This information is used to infer the charge on the species in solution 

and its chemical formula. Other phenomena that depend upon the charge 

of an ion could be utilized to get the same information. One of these 

phenomena is the equilibration that occurs between a pair qf ions in 

solution and the same ions in an ion exchange resin. This equilibration 

phenomenon was the one used to determine the charge per species. 

1. Charge per Species 

For a cationic resin such as Dowex-50, it is possible to derive 

the expressions used in the calculation of the charge per species as 

follows. Given a general reaction 
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+n· ,, · + · · · +n + 
A8 +nHa =~ +n~, ( 1) 

. . ' .. +. 
where A is the species of interest, H is a hydrogen ion, n is the charge 

'of species A and the number of hydrogen ions that exchange with it, and 

s· and R stand for solution and resin, respectively. The equilibrium for 

this reaction can be expressed as 

"[ ~ +n] [ H6 +] 

----------------- = 

n 

K' ' (2) 

[As+~] [ Ha +] n 

where the brackets stand for activities and K•is the equilibrium constant. 

This expression can beapproximated by 

"' = K = K', (3) 

where (A
6

+n) and (H
6

+) are the concentration of A+n and H+·in moles per 

+n + . +n 
liter. of solution, and (~ ) and (Ha ) are the concentrat~on of A and 

H+ in moles per 1000 grams of air-dr~ed, ion-exchange resin. 

In order to determine n, the charge per species, it is necessary 

to have the data from two equilibrations, at different conditions. The 

expression for the equilibration between the ions in solution and the 

ions in the resin then becomes 

"' "' = - .K' = (4) 
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where 1 and 2 stand for the first and second equilibration respectively. 

It is possible to solve for n when all the concentrations are known. 

2. Practical Considerations in Determining the Charge per Species 
; .. 

One of the practical considerations, which simplifies the experimental. 

procedure and calculations, is that it is not necessary tq analyze the 

resin phase for all its constituents. It is possible to calculate the 

composition df the resin if the capacity, in equivalents of charge pe~ 

1000 grams resin, is known, and if the concentration of all but one of 

the ions absorbed by the resin is known. If there are only two cations 

in a system it is possible to determine the change in composition of the 

resin phase from differences obtained by analysis of the solution phase 

.p~f.Pcr:..e;_:and ~after equilibration _with the resin. 

Since K of Eq. (3) is a function of the composition of the resin, 

it is desirable to keep the composition of the resin phase nearly constant 

in the two equilibration experiments. K is a function of composition of 

the resin, because the activity coefficient of an ion in the resin phase 
.-

is"a function of the composition of- the resin. Since this function is 

'· •. not known, it is not possible to calculate activity coefficient corrections. 

The composition of the resin can be held nearly constant, which eliminates 

the need of activity corrections, by having a large excess of resin capacity 

available with respect to the capacity required by A+n, and by arranging 

conditions in solution so that almost all of species A +n will be absorbed 

by the resin. This makes (~ +) >> (~ +n). and means (~ +n) does not 

change appreciably from one equilibration to another. 

If the above condition:: of (HR +) >> (~ +n) is met for both 

equilibrations,·then the value of n that is determined for A+n in 
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solution is uneffected by changes in the degree"of_hydrolysis of species 

A between the aqueous and resin phases. This may be seen from the 

following equation, which allows for a change in the hydrolysis of A: 

. +n + + xH
2
0 = A(OH)+n-x nH+ 

As + (n-x) ~ + 
. ~ s 

[A(OH)x+n-xJ [Hs+] n 

K' = . (5) 

~s+n] ~+ Jn-x [H2o] X 

As long as (~+) is essentially constant this equation has the same 

form as'Eq. (2), and n is still the charge on the aqueous species. 

If the degree of complexing of the ruthenium changes between the 

aqueous and resin phases, then the calculation of n will be in error 

and will be in error .. by one unit for each unit of change in the degree 

of complex formation. For ruth~nilim the author believes that such a 

change in the complexes between the aqueous and resin phases is unlikely 

because of the slowness of the equilibration between the ruthenium 

complexes. Changes in the degree of polymerization of the ruthenium 

' species between the aqueous and resin phases would also affect the 

calculation of n. This effect can be detected and corrected for if 

the. species is equilibrated thre~ '):;imes with different A6 +n /~ +n ratios, 

and the value of~+ is maintained approximately constant. 

A fourth consideration is that the method does not need to be very 

precise since it is only necessary to determine n within one whole unit. 

That is, ions of fractional charge are unknown. It is this final 

consideration which makes it practical to use concentrations instead of 

activities. 
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3. Charge per Atom 

The net charge per ruthenium atom in the complex can also be determined 

with the aid of ion exchange resin. The method used for this determination ~ 

is to exchange the ruthenium species, which is absorbed on the resin, for 

an ion of known charge from a solution of known concentration. Because 

there is a charge balance in the solution before and after replacement 

of the ruthenium species, it is possible to calculate the charge per 

ruthenium atom in the species, as soon as the ruthenium concentration 

in gram atoms per liter is known for the. final solution. For example, 

if a solution which is OolO M HCl04 and 0.06 ~ Ce(Cl04)
3 

exchanges with 

a resin containing an ion of unknown charge and this final solution is 

0 ol2 ~ in HC104 and Oo08 gram atoms per liter in A, then the charge per 

atom of A is 0.10 + 3 X 0806 - 0.12 ""' 2. 
OoO 

As lon~ as the hydrogen ion concentration, as well a's A, is measured, 

the charge per atom in so-lution will be determined correctly· even though 

·the·degree of hydroly~is or polymerization of the ruthehium.species 

changes between the aqueous and resin phas-es o As can readily be seen 

from Eq. (5); for a species of charge n in solution, n hydrogen 

ions are exchanged, regardless of the hydrolysis or the resin-. A change 
. . 

in the degree of complex formation will affect the calculations. Again 

this is considered unlikely, because of- the slowness of the reaction 

betweenthe ruthenium and the complex-ion in the aqueous phase. 

B o Experimental Procedtire 

lo Preparation of Ruthenium (III) Species 

Several- techniques for the preparation of the rutheni1.}Ill species 

w_er~ attempted. These methods included:. 

(a) Replacement of the chla.ride in K
2 

Ruc1
5 

• H
2
0 by metathesis 
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with anhydrous HTFA o 

.. •l. 

(b)·- Electrolytic reduction of Ruo4 in HTFA and HCl04 o 

(c) Chemical reduction of Ruo4 in HTFA and HCl04o 

In the first method it was hoped that the chloride would dissociate 

from the ruthenium and be converted to HCl, which could then be removed 

from the anhydrous HTFA by volatilization. This method was unsatis-

factory because either K
2 

Ruc1
5 

• H20 is too insoluble in anhydrous 

HTFA or if soluble it does not dissociate readily to yield chloride ions. 

Method (b) was also unsatisfactory because there is considerable 

doubt as to the products formed and because there is danger of forming 

chlor~de ion as a by-product when perchloric acid is used as a solvent 

for the ruthenium. Wehner and Hindman6' 7 used this method and prepared 

h . (III) .. . . h. h . . t R + 3 R Cl++ R Cl + d .a rut en1um spec1es w 1c. 1s no u , u , or u 2 nor oes 

it appear to be a higher chloride complex. The most obvious remaining 

choice is polymerized Ru(III)o This is acceptable'because it is known 

that Ru(IV) in solution is polymerized and because Ru(III) complexes are 

slow to come to equilibrium with their environment._ Therefore it is 

likely that Ru(III) formed by reduction of Ru(IV) would remain polymerized 

and be held together in the same manner as Ru(IV). 

The third method proved the most satisfactory. In HTFA many 

reagents reduce Ruo4 to Ru(III). The most attractive of these reducing 

agents was mercurous ion, because mercurous ion and its product mercuric 

ion ·can be removed from the Ru(III) solution by eleqtrolysis. 

Other satisfactory reducing agents areFe++, Sn++ and Ti+3 ions, 

and some metals. If Ruo4 is in ex~ess during the reaction with ~ reducing 

agent Ru(IV) is formed, which is very difficult to reduce further at an 
I 

appreciable rate 9 unless the reducing agent is very powerful. Among the 
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reducing agents that reduce Ru(IV) in HTFA at a reasonable rate are 

metallic tin and titanous ion. 

Even when.Ruo4 is not in excess it has been found that the Ru(III) 

solution formed during reduction is composed of several species. In 

reduction in the presence of chloride ion at least 8 different 

ruthenium species were formed. +3 . ++ + Three were Ru , RuCl , and RuC12 , 

the rest have not been identified, but two of them at least are known 

to be Ru(IV) species. 

It was established that Ru(III) is complexed by HTFA when Ruo4 is 

chemically reduced in HTFA. When this fact was discovered further work 

in HTFA was discontinued because of the desire to prepare uncomplexed 

Ru(III). These complexes with HTFA do not appear to form under all 

conditions; -Rehn and Wilson
8' 9' 10 

have dissolved K2Ruci
5 

• H20 in 

dilute HTFA and found no evidence for complex formation. It may be 

that in the present work the HTFA became attached to the ruthenium 

during ~he reduction step. 

In HCl04 satisfactory reducing agents were more difficult to find. 

The reduction must be fast and essentially complete, and~must not 

yield by-products ~hat are likely to interfere with the charge deter-

mination experiments. Stannous perchlorate proved the most satis-

factory from the standpoint of ease of preparation and completeness 

of reaction. Incompleteness of reaction eliminated Fe++ ~nd Hg
2
++. 

Difficulty of preparation of Ti+3 in perchloric acid and the reduction 

of perchloric acid by Ti+) and v++ eliminated the latter two reducing 

agents. Slowness of reaction eliminated the meta~lic reduci~g agents. 

It was necessary that the reduction be fast and essentially complete 
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because of the oxidation of Ru(III) by perchloric acid. 

In practice it was necessary to add Ruo4 slowly, to l:l,:Gold, ·rapidly 

stirred solution of stannous ion in perchloric acid •. This technique 

prevents excessive formation of Ru(IV). The stock solution of Ru(III) 

was oxidized by HCl04 within a day unless this solution was stored in a 

. 0 
refrigerator at about 0 c. Under these conditions it would last as 

·long· as one week. 

Satisfactory reaction yielding Ru+3 occurred .vhen the stannous 

ion was between 0.01 and o.~ !'1; the Ru04 was about 3 x 10-3 !'1 and the 

perchloric acid was about 0.1 !'1.. The Ruo4 solution could be added 

until the preparation just began to show signs of Ru(IV) formation 

although an excess (10 to 50%) of stannous was usually added to 

eliminate Ru(IV) and to stabilize the Ru(III) with respect to oxidation 

by perchloric acid or oxygen. 

++ + To prepare the chlorides RuCl and RuC12 , HCl was added to the 

stannous solution before the reduction reaction so that it was initially 

about 0.1 !'1 in HCl, and about 0.05 ~ in HCl after the reduction. 

2. Purification of Species 

The ruthenium species were purified on an ion-exchange column at 

the same time as the net charge per ruthenium atom was determined. 

The stock solution containing the Ru(III) species and all other products 

of this reduction reaction was stirred with enough ion-exchange resin to 

almost fill a column. It was necessary to stir the resin-ruthenium 

solution for several hours in order to get the ruthenium into the resin 

phase. This was necessary because the ruthenium would not go onto the 

resin from this solution rapidly enough so that the solution could be 

added to the top of a column. On the other hand, the ruthenium 

equilibrated rapidly after this first absorption. After this stirring 
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the resinwas separated from the solution and placed in the column 

over an amount of the resin in the hydrogen ion form that corresponded 

to about 3% ·of the resin stirred. 

The foregoing evidence of slow eq~ilibration, combined with the 

fact that the ruthenium that passed through the ion-exchange columns 

without absorbtion is always associated with colloidal stannic oxide 

·· {which also goes onto the resin slowly), can be explained if one assumes 

that the ruthenium is trapped in a colloidal particle of stannic oxide. 

This colloidal particle appeared to breakup slowly in the presence of 

200 to 400-mesh resin particles, or rapidly in the presence of colloidal 

Dowex~50. 

A solution of khown hydrogen ion and cercus ion concentration was 

then used to elute the ruthenium from the resin. Cercus ion was held 

so strongly by the Dowex-50 ion exchange resin used in the column that 

it quantita:tively displaced the Ru(III) cations. As cer01fS ion was 

added to a column it displaced these cations into lower regions of the 

column, and is said to "push" them. 

As the cations were being pushed they separated from one another. 

The most tightly held ion being pushed formed a compact band of a pure 

specieson the resin just ahead of the cercus ion. Other bands of ions 

formed in the column with the most loosely held ion furthermost~from the 

cercus band• Since the cercus solution also contained hydrogen ion and 

the column was originally in the H+ form, it was possible for a very 

loosely held ion to be eluted by the hydrogen ion and never form a 

compact band that was pushed. 
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Samples were collected as the bands were pushed out of'the column. 

The uv spectra of these samples were measured on a Cary recording 

spectrophotometer, and a· sample was considered to contain a pure species 

when the spectra of the two adjacent samples were.identical with that 

of the given sample. 
·. . ~. * 

The spectra of _the pure species Ru , RuCl , and 

+ RuC1
2 

are given in Fig. 4. This method of purification had the 

advantage that the species are concentrated and purified at the same 

time. 

There were two techniques that helped in the separation of pure 

species. The first was to vibrate the cqlumn· during.· the elution •. This 

kept the resin tightly packed and prevented serious channeling. The 

second was to taper the column so that it was larger at the top than 

at the bottom. This permitted the addition to the column of a large 

amount of the species to be separated, and retained the advantage of 

a narrow.column in that the bands occupied a large vertical distance 

when they were being eluted from the column. 

3. Determination of the Charge per Ruthenium Atom 

The principle of charge balance between the elutriant and eluant 

solutions of the ion-exchange column was used 'to determine the net 

charge per ruthenium atom in the complex. The elutriant solution was 

analyzed for cercus and hydrogen ions, and the eluant solution for 

ruthenium, hydrogen, tin, and cercus ions. The eluant did not contain 

detectable amounts of cerium or tin in the samples used for calculation, 

except in one case where a small aiilount.of cercus ion was present. 

The charge per ruthenii.lm atom was calculated based on the assumption 

of a charge of +3 per cercus ion, a c~~rge of +1 per hydrogen ion, and 
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on the. assignment of all the charge necessary to balance the charge 

between the elutriant and the eluant solutions to the ruthenium 

species. The results of the experiments on the charge per ruthenium 

atom are shown in Table II. The ion-exchange resins used were Dowex-

50 x 12 for elutions IV-76-5 and IV-76-6, and Dowex-50 x 8 for the rest. 

Table II 

Charge per ruthenium(III) atom in solution 

Elution Elutriant composition Eluant solution composition Charge 
+3 (~) H+ H+ 

(~) per 
Number Ce ce+3 Ru · Ru atom 

Species Ru +3 

IV -76-5 0.0420 0. 040±.002 0.040±0.002 0.000 0.0436 2.89±.05 
IV-76-6 0.0420 0.040±.002 0.040±0.002 0.000 0.0448 2.81±.05 
v -50-2 0.0672 0.113±.005 . 0.120±0.005 0.000 0.0664 2.92±.1 
v -50-4 0.0672 0 .113±.00 5 0.120±0.005 0.000 0.0670 2.90±.1 
v -50-6 0.0672 0 .113±.005 0.120±.005 0.000 0.0666 2.91±.1 

Species RuC 1 ++ 

v -22-2 0.0420 0.106 0.148 0.000 0.0430 1. 95±.1 
v -22-3 0.0420 0.106 0.142 0.000 0.0484 1.86±.1 
v -22-4 0.0420 0.106 0.138 0.000 0.0480 l. 96±.1 
v -22-5 0.0420 0.106 0.138 0.000 0.0486 l. 93±.1 
v -22-6 0.0420 0.106 0.144 0.000 0.0480 l. 83±.1 

The results are consistent with a charge of +! per ruthenium atom 

in the first species and +2.per:ru.thenium atom in the second. 
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The eluant solution of elutions IV-76-5 and IV-76-6 actually 

contained more than a single ruthenium species,. The unidentified 

+3 species adhered to the resin with ~ greater force than Ru , however 

the low values of charge per ruthenium atom indicate that this species 

has a charge less than +3 per ruthenium atom. - From spectral measure-

ments it was possible to show that at least 70% of the ruthenium in 

Experiment IV-76-5 was Ru+3 and at least 53% of that in Experiment

+3 IV-76-6 was Ru • 

The method for determining the charge per atom was checked 

with the known ions cupric and chromic. A sample o.f Dowex-50 x 12, 

200 to 400 mesh in the cupric form was equilibrated with a solution 

containing chromic ions. ·The initial and final solutions were analyzed 

and -- on the assumption that cupric ion has a +2 charge -- the results 

are shown in Table III. 

Experiment 

Number 

'IV-33 

Table III 

Charge per chromic ion in solution 

Initial Solution 
(!1) 

Cr+3 Cu+2 

0.1045 o.ooo 

Final Solution 
+3 (!1) +2 

Cr Cu 

0 .027 0 .116 

. +3 
Charge per Cr 

atom calculated 

3·07 

The value of 3.07 for charge per atom checks very well with ifhe actual 

chargEl of 3.00. 

4. Charge per Ru Species 

It was necessary to know several of the properties of the Dowex-50 

cation-exchange resins before the charge per ruthenium species could be 
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determined. A summary of the results obtained on air-dried resin is 

shown in Table IV. 

Table IV 

Physical constants of air-dried Dowex-50 ion-exchange resin 

in the hydrogen ion f()rm 

Dowex-50 x 12 Dowex-50 x 12 · Dowex-50W x 8 

200 to 400 mesh Colloidal 200 to 400 mesh 

Capacity 
(equivalents/kg) 3·52 3.42 3.86 

Wt. resin per ml 
column volume 0.555 g 0.389 

:Void,volume per 
ml of column volume 0.472 0.655 

Density of resin 1.18 

In order to solve Eq. (4) for the charge per spe~ies in the following 

quantities were measured for each equilibration: total A present in gram 

atoms, .EA; initial hydrogen ion concentration, in moles per liter, before 

equilibration, (H8+\nitial; total volume of solution present in ml, V; 

weight of air-dried ion-exchange resin in grams, W; and the gram1atoms of 

A per liter of solution after equilibration, (A
8

+n). It was also necessary 

to know the capacity (C).of the air-dried resin in equivalents of charge 

per 1000 grams of resin. 

From these measurements it is possible to derive the desired values 

as follows: 
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measured 

(~+n) 
til - (A +n) v ,s 

= ! 

w 

(~+) = (C) - n (~ +n) 

n (~+n) w 
(H +) -· (Hs +\nitial + 

s v / 

The quantities (A
8

+n) and (~+n) can be expressed in gram atoms 

instead of moles because the units cancel in the calculation. The 

+ value of (~ ), however, depends on the moles of species A in the resin, 

and therefore a knowledge of the degree of polymerization is required. 

+n . + 
Because (~ ) would always be chosen to be small with respect to (~ ), 

the value of (~ +) actually would not be changed appreci.ably by the 

degree of polymerization. Because the value of n determines the 

concentration of H+ as well as the power to which it is taken, n must. 

be determined by successive approximat-ions. 

In order to test the method, the charge per species of Cr(III) in a 

solution of chromic nitrate was determined by this batch-equilibration 

method. The results are presented in Table v. The experimental 

conditions employed were not idealj there were two major faults. First, 

only a small fraction of the chromic ion went into the resin during the 

first equilibration in 1 ~ perchloric acid. This led to a large error 

in the determination of the chromic ion concentration on the resin :-

estimated at 15% error. The second fault was that after the second 

equilibration a large fraction of the resin was in the chromic ion 

form. This is bad because little is known about ionic activities in 
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the resin phase, except that the activity coeffic~ent of an ion is a 

function of the composition of the resin. This means that a "concentration" 

equilibrium constant changes with changing resin composition. When these 

two difficulties are t.aken into account the calculated charge of 3.16 

per chromic ion can be considered to be within satisfactory agreement 

with the known value of 3· 

Table V 

Charge per chromic ion in solution 

Dowex-50W X 12, 200 to 400 mesh 

Equilib- Total 
. +n 

Initial w Total capacity (crs+n) Calc. Cr v 
ration H + (milliequivalents final 
Number (mg-atonis) s(!i) (ml) (g) of' charge) (!i) n 

IV-38-1 0.131 1.00 100 0.1501 0.529 1.125x 
10-3 

} 3.lq 
IV-38'-2 0.131 0.100 1000 0.1477 0.520 j.52x 

10-5 

The determination of the charge per rutheniUm species can be consistent 

with the charge per ruthenium atom only if the charge per species is. an 

integral multiple of the charge per ruthenium atom. This integer is the 

number of ruthenium atoms in the species. 

The results of the determination of the charge per species of ruthenium 

are summarized in Table VI. The ion-exchange resin used was Dowex-50W x 12 

in the first set of eXperiments, and Dowex-5QW X 8 in the rest. 



Table VI 

Charge per ruthenium species in solution 

Eq_uili bra tion 
. +n 

'Initial v w Capacity (.R;'f +n) Total Ru Calc. 
H+ of resin (gram Number (mg-atoms) s (ml) (g) (meq_uiv.) n atoms 

(!-_!) per liter) 

SpeCies Ru +3 

lV"-77-l 0.0131 1.035 14.5 0.1738 o.61i 68 -4 2. X 10 } 

IV-77-2 0.0116 0.517 18 0.1738 0.611 ~·91 X 10-5 2.7 

V-4-l 0 .Orol~; 1.010 15 0.2256 0.868 4 .1Ji5xl0 - 4 . } 2.8 
V-4-2 O.OJ.:BoJ 0-5065 20 0.2256 0.868 7.42 X 10-5 

Species RuCl +2 I 

6.47 X 10~~} 1 .7 

~ 

V-27-l 0.0121 0.705 14.2 0.2275 0.875 
1-' 
I 

V-27;,.2 0.00885 0.235 27.2 0.2275 0.875 1.63 X 10 . 

o·.o242 3.124 
. 4 

V-29-l 0.750 20 12.0 4.35 X 10- } 1.7 . 4 
V-29-2 0.0242 0.375 40 3.124 12.0 1.56 X 10-
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These results indicate one species with a +3 charge, and another of 

. charge +2,·to within the experimental uncertainty. 

The results from the charge per ruthenium species experiments would 

be more difficult.to interpret if the ruthenium changed i~s charge per 

species in going from the aqueous to the resin phase. When this effect 

was discussedearlier (under Practical Considerations in Determining the 

Charge per Species), it was considered unlikely that changes in complexing, 

other than hydrolysis, or in polymerization would take place in this 

system because ruthenium is so slow to change its species in aqueous 

solution. Theoretically the results froni four different stirring 

experiments on.the same aqueous species would tell if there were a 

change in' species between the aqueous and resin phases. Because of the 

similarity of conditions actually employed in the equilibrations, it . . 
was not possible to eliminate rigorously the possibility of change in 

. +2 . the species except for RuCl , where dimerizatiori of the ruthenium 

species could be eliminated. 

Both Ru(III.) species were 6hecked for impurities of Ru(IV) by 

the iodide method (discussed in the section on Solution Preparation and 

Analytical Methods). 

The only ruthenium ion with a charge of +3 per atom, +3 per species, 

and arroxidation state of.+3 is Ru+3 • In addition the perchloric acid 

experiments gave no evidence .of perchlorate complexes of Ru(III) such as 
\ 

++ RuC104 • In the pushing.experiments on Ru+3 with the cation-exchange 

+3 resin the only bands observed were Ru · and some ·tightly held species 

which may have. been Ru(IV). 

Since there is no evidence for the formation of a complex between 

Ru+3 and HC104 in high HClo4 concentration, then the second species of 
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+2 Table VI cannot be RuC104 
++ 

This second species must be RuCl , because 

the only other anion present is chloride and the species has a charge of 

+2 per species, +2 per ruthenium atom,, and an oxidation state of +) for 

the ruthenium. 

These results. agree with the ions hypothesized by A. s. Wilson for 

the ions present when H
2
RuC1

5 
• H

2
0 is allowed tp dissociate in HTFA. 

++ 
The spectrum of RuCl agrees with that obtained by Wilson, but there 

is a discrepancy in the spectrum of Ru+3• Impurities in his sample 

could have led to this result. 

c. + Identification of RuC12 

It was found that the method described for determining the charge 

per ruthenium atom was impractical for RuC1
2
+. The acid concentration 

( "' 0.1 ~ ) necessary in the preparation of the species, and to prevent 

hydrolysis and (or) oxidation of the ruthenium, also prevented the 

formation of a compact band in the pushing experiment. This compact 

ban~ could not be formed because of th~ relatively high efficiency of 

0.1 ~hydrogen ion for elution of this singly charged species, which 

meant that it was eluted in the normal manner rather than being pushed. 

This high efficiency of elution coupled with the impracticality of 

preparing solutions of pure RuC12+ approaching 0.1 ~in concentration. 

made the determination of the charge per ruthenium atom so difficult 

that it was not attempte<l· 

Determination of the. charge per ruthenium species by the previously 

described method was still feasible; however, it was decided to obtain 

this charge information in a different.way •. The new experimental 

procedure was as follows. First the resin in an ion exchange column 

+ + was washed with a solution that contained the two cations H andRuC12 
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as well as other ruthenium species until the 'optical absorption in the 
I 

.. eluant arising from RuC1
2 
+ became constant.' Then a solution containing 

only hydrogen ion was added to the top· of the column as an elut·riant. 

The H+ in this solution equilibrated with the· ruthenium in the resin 

near the top of the column and as more solution was added to the column 
. . J 

the equilibrated solution passed through the column and was collected. 

Once the solution reached equilibrium with the treated resin it did 

nOt affect the composition of any additiomi.l resin that was further 

down in the column. Just sufficient elutriant was added to flush out 

the void volume of the c·ohunn and to give two samples for analysis. 

The flushing was required because the·· original stock solution contained 

several ruthenium species. At least one of these wa:s a neutral or 

anionic species and would have given erroneous ruthenium analyses if 

it had not been washed from the void spaces in the columri before 

collecting ·the fire;t sa.nrple. 
I . . . 

The composition of the elutriant was changed by increasing the 

concentration of the hydrogen ion. A sample of this solution was 
' . 

collected and its composition was compared with that of.the first 

sample collected. Since the composition of the resin at the bottom 

of the column was constant, Eq. (4) simplified to 

(Hr+)n 
·s 1 

(A +n) 
s 1 

::a K" = 
(H +)n 

.s 2 

(A +n). 
s 2 

(5) 

The ruthenium stock·solution also contained ruthenii.un specie~ of 

charge higher than that of RuC1
2
+. It was necessary to adjust·conditions 

so that there was no danger that these species would.be eluted from the 

. + 
column while the RuC12 samples were being collected. This was accomplished 
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by using minimal amounts of solution to equilibrate the column initially 

with RuC1
2

+, and to elute the RuC12+. 

As was previously noted the ruthenium (III) species prepared in the 

· reduction of Ruo
4 

by stannous i~:m do not easily equilibrate with ion

exchange resin. The Ru(III) in this solution could be converted to a 

form that would equilibrate rapidly with Dowex-50 x 8, 200 to 400 mesh, 

by stirring the stock solution with a small amount of the resin for 

about 24 hours. This converted solution was run through an ion-exchange 

column until the spectrum of the eluant solution was constant from 

sample to sampleo At this time the column was considered to be in 

+ equilibrium with the RuC12 and the hydrogen ion in this solution. 

The results of the experiment are shown in Table VII. 

Equilibration 

Number 

IV-31-1 

IV-31-2 

Table VII 

. + 
Charge·per RuC12 species 

Elutriant solution Eluant solution 

0.05 !i HC104 

0.200 !i HC104 

0~050 !i HC104 

0.200 !i HCl04 

j 2.48 X 

j 8.87 X 

Charge 
per 

Species 

10-4 M Ru . 
-4- } 0.92 

10 M Ru 

This result of a charge of +1 per ruthenium species indicates the 

+ presence of RuC12 , since the ruthenium is three-valent and the only 

complexing aniqn present is chloride. Other possible species could be 

+ Ru2c1
5 

or any analogous polymeric +1 'species. Such a. formulation is 

' + perhaps less likely than RuC1
2 

, because the polyme~ might be expected 

to be held quite tightly by the resin in analogy to.the case of mercuric 
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and mercurous ions. In any case this species will be referred to as 

+ ~ RuC12 in this thesis, 

There is a certain amount of ambiguity in the interpretation of 

the results, because the molar extinction coefficients do not remain 

in exact agreement from one sample to the next. This lack of agree-

ment is slight, and may be caused by a change in the isomeric ratio 

+ of the cis-trans form of RuC12 • Another possibility would be the 

( + . + + presence of species such as Ru OH) 2 , Ru(OH)(Cl) , or Ruc1
3 

. The 

last-named ion is a complex of Ru(IV) and cannot be present in an 

appreciable amount as judged from the iodide test. It is unlikely 
. . 

that hydrolyzed species of Ru(III) exist in 0.2 ~ HC104 j however, they 

may exist in 0.05 .~acid, + This species also agrees with the RuC12 

species proposed by A. s. Wilson as one of the species present in a 

solution of H2RuC16 •. H
2
0 in HTFA which has had time to dissociate • 

. • 

D. Spectra of Species 

The molar extinction coefficients of the three ruthenium species 

are tabulated in Table VIII, Plots of these data appear in Fig. 4. 

.. 
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Table VIII 

Molar extinction coefficients 

Ru+3 - RuC1+2 + 
Illj1 RuC12 

450 "'0 0.2 M H+ 0.05 ~ H+ 

404 29 31 80 79 
393 30 31 130 120 
382 29. 34 242 224 
3715 28 57 400 400 
361 26 116 550 550 
351 25 236 66o 66o 
340 27 402 750 750. 
3305 32 571 880 865 
320 37 662 1000 98o 
310 40 656 1050 1040 
300 45 549 1060 1070 
290 57 435 970 1040 
28o 93 382 760 855 

.270 215 366 590 720 
26o 575 412 670 844 
250 1150 56o 840 1100 
240 1830 1140 1370 
230 2230 2100 2400 
220 2260 
210 -1850 
315 677 :!:. 

2240 2320 

E. Additional Chemistry of Ru(III) 

-1. Oxidation State 

One of the most striking characteristics of the aquo or trifluoro-

acetate complexes of three-valent ruthenium is their lack of color in 

contrast to the.other oxidation states of ruthenium and the other complexes 

of Ru(III). The colorless species formed in the titration of ruthenium 

tetroxide with ferrous trifluoroacetate in HTFA had an oxidation state 

of 3·05 :t, .05 as determined by the stoichiometry of the reaction. (See 

Figs. 7 and 8 in Section VI.) 
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. Oxidometric titration of this colorless species in HTFA by Ruo4 or 

by ceric·ion indicated a spectrophotometric and potentiometric end point 

af.ter a 1.21 :!:. .05-electron oxidation. (See Figs. 7 and 8). In per

++ chloric acid ceric.oxidation of RuCl yielded an end point after. a 

1.01 electron oxidation of the ruthenium .. 

The spectra of the Ru(IV) obtained in all these titrations agreed 

with the spectra reported by Wehner and Hindman for Ru(IV) in perchloric 

acid to within the rather large variabilities they encountered.
6' 7 

.2. Reaction of RuCl++ with Ceric Perchlorate .. 

++ A brief investigation of the rate of oxidation of RuCl . by eerie 

ion in perchloric acid yielded some interesting results. The first 

experiments, which were potentiometric titrations in 0.5 !:! HC10
4 

i~dicated that a slow reaction was taking place after each addition of 

eerie ion. The potential drift indicated .that an oxidizing reagent 

' +2 ( ) was disappearing. It was noted that the nearer the RuCl - Ru IV 

titration approached the end point the faster was the disappearance 

of this oxidizing ag;ent. In two identical spectrophotometric studies 

in 0.~!:! HC10
4 

it was observed that the half time for the spectral 

·changes at 450 IlljJ. was roughly twice as long as at 270 IlljJ.· Further, it 

was observed that the reaction for the formation of Ru(IV) was as much 

as tenfold slower in 5 !:! HC104 than in 0.5 !:!· A study of the 

potentiometric drifts during this reaction i,n 5 !:! HCl0
4 

showed a rapid 

increase in the pot~ntial recorded for about 30 seconds, followed by a 

slow decrease over a period of about 30 minutes. The decrease 

measured did not fit any simple rate law. Spectral .studies of the 

reaction in 5 !:! HCl0
4 

indicated that the eerie ion reacted rapidly, 
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almost instantaneously, and that at least some of the·earlyproduct was· 

Ruo
4 

(idEmtified by its characteristic vibrational sp~ctrum at ~- 38o lllJ..L). 

The change in the spectrum, followed·as a function of time, indicated 

that there must be at least two unknown species formed dl:.tring the later , 

slow stages of the reaction. The speCies that are formed during the 

oxidation in 5 ~ HCl04 differed to an appreciable extent drom those 

formed in 0.5 ~.HClo4 • Chloride ion was released dl:.tring the reaction 

in either acidic solution:;;; as shown by the addition of silver nitrate. 

A summary of the result's in the two acidic i:nedia show that the 

rates, products, and potentials are different in the different acid 

. ++ . .+4 .· 
concentrations used. The RuCl and initial Ce concentrations were 

the same in these rate studies, so that the observed variations must 

· depend on the acid medium. 

Further study of this reaction probably would be fruitless because 

·.of its complexity. The observed formation of Ruo4 in the presence of 

excess RuCl ++ was surprising, and was interpreted to indi'cate that 

monomeric Ru(IV) is unstable-in the system and either disproportionates 

or reacts very rapidly with eerie ion. In the rapid reaction of Ru(IV) 

to Ruo4 it is necessary to suppose that the rate of reaction of Ce+4 . 

with RuCl"!+ is slower than the corresponding rate with Ru(IV) or that 

the Ru(IV) species initially formed disproportionates rapidly. A further 

surprise was the slowness of the rate of reaction of Ruo4 with RuCl ++. 

A possible reason for the slow oxidation of RuCl++would be that a 

forbidden electronic rearrangement is required. 

3· Other species 

One of the species of Ru(Ili) that· was observed, but not identified 

was a complex of ruthenium with trifluoroacetate ion. This complex--was 
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first detected when an anionic, neutral; ~nd (or) ~ingly charged 

ruthenium (III) species was not held up appreciably by a Dowex-50 

ion-exchange column. ~he species passed directly through the column 

"Without being· absorbed from a solution that was less than 1 M in 

HTFA. This observation was substantiated by several other experiments, 

in which the Ru(III) had been prepared in different ways. This 

ruthenium (III) trifluoroacetate complex was prepared by reduction 

of Ruo4 irr HTFA by mercurous ion or stannous ion. Solutions of 

similar appearance could also be prepared. by reduction with ferrous 

iGn as the reducing agent. After long standing, all these solutions 

are a pal-e green. The spectrum of the aged solution formed by 

mercurous reduction is shown in Fig. 5, ,Curve 5. Both HTFA and 

perchloric·acid·~ere used as elutriants for the HTFA complexed 

ruthenium with no appreciable difference in the behavior of the 

columns. By comparison with this result of no hold-up, it takes about 

20 cc of 5 ~ HCl04 to elute any ferric ion from a column of the same 
I / 

size and type of resin whose void volume is about 1.5 ml. 

The species formed by mercurous reduction in HTFA was assumed to 

be a trifluoroacetate complex because reduction under similar conditions 

of hydrogen and mercurous ion in perchloric acid yeilded uncomplexed 

R +3 u 0 

The spectra of several "Ru(III)" solutions that have been formed 

by reduction of Ruo4 in HTFA are plotted in Fig. 5~ The differences in 

the calculated .average molar extinction coefficients are beyond the 

possible experimental errors. This indicates that more than one 

species of Ru{III) is.formed. Attempts to correct for the traces of 
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Ru(IV) that are often present do not change the interpretat.ion 

·requiring several Ru(III) species. 

Separation and purification of a neutral .ruthenium chloride 
I 

species was attempted, utilizing cationic and anionic exchange resins • 

.. A .ruthenium.:.containing species was isolated .tha:t was not held up by 

either resin. This species was present .in a solution prepared by 

refluxinK a solution of 0.02 ~ ruthenium chloride in 0.3 ~ HCl in 

the presence of metallic mercury for 40 hours. The spectrum of this 

neutral; species appears in Fig. 6. 

The plot of the absorption of the "neutral" ruthenium chloride 

is not in t~rms of , but.rather in optical density, because of 

the uncertainty of the rutheni.um analysis in this sample. This 

-·4 analysis shows a concentr~tion of 2.5 :t, •5 x 10 gram atoms per 

liter of ruthenium. Since the sample w~s run in a 1 cm.cell the e283 
4 

is 1.0 + .2 x 10 • 

Preliminary studies of the higher chloride complexes of Ru(III) 

in HCl show the existence of two species which are in rapid equilibrium 

with each other. These species appear to be identical with "Rucl6-3
u 

and "Ruc1
5 

• H2o=" as reporte.d by. Rhen and Wilson~2 These ions are 

p;tepared by dissolving K
2

RuC1
5 

• H 20 in various concentrations of HCl. 

The K
2
RuC1

5 
• H

2
0 was not analyzed but was prepared by the method 

used by Wilson( .i.e., reduction by metallic mercury in dilute HCl. 

-The x:-ray powder patterns were not identical for the "H2RuC1
5 

• H
2

0" 

prepared at different times, but under similar conditions. These 

patterns showed_that·the compound could not be K4Ru2c110 ~ 0 H20. 

There is evidence for.at least two other anions in these solutions 

of K2RuC1
5 

• H
2
0. One of these anions shows a peak in its spectrum at 
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Fig. 5. The spectra of various Ru(III)species 1n HTFA. 

Curve l. was obtained by stannous trifluoroacetate 
reduction, 

Curve 2. by .hydrogen peroxide reduction, 
Curve 3, by ferrous trifluoroacetate reduction, 
Curve 4, by Ru(II) trifluoroacetate reduction, 
Curve 5, by mercurous trifluoroacetate reduction. 
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v 

Fig. 6. Spectrum of a neutral Ru(III) species in 0.3M HCl. 
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about 295 ITij..L _with e
295 

between .1.5 and 2.7 x 10
4

• Thelocation of the . . 

peak is dependent upon the HCl concentration and it shifts from 300 !Tij.l_ 

to 290 II11J. with a change from 12 to 1 ~ HCl. Except for this shift 

the species appears to be resistant to change with changing solution 

conditions •. It has not been shown that this species is three-valent 

ruthenium, since there is a trace of Ru(IV) present in the K2RuC1
5 

• H20 

preparation. 

Several other species were observ:ed, but not identified, during 

the pushing experiments on Ru+3.and RuC1+2 . In the experiments in which 

. - - +3 ) . 
the solutions used for pushing the Ru were of low acidity, a species 

was observed that has a peak at 288 ITij..L with an e
288

_ greater than 

1350, assuming a monomer ruthenium species. This species is held more 

strongly by the resin than is Ru+3, and is held_ about as strongly as 

cercus ion. It is probably a. hydrolzed . and dimerized Ru(III) species, 

or a mixed oxidation state of Ru(III) andRu(IV). It converts to Ru(IV) 

on exposure-to air. This species is.not converted-rapidly to Ru+3 by 

the addition of excess HCl04• It is 'oxidized· to Ru(IV) fairly rapidly 

by the perchloric acid, however. 

During the purification of RuCl++ there were a minimum of six 

+ additional species being pushed as pure bands, as well as a band of RuC12 , 

which was not pushed, but eluted. Threeof these species are probably 

+3 +2 ' Ru , RuCl , and the previously mentioned hydrolyzed species. The 

remainder must be other Ru(III) or Ru(IV) species. There were additional 

ruthenium species present in the original stock solution, which were 

held too tightly to be pushed. 

,. 
l 

\ 

\ 
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4. Rate of reaction of Ru(III) with HC104 
Some workers have reported that perchloric acid oxidized Ru(III), 

while others report inert behavior. 6' 7 'S,lO,l3 In the course of the 

experiments at this laboratory the. following observations were made. 

Perchloric add in 0.10 M conGentration reacted within 2 days with 

freshly reduced Ru(III) stock solutions unless the solutions were 

0 kept in a refrigerator at about 0 c. The rate of the reaction was 

stronly dependent upon temp~rature. A solution of purified Ru +3 in 

0.1 ~ H~104 could be kept at room temperature exposed to light for 

j 

as long as 2 weeks. This reaction between Ru+3 and HCl04 appeared to 

be autocatalytic. The ruthenium chloride species·such as RuCl++ reacted 

more :rapidly with HC104 than did Ru+3• Chloride ion is formed in the 

reaction between Ru+3 and HCl04, and may be responsible for the auto

catalysis. Ru(IV) catalyzes the reaction. Oxidation of Ru(III) does 

not stop at Ru(IV); there is evidence for the slow·formation'of Ruo4. 

Finally, the oxidation of Ru +) proceeds rpaidly in both high { 6 !'f!) 

and,low ( ~ 0.01 ~) concentrations of perchloric acid. The increase 

in rate in low acid concentration is probably due to the rapid rate 

of oxidation of hydrolyzed Ru(III). 

In summary it appears that reactions of Ru+3 with perchloric acid 

are. catalyzed by chloride and (or) Ru(IV). This reaction may be 

retarded by low temperatures and moderate percploric acid concentration. 

/ 
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VI. TETRA VALENT RUTHENIUM · . :\-

The observations in this laboratory on the behavior o:f-·'1uncomplexed" 

Ru(IV) in both HTFA and HCl0
4 

are in basic agreement with those of 

Wehner and Hindman, 6' 7 and Swanson and Wilson~2 Evidence for the 

formation of polymers and intermediate oxidation states is confirmed . 

. A. Preparation of Ru(IV) and Other Related Species 

Several methods of preparation of Ru(IV) were used during the 

course of the investigation. These methods included: 

(a) Electrolytic reduction of Ruo4, and electrolytic oxidation 

of Ru(III) in HTFA. 

(b) Chemical reduction of Ruo4 by ferrous ion, Il).ercurous ion_; 

and hydroger peroxide in both HTFA and HClo4. 

(c) Oxidation of Ru(III) by Ruo4, Ce+4, Mn02, and HC10
4 

in 

HTFA and HClO 4• 

None of these reactions was investigated in great detail, but it 

is known that the products formed are dependent upon the conditions of 

the reactions. Some of the variables that seem to affect the properties 

of the Ru(IV) product are rate of mixing and concentration of reagents, 

redu9ing or oxidizing agent employed, and temperature of the solution 

durin~ react,ion. 

B. Oxidation States of.'Species Formed 

Comparisons of spectral and potentiometric data gave strong in

dications of the formation of species that were not Ru(Iv), but which 

apparently had oxidation states near to +4. These species have 

approximate oxidation numbers of (3.5) and (4.2). The {3.5) species 

• 

·, ', 



-58-

will be discussed later. Wehner and Hindman report evidence for the 

ruthenium that can be interpreted as ·indicating the formatio~ of a 

species having oxidation numbers between 4.2 and 4.5.
6

' 7 The work 

in this laboratory confirms their observations on this intermediate 

oxidation state. 

When 100 ml of 2.73 x 10-3 ~ Ruo
4 
~as titrated potentiometrically 

with ~ 0.5 ~ ferrous trifluoroacetate in 1 ~ HTFA, either a gold or a 

platinum electrode showed two end points near the +4 oxidation state 

whose_ difference corresponded to a change of 0.28 in the oxidation 

number of the ruthenium. The same effect was observed in 4 ~ per-

chloric acid when 100 ml of 1.17 ~ Ru0
4 

was titrated with 0.17 ~ 

ferrous perchlorate, except that the corresponding change in the 

oxidation state was 0.38. The actual oxidation states of these two 

species were not known'accurately from the experiments because of 

uncertainty in the ferrous concentration in the titration in HTFA, 

and because of the possibility of oxidation by perchloric acid in 

the HC10
4 

experiments, as well as an unknown loss o_f Ruo
4 

by 

volatilization in both experiments. It was assumed that the lower 

oxidation state was Ru(IV) in each case, in analogy to the findings 

of Wehner and Hindman6 '7 for electrolytic reduction of Ruo
4

• 

A plot of the potential data is sho_:m in Fig.ll, (Section VII:). The 

behavior of the electrodes, etc., is discussed in the section on 

potentials of the RU( IV) -Ruo
4 

couple. 

Oxidation of Ru(III) in 1 ~ HTFA also showed evidence for the 

formation of a species with an oxidation state of approximately 4.2 

to 4.4. Two spectrophotometric titrations of 20.3 ml of 6.61 x 10-3~ 
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'·-..... 

-3 8 ferrous trifluoroacetate by "' 1.6 x 10 ~ Ruo4 in 1 M HTFA showed a 1.1 

change in oxidation state in going from Ru(III) to this higher oxidation 

state. Figs. 7 and 8 show plots of the data from these titrations. 

Like~ise spectrophotometric titration of 1~15 .x 10-3 ~ Ru(III) by 5.05 x 

10-3 ~ eerie perchlorate in 1 ~ HTFA indicated the same change of 1.18 

in the oxidation state of the ruthenium.· Spectrophotometric and 

potentiometric titrations of 0.0216 ~ titanous ion by 2.31.x 10-3 ~ 

Ruo4 in 1 M HTFA showed evidence for the formation of ruthenium species 

with oxidation states of 2.0 to 2.1, 3.0? 3.4 ·to 3.5, and 4.2 to 4.3. 

Fig. 9, and also Figs. 12 and 13 are plots of the data which indicate 

these oxidation states. 

On the contrary, a potentiometri~ titration of 8.6 x 10-3 ~ 

RuCl++ by 9.54 x 10-3 ~ eerie perchlorate in 0.5 ~ perchloric acid· 

showed an end point after ~ 1•01 change in oxidation state of the 

ruthenium. This reaction was not a simple electron transfer. The 

reaction has been discussed in more detail in the section on Reaction 

·of RuCl++ with Ceric Ion. 

Another possible interpretation of these results, which would 

explain an average oxidation number of 4.2, but does not involve 

intermediate oxidation states, would be to assume that a mixture of 

different products was formed, say with part of the ruthenium in the 

+5 or +6 oxidation state. The only evidence that would discourage 

such an interpretation is that one would have to assume that.these 

higher oxidation states are formed in about the same ratio to the 

Ru(IV); under a variety of reaction conditions. Further, it has not 

been possible to prepare solutions by these methods in which the average 

oxidation·state of the ruthenium approaches +5 or +6. 
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TITRATION OF 

20.3 ml OF 6.61 X 10-3 M Fe++ 

BY I. 63 X 10-3 M Ru04 

10 

ml of Ru04 
15 
solution 

20 25 

MU-13205 

Fig. 7 .. Spectr.ophotorrietric titration of Fe+t- by Ru 0 
4 

in 1M HTF A. 
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' Fig. 8. Spectrophotometric titration of Fe'' ?Y Ru 0 
4 

in 1M HTFA. 
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SPECTROPHOTOMETRIC 
TITRATION OF Tj++-t-

BY Ru04 

K•200 

2 

'Ka 50 

3 

Ka50 

4 
I AT 333 m11 

2 AT 380 mp 

3 AT 465 mp 

4 AT 500 mp 

0 I 2 
CALCULATED OXIDATION 

3 
STATE 

4 5 
OF THE RUTHENIUM 

MU-13207 

Fig. 9. Spectrophotometric titration of Ti+3 by Ru0
4 

in HTFA. 
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C. Properties of Ru( IV) and Ru(4 • 2}. in Solution 

/ 

1. Spectra 

The spectrum of Ru(IV) species obtained in soiution was not constant 

from one preparation to the next, but varied appreciably. The Ru(IV) 

spectra obtained are considered to agree with those .obtained by 

. 6 
Wehner and Hindrru:in. In Fig. 10, Curves 1 and 2 show two typical spectra 

obtained for Ru(IV). Curve 1 shows the spectrum of the Ru(IV) 

prepared by the oxidation of Ru+3 by eerie perchlorate. Curve 2 shows 

the_ spectrum obtained by the reduction of Ruo
4 

in HTFA by ferrous tri

fluoroacetate. Curve 3 is a,spectrum of Ru(3.5). The spectrum of the 

Ru(4.2) species is very similar to that of Ru(IV). The major differences_ 

are that the absorption of Ru(4.2) is somewhat higher in the-region 

above 500 ~ and there is no evidence for a plateau at 300 ~· , 

2. ·Polymers 

The Ru(IV) and (or) Ru(4.2) species in solution were partially if 

not completely polymerized. The si-ze of the polymers was to some extent 

determined by the method of prepar~tion and rate of reaction to the 'Ru(IV) 

state. Some of the polymers were of colloidal size as evidenced by the 

appearance of a Tyndall beam in solutions of Ru(IV). Although some 

solutions of Ru(IV) did not appear to contain colloidal ruthenium, 

all the solutions containing Ru(4.2) were colloidal. Ultrafiltration 

using "Visking" ~ausage membranes removed the larger colloids, but 

9-id not appreciably change the shape of the spectJ?a of the Ru(IV) or 

Ru( 4. 2 )' solutions. The ruthenium species in a solution of Ru( IV) clung 

tenaciously to Dowex-50 ion-exchange resin. Elut.ion of this material 

from a column of ion-exchange re-sin us.ing cerous ion as the elutriant 

indicated th~ existence of more than one species of Ru(IV), since 
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some of the Ru(IV) could be removed 1 from the column while some could 

not. 

A solution of Ru(IV) in 1 ~ HTFA was ultracentrifuged in an attempt 

to determine the molecular weight of the species present. This solution 

was prepared by adding 3.24 cc of 0.504 ~Fe++ solution to 100 cc of 

-3 2,73 x 10 _ ~ Ruo
4

• Even though ferrous ion is in excess only a small 

amount of the Ru(IV) was reduced to Ru(III),* The molecular weight of 

the lightest polymer in this solution was 1000 within the limits of 

+1000 or_,..500. This result would indicate-a polymeric species 

consisting of about eight ruthenium atoms, which are probably held 
. - . 

together by oxide or hydroxide bridges, The rate of settling was 

observed using the light absorption method because the solutions were 

too dilute to use any of the effects involving refraction of light. 

;, Chemistry 

The chemistry of uncomplexed Ru(IV) in solution is characterized 

by its inertness to chemical attack by reducing agents. ThisJnertn~ss 

appeared to be a side effect of the polymerization of the ion since it 

was possible to reduce Ruo
4 

to Ru(III) quite easily, providedan excess 

of the reducing agent was present in a s.olution at all times and the 

solution was stirred to insure that the local excesses of Ru04 dispersed 
. 

rapidl:y. If these: ·provisions were not fulfilled a species C)f .R1;1( ry) 

would form which was not easily reduced by the same reducing agents 

which had been satisfactory earlier, Tpis effect appea~s to be kinetie 

* We would like to thank Dr. H, K. Schachman of the Virus Laboratory 

for hi!'J p.elp in determ~ning the molecular weight of this ruthenium 

species. 
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as the reduction of Ru(IV) to Ru(III) in HTFA would eventually succeed. 

This slow rate of reaction was only an inconvenience in HTFA, but 

,makes the reduction of Ru(IV) impractical in HC104 due to ~the relatively 

rapid rate of oxidation of Ru(III) by HCl04, especially since this 

reaction appears to be catalyzed by Ru(IV). 

Ruthenium. (IV), in acidic solution reacted rapidly with strong 

oxidizing agents such as periodate and persulfate to form Ruo4 • It 

also reacted rapidly with anionic reducing agents which complex the 

ruthenium, for example iodide ion. 

D. Ruthenium (3.5) 

The presence of a ruthenium species different from Ru(III) or Ru(IV) 

~as·been observed in reactions in which the average oxidation state of 

.. :-·· the ruthenium would be expected to be between 3 and 4o Its exact 

oxidation state is very uncertain, but there is some evidence supporting 

the value 3·5· This evidence is from the spectrophotometric titration 

of titanous ion with Ruo
4 

in 1 ~ HTFA. The spectrum of the Ru(3.5) 

obtained in this titration is shown in Fig. 10, Curve 3· The character

istics that distinguish the spectrum of Ru(3.5) from Ru(IV) are a peak 

at 340 to 350 ~ and a relative intensification of the peak at 460 ~ 

compared with the Ru(IV) peak in this region. 

Spectral eyidence for the formation of this species has been 

observed in solutions prepared in the following ways (the methods giving 

high yields are starred): 

(a) Reduction of Ruo
4 

in HTFA solution by excess ferrous trifluoro

acetate, and excess mercurous trifluoroacetate; 

(b) Reduction of Ru(IV) in HTFA solution by excess ferrous tri

fluoroacetate and metallic mercury; 
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Fig. 10. Curve 1, Spectrum of Ru(IV) in HTFA, 
Curve 2, Spectrum of Ru(IV) in HTFA, 
Curve 3, Spectrum of Ru(3.5~in HTFA. 
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(c) Boiling a s~l~tio~ pre~red by adding RuO 4 to an excess of 

* H20
2 

in HTFA; , 
'r-; 

(d) Oxidation of Ru(III) in a solution~of HTFA by eerie per-

. * * chlorate, Ruo4, anSi Mn02; 

(e) Oxidation of Ru+3 in 0.55 !:! perchloric acid by eerie ion; 

(f) Possibly,· oxidation of Ru+3 by 02 or HCl04 in 0.01 !:! HC104 

solution. 

It is not possible to completely eliminate the possibility that 

this species is a ruthenium(IV) chloride; however, it is known that the 

total chloride was less than 1% of the total ruthenium, and there was 

no evidence supporting ruthenium(III) chlorides or ruthenium(IV) chlorides 

in the' initial or final solutions. 

The only preparations of this Ru(3.5) species that gave good yields 

.were in HTFA. Since .it was known that HTFA complexes Ru(III), and the 

oxidation state of this species was in doubt, no further.observations 

of its chemistry were made. It may be possible to purify and identify' 

this species by using the same ion-exchange techqiques as employed for 

Ru+3 and RuCl++. 

The most obvious interpretation of this 3·5 species would be a 

dimer of .two ruthenium atoms, with one in the +3 oxidation state and the 

other in the +4. The dimer would probably be held together by oxide or 
7 

hydroxide bridges. An analogous interpretation for the 4.2 oxidation 

state could be a polymeric species containing four atoms of Ru(IV) and 

one atom of Ru(V)., or nine atoms of Ru( IV) and one atom of Ru(VI). If 

the average oxidation number were higher than 4.2 the ratio of Ru(IV) 
1. 

toRu(VI) atoms would be decreased~ 
·., .. 

·'"" 

: ~: .. :· _·, '· \ 
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VII. Potentials 

' . Very little has been published on the ruthenium couples in such 

common complexing media as hydrochloric, sulfuric, or nitric acids, 

let alone the relatively noncomplexing media of trifluoroacetic or 

perchloric acids. 

Latimer has estimated the potentials in HCl solutions based on 

th t d h 
. 1 t. . . 18 

e repor e c emlca reac lOns. His estimates for the potentials 

of interest' are 

Ru -0 •45 Ru +2 -0.30 -1.75 Ru04- __;;-1;;...._25~Ru0 . 

r 
-1.5 

More recently Backhouse and Dwyer have measured the potentials 

of the Ru(II)-Ru(III) and Ru(III)·-Ru(IV) couples.19 They r~port the 

couples in 1M HCl.to be 

Ru(II) -0.08 Ru(III) -0·88 Ru(IV). 

The latter value is in agreement with the report that c12 oxidizes Ru(III) 

~uantitatively to Ru(IV). 14 Using the data of Backhouse and Dwyer one 

can calculate the chloride-ion and hydrogen.ion dependence of the Ru(III)

Ru(IV) cell, assuming that concentration equals activity. The reaction 

appears to be H+ + 2Cl- + Ru(III) = Ru(IV) + e-, although the only un-

certainty is that chloride'ion is on the left-hand side of the equation 

* for 0.5 to 6 M HCl. 

* 

The Ru(II)-Ru(III) couple seems to be independent 

To obtain a potential for the Ru(III)-Ru(IV) reaction the authors attempted 
to extrapolate the measured potent·ia·ls to zero chloride concentration. Their 
interpolation is open to question siqce they have estimated the Ru(III)-Ru(IV) 
couple by extrapolatiqp. to zero chloride concentration, even though the 
couple involves chloride ion. 
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of HCl concentration between 1. 5 and' 6 .. 8 !i HCJ.,., although the authors 

somehow concluded that there was a chloride dependence. 

Wehner and Hindman.measured the zero current potentials during the 
. - 6 

electrolysis of Ruo
4

, Ru(IV), and Ru(III) in acidic perchlorate solutions. 

Their potential data, if interpreted assuming rapid equilibration of all 

ruthenium species, indicate species of +8, +4.3, +4.0, +3·5 to 3.6, and 

+3 oxidation states. 
. . +3 

The Ru(III) that they prepared is not Ru , nor 

is it a simple chloride complex; according to their reported spectral 

information. It may be a polymer of Ru(III), especially as it is known 

that the complexes-of Ru(III) are slow to_ break up and that the Ru(IV) 

species being reduced is polymerized. The reported potentials from 

Wehner and Hindman in 1 !i HCl0
4 

are 
( 

' Ru(IIl) 
. (?) 

-- Ru(3.5) -- Ru(IV) -1. 20 
(?) 

Ru(4.3) -l· 35 Ruo
4 

-0.50 

-0.82 -1.12 

(from reduction of Ru(IV)) 

(from oxidation of- Ru(III)) 

. 
(The value of the saturated calomel electrode is assumed to be -0.24 volt. 

I 
. 6 

rather than the value of -0.29 volt assumed by Wehner and Hindman. ) 

Obviously the Ru(III)-Ru(IV) electrode was irreversible in their experi-

ments. 

Niedrach and Tevebaugh; using polarographic techniques, confirmed 

Wehner and Hindman's observations that there was a two-step reduction 

between R~(IV) and Ru(III) in acidic perchlorate solutions. 13 Niedrach 
> • • ·- • • 

and Tevebaugh repo:r;t that th~se. steps are irreversible. They further 

report a reversible wave at more positive potentials corresponding to· 

the formation of Ru(II)._ ~~ey car:r:ied out a potentiometric titration 
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-of RU:(III) by eerie ion in perchloric acid but reported only the potential 

at the midpoint, so that it is not known whether they observed two steps 

by this method. Their results are 

Ru(II) --· Ru(III) -- Ru(IV) 

+0.10 -0.65 (polarographic) 

-0.85 (potentiometric titrations). 

It is obvious in reading the reports by these workers that the 

ruthenium system does not behave ideally, and it is doubtful that the 

reactions studied were well characterized. 

It was hoped that formulas of "uncomplexed" ruthenium species 

present in acidic perchlorate solutions could be determined by calculations 

based upon the shapes of the potential curves obtained during the titration 

of one ruthenium species to anoth,er. It would be possible to determine 

degree of polymerization, change in degree of complex formation, etc., 

from these curves. It was unfortunate that in practice no conditions 

were found that would yield potential data of the quality needed for 

these calculations . 

. Some of the difficult:J.'es encountered were that shiny gold and shiny 
J 

platinum electrodes, in the same solution, often gave potentials that 

differed by 0.01 volt. In addition, the potentials being measured 

in a potentiometric titration, showed a tendency to drift for relatively 

· long periods of time after each addition of titrating agent. ~his drift 

could be interpreted as indicating a slow rel:l.ction of the titrating 

agent; a slow equilibration of the products f~rmed, or a slow 

equilibration of the electrodes with the solution.· On top of these 
. ' .. 

difficultiea.was the one presented by the fact that many of the reactions 
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could be made to proceed in only one.direction, e.g., Ru(III) + Ruo
4 

gives.Ru(IV), R1.:104 + Fe++(ex) give~ Ru(III), but Ru(IV) +Fe++ gives 

no reaction. It is obvious that the potentials are at best qualitative. 
. I 

A. Standard-Cell Potentials 

The potentials were measured in the cells described earlier in 

Section II. In all cases the potentials were measured against a 

Beckman saturated calomel electrode.· The value_of the calomel potential 

plus salt bridges was determined from the EJ../2 in ~ ferrous-ferric 

titration. In l!:! HTFA the measured E
1
; 2 is -0.474. Using Swift's 

value for the formal potential for the Fe++ Fe+++ couple of -0.732, 

in l !:!HClo
4

15 and assuming this value to hold in HTFA, one obtains 

the value of -0.258 for the calomel and salt bridges versus the normal 

hydrogen electrode. Similarly in 0.1!:! HClo
4 

the. E
1
;

2 
Fe++ - Fe+++ 

is -0.503 and in 4 ~ Hcio4 it is ~0.497· It appears that a value -of 

-0.24 ± .03 for the calomel would be satisfactory for perchloric acid 

' solutions. The saturated calomel electrode will be referred to as the_ 

' 
s.c.E. and the normal hydrogen electrode as the N.H.E. E

1
; 2 means the 

voltage obtained at the half-way point ofthe titration. 

B. Potentiometric Titrations 
l 

l. Ruthenium Tetroxide .., Ru(IV) Potential 

Two titrations of Ruo
4 

to Ru(IV) under different acid conditions 

gave essentially the same results. The first titration in which~ 0.5!:! 

ferrous trifluoroacetate was added to 100 ml of 2.75 x 10-3 !:! Ruo
4 

in 

l !i HTFA, showed two potential breaks. The second potential break at 

2.48 ml of ferrous solution indicates an average oxidation state of 

3·49 for the ruthenium. No confidence is placed in this value because 
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of uncertainty in the ferrous concentration and unknown volatility 

losses of Ruo
4

• The spectrum of the reduced solution showed only the 

presence of Ru(IV). Excess ferrous ion did not reduce this Ru(IV) 

rapidly. On the basis of the spectral measurement and Wehner and 

Hindman's results on electrolytic reduction it was assumed that the 

second potential break corresponded to Ru(IV). Then the first 

pqt~ntial break was at an oxidation number of 4.28. The potentiometric 

titration data are plotted in Fig. 11 and the E1/ 2 results are summarized 

in- Table IX. 

The results of the second titration in which 0.17 t! ferrous per

chlorate was added to 100 ml of 1.17 x 10-3 t! Ruo4 in 4 t! perchloric 

acid are also shown in Fig• 11 and Table IX. In this titration the 

stoichiom~try at the second potential break indicated a 3·9-electron 

reduction, while the spectral data indicated the presen~e of only 

Ru(IV). _ Volatilization of some Ruo
4 

would lead to a_result of this 

_type. If the second b~eak is, as assumed, at oxidation number 4.00, 

then the oxidation number of the first break is 4.38. The possibility 

qf a third potential break at 2.54 ml of ferrous solution was indicated 

by the data, but may be spurious. -

The electrode behavior during the titrations was·poor at first. 

There were considerable slow drift; lack of agreement between electrodes; 

and even in one case a rise of potential, indicating more oxidizing 

agent after each a?-dition of reducing agent.· On the other hand, in the 

region between Ru(4.-}) and Ru(4.0) there was almost no drift, and the 

potentials used for each electrode were in close agreement. 
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Table IX 

Potentials of the Ruo4 - Ru(IV) System 

··Value of S.C.E. El/2 
Solvent + junctions measured 

- Ruo4 1M HTFA -0.26 -1.07 

- Ruo4 4 ~ HC104 
-0.24 -1.126 

- Ru(4.28) 1M HTFA -0;26 -0.88 

- Ru(4.38) 4 ~ HC104 
-0.24 -0.86 

El/2 VS 

N.H.E. 

-1.33 

-1.33 

-1.14 

-1.10 

For the 4 ~ perchloric acid solution the potentials vs the N.H.E. were 

corrected to 1 ~H+ by assuming that four, hydrogen ions wereconsumed in the 

reduction of Ru0
4 

to Ru(4.38), and none between Ru(4.38) and Ru(4.0). 

2. Ru(III) - Ru(IV) Potential 

The potential measurements taken in th'e Ru(III) - Ru(IV) region are 

only of qualitative value. The reasons are that the system is irreversible, 

the products formed are not always the same from one titration to another, 

and the actual species reacting are not known. 

Evidence of irreversibili t,Y was shown by the fact that ferrous iop. 

in ~xcess reduced Ruo
4 

rapidly to Ru(III), but reacted ohlJ slowly with 

Ru(IV). That different products were formed was shown by the fact that 

the spec~rum of the species formed during the oxidation of Ru(III) to 

Ru(IV) were different if the reaction conditions were changed slightly. 

Also in reactions where HTFA was the acid medium the degree of com-

plexing of the Ru(III) and Ru(IV) species by trifluoroacetate was not 

known. T~ere was spectral and possibly slight potential evidence for 

the formation of a species of oxidation state 3·5· In the titration 
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++ . +4 of-RuCl w~th Ce there was evidence for the initial formation of RuO 
'4 

++ even though there was ,a large excess of RuCl . This demonstrated that 

. ++ . +++ 
the reaction was not simply RuCl --:.> RuCl -+ e • Also in the 

titration of Ti+}. by Ruo
4 

in HC10
4 

there was evidence for the formation 

of an "iriert"· Ru(III) as well as a· reactive Ru(III). This evidence was 

that Ti+3 reacted i~itially with Ruo
4 

to produce Ru(II)j the ruthenium 

must have passed through a reactive Ru(III) state. As more Ruo
4 

was 

added it oxidized the Ru(II) to an Ru(III) species tha.t would not 

completely rereduce to Ru(II) even when there was still an excess of 

Ti:t:3 • A summary of the Ru(III)-Ru(IV) potentiometric titration results 

is shown in Table X. The reactions have been assumed to be acid-· 

independent. A plot o.f the potentiometric titration of Ti +3 with Ruo
4 

in 1 M HTFA in the Ru(III)-Ru(IV) region is shown in Fig. 12. There - ; 

were large drifts in the potentials being measured at certain points. 

Fig. 12, Curve 1 shows the location of the last potential measured, i.e., 

about·8 min after each addition of ferrous solution. · Curve 2 shows. the 

estimated final potential based upon extrapolation of the measured 

potentials to infinite time. Curve 3 represents a theoretical curve 

3 +4 
for a monomer-monomer; one electron oxidation of Ru + · to Ru 

No good potentiometric evidence was obtained during this investigation, . . 
for a Ru(3.5) species in HCl0

4
, however, no great effort ,was made to find 

it. 
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POTENTIOMET~ IC 

TITRATION OF 

· Ru (m) 

BY 

RU04 

IN I M HiFA 

. ·.~; . . 

MU-13210 

Fig. 12. Potent rome tric titration of Ru(III) by Ru 0 4 in 1M HTF A in 
in Ru(III) - Ru(IV) region. 
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Table X 

=== 
Potentials in the Ru(III) - Ru(IV) region v 

Solvent Oxidizing Ru(III) species, Probable Reasonea 
Agent or preparation reaction El/2 VS E1; 2 VS 

method 
r S .C .E. N .• H.E. 

1 M HTFA Ce+4 Ruo
4 

added to Fe++ -:> Ru(III) Ru(III)->Ru(4.2) -0.82+.01 -1.08+.03 

Ti+3 + Ruo
4 

-:> Ru(II) Ru(III)-:>Ru(3.5) -0.77±·01 -1.03+.02 

Ruo
4 

· {. } ~-

1 M HTFA Ru( 3. 5 )~>Ru( 4.25) -0.84+.02 -1.10+.02 -
or 

Ru(II) + Ruo
4 

---:> Ru(III) Ru( III )-:>Ru( 4. 25) -0 .82+.01 -1.08+.02 

+3 . 
Ti + Ruo

4 
-:> Ru(II) 

I 

{· } Ru(III)-:> Ru(IV:)? 
-.::1 

1 ~ HClo4 
Ruo

4 
-0.75±·05 - ·99±_.07 \.11 

I 

Ru(II) + Ruo
4 

-:> Ru{III) 

/ 

0.5 -~ HC104 
Ce+4 ++ ++ 

RuCl RuCl -:> ? -:> Ru(IV) -. 75±·01 ~1:..03±·03 

0.5 ~ HC104 
Ce+4 ++ + RuCl++ ~ ?/ -;::> R~(IV) -. 78±.01 -1.02 RuCl + Ag· 

·\;', 
+AgCl 

\ 
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). Ru(II) - Ru(III) Potential 

The information obtained on the Ru(II)-Ru(III) couple is also not 

very definitive. In the potentiometric titration of titanous trifluoro

acetate with Ruo4 in HTFA the potential appeared to be -0.20 volt vs the 

N.H.E.; however, the ferric ion titration of Ru(II) prepared,,in the same 

, manner indicated a potential of -0.10 volt. 

The behavior of the electrode during the titration of titanous with 

Ruo
4 

was one of the best observed in any of the rutheni~ systems. The 

'electrode responded rapidly to change in the composition of the solution 

and maintained a steady reading after each change. Analysip of the shape 

of the potential curve indicated that the reaction was monomer Ru(II) 

going to monomer Ru(III). It tells nothing about trifluoroacetate 

comple~es, however. ,This potentiometric titration is shown in Fig. 1). 

The titration of titanous perc~lorate with Ruo4 in acid perchlorate 

·solution did not yield quantitative information that could be used to 

calculate anything about the species reacting. The results indicated 

that t_he Ru(II)-Ru(III) couple was sufficiently ne~ative so that Ti+3 

would reduce the ruthenium quantitatively to Ru(II). This result was 

obtained from spectral data that showed that the.amount of Ru(II) 

present in a solution did not change, although a considerable portion 

of the Ti+) was being oxidized by perchloric acid. An additional 

result, which was surprising, was that the reaction of Ruo4 w~th Ru(II) 

in perchloric acid apparently yielded a Ru(III) species that was inert 

to r~duction by titanous ion. This was shown by_the fact that the 

average molar extinction coefficient of the ruthenium decreased after 

each addition of Ruo4 solution even when there was a large excess of 
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POTENTIOMETRIC 

TITRATION OF 
Ti+++ 

BY 
Ru04 

IN I M HTFA 

3 
CALCULATED OXIDATION STATE OF· THE 

RUTHENIUM 

MU-13211 

Fig. 13. Potentrometric titration of Ti+
3 

by Ru.o 4 in 1M HTFA 
in the Ru(II) -' Ru(III) region. 

) 
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Ti+3 present. The potential and spectral data obtained during this 

titration conflicted with each other and indicated the presence of some 

unknown oxidizing agent, perhaps one of the earlier products of the · 

perchlorate reduction. ·The potential chosen for the Ru(II)-Ru(III) 

couple in perchloric acid is -0.2 volt vs N.H.E. 

A diagrammatic summary of the potentials obtained.is shown in 

Table XI. The intermediate oxidation states shown do not necessarily 

exist, but it is felt ~hat this interpretation fits the data somewhat 

better than one assuming several species of Ru(IV). 

Table XI 

Potentials of ruthenium in acidic solution* 

1 ~ HTFA; S.C.E. + junction = -0.26 

-0.15 + 05 . . 
Ru(II)----·- Ru(III)-1.03 Ru(3.5) - Ru(IV)-1 "14Ru(4.2)-1 ' 33Ru0

4 

I I -1.10 1 

-1.07. 

l ~ HCl04; S.C.E. + junction= -0.24 

Ru(II) -0. 2 + .l Ru(III) -0-99 ± .o7 Ru(IV)-l.lQ Ru(4.38) ~l·33Ru0 
4 

,. 

*The estimated limits of error are + 0.02 volt unless indicated otherwise. 

These results are considered to agree with those obtained. by Wehner 

and Hindman in the oxidation of Ru(III). They do not agree with those of 

Niedrach and Tevebaugh, however. 



-79-

Acknowledgments 
{\ 

The author wishes to express his sincere appreciation to Professor 

.Robert E. Connick for }lis advice and guidance, which was of immeasurable 

value to the success of this investigation. Special thanks are also 

due to Dro Charles ·Koch for his advice on ion-exchange resins and 

analytical procedure'· Mrs. JEI,ne Waite for her secretarial assistance 

I 
in the preparation of this thesis, and to _all the author's fellow 

graduate students for their moral support, suggestions) and assistance. 

This investigation was carried out under the auspices of the U.S. 

Atomic Energy .Commission. 



-80-

REFERENCES 

1. Gmelin's Handbuch der Anorganischen Chemie, System No. 63, ·8th Edition 

(Berlag Chemie, Berlin, 1938). 

2. Donald D. Deford, The Chemistry of Ruthenium, .University of Kansas 

Report NP-1104, May 1948. 

3. M. L. Schloo, Properties and Behavior of RutheniUm and Its Compounds 

and Complexes, [DuPont Savannah River Laboratory Report) DP-38, 

December 1953.• 

4. M. D. Silverman and H· A. Levy, I. The Crystal Structure of 

Potassium Perruthenatej II. Studies of the Upper Valence States of 

Ruthenium in Aqueous Solutions, ORNL-746,.Nov. 13, i950·. 

5· R. E. Connick and C. R. Hurley, J, Am. Chern. Soc. 74, 5012 (1952). 

6. P. Wehner and J. c. Hindman, Ibid, 72, 3911 (1950). 

1· P. Wehner and J, C. Hindman, The Lower Oxidation States of Ruthenium 

in,Acid Perchlorate Solutions, ANL-4378, Nov. 28, 1949. 

8. I. M. Rehn and A. s. Wilson in Hanford Atomic Works Quarterly report 

of the Chemistry Unit, A. H. Bushey, Ed., HW-29619, Nov. 16, 1953 

(secret report) • 

9· Ibid, HW-27727, April 30, 1953· 

10. Tlfid, HW-28634, July 3, 1953. 

lL J. L. Swanson and A. S. Wilson, Ibid. 

12. A. s. Wilson, private communication. 

13. L. w. Niedrach and A. D. Tevebaugh, J, Am. Chem. Soc. 73, 2835 (1951). 

14 •. w. R. Crowell and'D• M. Yost, J, Am. Chern. Soc •. 50, 374 (1928). 

15. O. Ruff and E. Vidic, z. anorg. u. allgem. Chem. 136, 49 (1924). 

16. I. M. Kolthoff and W. D. Larson, J. Am. Ch~m. Soc. 56, 1881 (1934). 

17. W. King and c. s. Garner, J, Am. Chern. Soc. 58, 29 (1954). 



18. 

19. 

-81-

REFERENCES 

{cont.) 

W. M. Latimer, The Oxidation S,tates of the Elements and Their 

Potentials in Aqueous Solutions , Prentice-Hall, New York, 1952, 

Chapter 14. 

J. R. Backhouse and F. P. Dwyer, Proc. Roy. Soc. New South Wales 

83, 138 (1949); ibid 83, 146 (1949). 

20. E. H. Swift, A System, of Chemical· Analysis for the Common Elements 

Prentice-Hall, New York, 1939, p. 542 • 

.. t' 


