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CHLORIDE COMPLEXES OF RUThENIUM (iii) 

Dwight Albert Fine 

(Thesis) 

Lawrence Radiation Laboratory 
University of California 
Berkeley, California 

February 2, 1960 

ABSTRACT 

Some chloride complexes of ruthenium (III) in aqueous solution have 

been separated and identified. Two cationic complexes have been identified 

as isomers of RuC12 + by methods which utilize properties of ion exchange 

resins. Two neutral complexes have been identified as isomers of RuC1 3  by 

use of freezing-point experiments and analyses. Two anionic complexes 

have been identified as isomers of RuCl by studies of equilibria involving 

the species. The complex RuCl 5  has been characterized by spectrophctometric 

study. A species which is presumed to be RuCl 6  has been found to exist at 

high chloride concentrations. 

Relationships between the complexes have been investigate.d by 

spectrophotometry and ion exchange. Evidenqe regarding the configurations 

of the various pairs of isomers has been obtained. The compositions of 

- solutions of monomeric ruthenium (III) chloride complexes at equilibrium 

have been determined; the dependence of the equilibrium composition on 

chloride concentration has been measured. 
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I. INTRODUCTION 

The chemistry of ruthenium is complicated by the multiplicity of 

oxidation states that this element exhibits; aqueous-solution chemistry 

of the lcwer oxidAtion states, is further complicated by the tendency of 

ruthenium in these states to form numerous complexes. Some of these 

complexes are slow to equilibrate, while others equilibrate rapidly. 

The dearth of information regarding the aqueous-solution chemistry of the 

+3 and +I  states is due largelyto lack of knowledge of the nature of the 

complexes present under different conditions. 

Chloride complexes of ruthenium (Iv) have been studied by Webner and 

Hindman, 1  by Kilpatrick, Vogel, and Kobisk, 2  and by Swanson and Wilson. 3  

Rehn and Wilson have investigated chloride complexes of the +3 state. 

The work of these authors consists largely of spectral studies of ruthenium 

solutions; estimates of degree of complexing and of formation constants 

were made from spectra. Rehn and Wilson separated a number of complexes 

by ion exchange, but did not definitely establish the formulas of the 

species 

Recently, Cady and 'Connick were able to isolate and identify the 

species RuC]t and to make tentative identification of RCl2 .'6  It 

was thought desirable to extend the investigation to higher chloride 

complexes of ruthenium (III) and if possible to elucidate the entire 

series Ru(H o) 
2 6n n 

The work reported here consists of (a) the identification of two 

cationiä complexs as isomers of RuCl2 ; (b) the identification of two 

neutral complexes as isomers of RuC13; ( c) the tentative identification 
of two anionic complexes as isomers of RuCl; (a.) the approximate 

characterization of RuC1 5  and RuCl6. 



IM 

II. APPARATUS ARD EQUIPMENT 

All absorption spectra were measured on a Carymodel-li, serial-4, 

recording spèctrophotometer. The wavelength scale was checked against 

the emission spectra from hydrogen and mercury discharge tubes and the 

Fraunhofer lines in the spectrum of the sun. Q,uartz absorption cells 

were used as solution cOntainers during measurements of spectra. In all 

eases the absorption of aimaterial was obtained by running the spectrum 

of the material versus air and then, using the same cell, running the 

spectrum of a blank solution (usually water) versus air. Subtraction of 

the two curves gave the absorption of the material, 

Measurements of pH were made on a Beckman model-G pH meter. The 

log(-pH) was divided by the mean activity coefficient of hydrochloric 

acid at the same ionic strength to yield an approximate value of the 

hydrogen ion concentration. The data of Harned and Ehiers were used for 

this purpose, 7  

Freezing-point determinations were made with a Western Electric 11B 

thermistor, calibrated against ice-salt mixtures. The thermistor was 

used with a Leeds and Northrup No. 5305test  set and a Rubicon 3830 

galvanometer of sensitivity 0.03 microaniperes per millimeter. A Beckmanzi 

thermometer was also employed for freezing-point determinations. 

V 
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III. PREPARATION OF SOLUTIONS AND ANALYTICAL METhODS 

The water used in all experiments was normal. distilled water which gave 

a negative test for chloride ion. 

Trifluoroacetic acid was obtaine4 from Minnesota Mining and Manufacturing 

Company and purified by distillation. Solutions were standardized by 

titration with standard, carbonate-free sodium hydroxide. 

The source of ruthenium was solid ruthenium chloride obtained from 

Chemical Commerce Company. 

Silver nitrate solution was prepared from Baker and Adamson reagent salt. 

Sodium iodide was Mallinckrodt's analytical reagent. 

Ceric perchiorate was obtained from G. F. Smith as a solution of 0.5 M 

ceric in 6 'M.perchloric acid. 	. 	. 

Calcium chioroacetate-chioroacetic acid buffer solutions were prepared 

by dissolving Baker's Analyzed CP calcium carbonate in chioroacetic acid 

solutions that had been analyzed by titration with standard sodium hydroxide'. 

The solutionswere heated gently to expel carbon dioxide. The calcium 

content was checked by precipitating the calcium as the oxalate, dissolving 

the oxalate in sulfuric acid, and titrating the oxalic acid with standard 

potassium permanganate. The calcium concentration was found to agree with 

the concentration corresponding to the, weight of . calcium carbonate used 

in the preparation of the solution. 

Potassium ruthenium chloride (K2RuC15  HO) was synthesized according 

to methods described by Charonnat and Wilson. ;  Solid ruthenium chloride 

was converted to ruthenium sulfate by fuming with sulfuric acid. The 

ruthenium in sulfuric acid solution was oxidized to RuOby potassium 

permangante and the RuO 4  was distilled in an all-glass distillation apparatus 

into hydrochloric acid solution. The hydrochloric acid solution was then 
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evaporated, and the ruthenium was precipitated as K 2Ru(OH)C15  by addition 

of KC1. The K2Ru(OH)C15  crystals were filtered, washed with ethanol and 

rêdissolved in hydrochloric acid solutiOn. The solutiOn was then boiled 

with ethanol to reduce ruthenium (Iv) to ruthenium (III) and was evaporated 

until crystals Of K2RuC15  • H0 were formed. The crystals were filtered, 

i washed with ethanol, dried at 110 C and kept n a vacuum desiccator. 

The ruthenium concentration in solutions was determined by making 

the solutions alkaline with sodium hydroxide, oxidizing the ruthenium 

to Ru0 and Ru04  with h3rpochlorite, reducing the Ru0 4  to RuO with 

sodium iodide and determining the Bu0 spectrophotometrically. This 

method proved more convenient than the method involving oxidation to Ru0; 9  

the latter method 7entails danger of oxidation of chloride to chlorine, and 

removal Of chloride is difficult. In order to make an analysis, an aliquot 

of ruthenium solution was added to a 5- or 10-nil volumetric flask containing 

1 ml of about 1 M NaOH. The mouth of the flask was held in a stream of 

• chlorine generated by pouring hydrochloric acid onto calcium hypochiorite. 

It was not necessary to bubble the chlorine through the solution. Oxidation 

of ruthenium was indicated by change in color of the solution from yellow 

to brown to orange to yellow-green. Sodium iodide solution was then added 

with a ntLcropipette until the deep orange color of RuO appeared and 

remained permanently. The solution.was diluted to the mark, and the 

visible absorption spectrum was measured. A blank was run in the same 

way, except that no ruthenium solution: was used. The absorbance of the 

RuO solution was measured against the blank at 600 A. The molar extinction 

coefficient used for analysis was 
€o = 1820

.20 Absorbancé of the blank 

was negligible at this wavelength. 
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Analysis for total chloride in the presence of ruthenium was accomplished 

by adding excess silver nitrate to the solution, oxidizing the ruthenium to 

RuO by the dropwise addition of ceric perchlorate solution, volatilizing 

the RuO 1  out of solution by gentle heating, then filtering, washing, 

drying, and weighing the silver chloride precipitate. Determination of 

chloride by direct titration with silver nitrate was not feasible because 

of uncertainty as to the speed with which silver ion attacks chlorides 

bound to ruthenium and the fact that silver, ruthenium, and chloride form 

a complex. precipitate of unknown composition. 11  The method employed removes 

the ruthenium from the solution and from the precipitate. No evidence of 

oxidation of chloride to chlorine was obtained. 

Qualitative tests for Ru(IV) weremade by addition of sodium iodide 

and starch to the ruthenium solution. Appearance of the starch-iodine 

color was considered to indicate the presence of Ru(IV)) 2 ' 13  

The ion-exchange resins used were analytical-grade resins obtained 

from Blo-Rad Laboratories. Specific resins employed were Dowex 50W X 8 

and Dowex 1 X 10. Particle size was 200 to LQQ  mesh, 
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IV. CATIONIC SPECIES 

The cationic chloride complexes of ruthenium (III) are characterized 

by their slowness to equilibrate with their environment. Cady and Connick 

devised a method for identification of complexes which are slow to equilibrate; 

the method utilizes the properties of ion-exchange resins to establish the 

charge per metal atom and the charge per species.' 6  When these charges 

are known, the formula of the complex can be deduced. The method was 

used by these authors to identify the species Ru 3  and RuCl 2 . A third 

+ species was tentatively identified as RuC12  , but peculiarities of the 

species prohibited the application of the charge-per-atom method as 

originally developed. 

In this investigation, the charge-per-atom method has been modified 

to enable its application to this species, and the species has been identified 

as RuC12+.  Another cationic species has been separated and identified as 

the isomer of RuCl2t, Furthermore, an analytical method has been. devised 

that permits the determination of the number of chlorides bound to the 

ruthenium atom; this information confirms the formulas established by the 

ion-exchange methods. 

A. Experimental Method 

1. Charge per Atom 

The method used by Cady and Connick for determination of the charge 

per metal atom had been to load the top of a cation-exchange column in ,the 

hydrogen form with the ruthenium species and elute the column with a cerous 

perchiorate solution containing a small amount of perchioric acid. Cerous 

ion was held very tightly by the resin, and the elution served to separate 

the ruthenium species and push them from the column in compact bands of 
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relatively high concentration. Ruthenium and hydrogen-ion analyses of the 

eluted bands permitted calculation of the charge per ruthenium atom by a 

charge balance between the elutriant and eluate solutions • The ne thod 

proved unfeasible for the specie desiated RuCl 2  (.?) by the authors. 

This species was held so loosely by the resin that it was eluted gradually 

from the column along with the perchioric acid rather than being pushed •  

in a compact band in front of the cerous ion. 

It was thought that a difficulty of this nature could be overcome 

by eluting with a solution buffered in such a way that the hydrogen-ion 

concentration in the aqueous phase of the cOlumn was kept below a con- 

centration sufficient to elute the species readily. The use of a calcium 

chloroacetate-chloroacetic aid solution was found convenient for this 

purpose. The calcium ion is held strongly enough by the resin so as to. 

displace nearly completely hydrogen ion and the ruthenium species 

Hydrogenions displaced from the resin are, removed from solution by the 

chioroacetate ions to such an extent that the ruthenium. species ,.isnot 

eluted.'appreciably.by the displaced hydrogen ipn.. The.ruthenium.species 

is then pushed out of the : c01h1 in a compact band by the calcium. 

Ruthenium and hydrogen-ion analyses on samples from the band permit the 

calculation of the charge per ruthenium atom. The charge per atom a is 

given by the expression 

2(Ca). + (HC1OAc), + (H) - (.H)....:(HClOAc) 
a= 	1 	 1 	1 	. 	 (i) 

(Ru) f 	. . 

where parentheses indicate concentrations in moles per liter, I and f 

designate elütriant and eluate respéctivély, HC1OAc designates chioro-

acetic add, and (Ru) f  is in gram-atoms per liter, .Allquantiti'eé in the 

expression except (HC1OAc) f  are known either beforehand or from measurements 
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during the experiment. The value of (HC1OAc) f  may be calculated from 

known quantities: 

(HclOA) = (C1OAc). + (HC1OAc). - (C1OAc) f  

= 2(Ca). + (HC1OAc). +(H). - (ClOAc) 	(2) 

Now the concentration of (C1OAc) f  is 

(wicc) 
(C1OAc) = 	a 	f 	

() 

(H) . 

where Q
a  is the ionization quotient of chioroacetic acid expressed in moles 

per liter. Substituting the expression for (C1OAc) f  in Eq. (2) and solving 

for (HClOAc), one obtains 

(H) [ 2(Ca). + (HC1OAc). + (H). 
(HC1OAc) f  = 	

1 	 1 	 (1) 

(H) f +Q 

Substitution of this expression in Eq. (1) yields for the charge per 

ruthenium atom 

Qa 	2((.'a). + (HC1OAc). + (H).. I 

(Ru) [ (H) f  + 	I 	 (Ru) f  

A second cationic species was encountered which was held even more 

loosely by the resin than the species discussed above. A pushing experiment• 

was not feasible with this species. The pH of the calcium chioroacetate-

chioroacetic acid solution used to push the first species was sufficiently 

low that the second species was eluted. Buffer solutions of higher pH 

caused a chemical reaction of thespecies, as indicated by its absorption 

spectrum. 



-13- 

Determination of thecharge per metal atom for such a species. is 

possible, however, by the simple procedure of placing a solution of the 

pure species on a cation-exchange column in the hydrogen-ion form, washing .  

the column with water, and determining the total hydrogen ion in .the eluate 

plus washing. The hydrogen-ion and ruthenium content of the original 

solution being known,, the number of hydrogen ions displaced from the 

column per atom of ruthenium placed on the column can be calculated. 

This quantity is the charge per ruthenium atom. The disadvantage of this 

method over the pushing method is that the species must first be separated 

from other ruthenium species, and obtained in a solution relatively 

concentrated in ruthenium and low in hydrogen ion, whereas the pushing 

method accomplishes .saration, concentration, and charge-per-atom 

determination at the same time. 

2. Charge per Species 	. 

The method developed by Cady and Connick was employed.' 6  In this 

method a solution of the pure species is equilibrated with Ion-exchange 

resin in the hydrogen-ion form. The reaction involved..is 

A+b + bI=A + bH+ 	 . 	( 6) 

where A is the species, b is thecharge per species, and bars indicate the 

resin phase. If two equllibrations are made under different conditions, 

the expression for the equilibrium is 

[H1 	[A]2 [.H]2 

[A]1 [H+]b 

where the brackets denote activitIes, and the subscripts 1 and 2 refer to the 

two equilibrations. Both of these quotIents are equal to K. the equilibrium 



constant for the reaction of Eq.. (6). If activity corrections are 

neglected, concentrations in moles per liter may be substItuted for 

activities. in the eerimental work reported here, conditIons were 

arranged so as to minimize changes in activity coefficients and justify 

the use of concentrations. One means of minimizing the changes was to. 

keep the mole fraction of ruthenium in the resin very small; this 

maintains the concentrations of ruthenium and hydrogen ion in the resin 

phase at nearly the same value, in the two equilibrations. 'Also, 

electrolyte concentrations in the aqueous phase were 'kept in a region 

(0.01 to 0.15 M) where activity coefficients do not vary rapidly. The 

value of b must be a whole number and a mU.ltiple of the charge per atom; 

hence the accuracy' required by the method is not great enough to be 

affected seriously by the activity changed that are not eliminated 

by the aforementioned precautions. 

If activity corrections are neglected, and the concentrations of 

and H in the aqueous and resin phases are known, Eq.(7) may be solved 

for b. These concentrations may be calculated if the following quantities 

are measured: the total A present, in gram-atoms; the initial hydrogen ion 

concentration, in moles per liter; the total volume of solution, in 

milliliters (ml); the weight of air-dried ion-exchange resin, in grams 

and the concentration of A in solution after equilibration, in gram-atoms 

per liter. it is also necessary to know the capacity of the air-dried 

resin in equivalents of charge per 1000 g. Concentrations in the resin 

phase are expressed in moles per 1000 g. 	 . 	. 
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3 ,  Chlorides per Ruthenium 

The charge-per-atom and charge-per-species determinations do not 

establish the formula of a complex unambiguously, because they do not 

distinguish between an unhyd.rolyzed and a hydrolyzed species, e.g.. RuCl 2  

and Ru(OH)C1. In the case of ruthenium (III) chloride complexes the 

existence of hydrolyzed species in the acid concentrations employed is 

unlikely; the species Ru 3  has been shown to exist unhydrolyzed in 0.1 

M HC10.' 6  In order to eliminate definitely the possibility of.hydrolysis, 

however, a direct analysis of 'chloride boud to ruthenium is desirable. 

• For this reason the method for determination of total. chloride, in the 

presence of ruthenium, described in Section III, was developed... If the 

amount of total chloride and of unbound chloride in solution is known, the 

number of chlorides per ruthenium can be calculated. 

B. Experimental Procedure 

1. Preparation of Species 	 . 

Stock solutions of ruthenium (III) chlorIde species ±ich.in.cations 

were prepared.by reflu..xing a solution of ruthenium chloride in 0'.?3 M HC1 

over mercury for 21  hr: A typical preparation contained 10 .g ruthenium 

chloride in $0 cc of 03 M HC1. Solutions so obtained were either red.-

brown or, dark green in . color.; the green color changed to red-brown in a 

few days at room temperature, though it persisted 'for.several weeks if a 

solution, was kept in a refrigerator. The green color' is thought to be due 

to lower 'oxidation states of ruthenium.: Experimental work was not begun 

until the 'green color was gone. The solutions were kept, over mercury; 

solutions not kept over mercury showed gradual oxidation to Ru(IV). 



Solutions of the two cationic species identified in this work were 

obtainable by charging a cation-exchange column with the stock solution 

of Ru(III) species, washingthe column with water to remove anionic and 

neutral species, and then eluting the column with Ol M HC10 Absorption 

spectra of samples eluted from, the column indicated that only two species 

were eluted by this dilute acid0 . The efficiency of 01 M acid for elution 

indicated that these species were loosely held by Dowex50 resin in.. 

comparison with hydrogen ion0 Clean-cut aepartion of the species was 

not achieved0 Samples from the beginning and the end of the elution 

were considered to be pure species, absorption spectrum being used as a 

criterion of purity0 The more tightly.held of the two species had a 

spectrum similar' to that of the species identified tentatively as RuCl 2  

in previous work0 6  Solutions of the species gave negative reactions to 

the starch-iodide test for Ru(IV) 

2 Leterminationof Charge per Atom 

A cation-exchange column in the hydrogen-ion form was charged with 

• the stock solution' of Ru(III) species The column was washed with water 

to remove neutral and anionic species and was then eluted.with a. solution 

Of calcium chioroacetate in chloroacetic acid of H ca 275 Although one 

of the cationic species was eluted along with hydrogen ion.even at this 

low acidity,*  a second species(the RuCl2  (?) of Cadyand Connick) was 

pushed out in a compact band.0 Spectra were taken of samples from the 

band, and hydrogen-ion and ruthenium analyses were made0 The spectra 

showed no evidence of complexing of ruthenium by .chloroacetate 0 The charge 

* 
The acidity in the column was, of course, higher than the initial acidity 

of the buffer solution, since the solution in the column was essentially 

pure chloroacetic acid0 
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per atom was calculated from Eq. (5). The hydrogen-ion concentration in 

the elutriant solution was calculated from pH measurement, and the con-

centrations of chioroacetic acid and chloroacetate were known; Q a 
 was 

determined empirically from these three quantities. The data and results 

are shown in Table I. 

In the case of the more loosely held species, the hydrogen-ion 

Qoncentration in a soltrtion of the pure species, obtained by elution of 

a cation column with P.1 MHC1, was ieduced by stirring the solution with 

anion-exchange resin in the hydroxide form until the hydrogen-ion concen-

tration, as determined, by pH measurement, was about the same as the ruthenium 

concentration. The resin was centrifuged out, the solution was analyzed 

for ruthenium, and a measured volume of the solution was placed on a short 

column of cation-exchange resin, hydrogen form. The column was washed with 

water. The hydrogen ion in the effluent was determined by titration with 

standard sodium hydroxide. The lowering of the HC1/Ru ratio as a result of 

the stirring with hydroxide-form resin appeared to lead to decomposition 

of the species. This decomposition was preventable by keeping the solutions 

at around 0 
0  C as much as possible during the experiment. The hydrogen ion 

displaced by the ruthenium was calculated by subtracting the measured 

hydrogen-ion content of the ruthenium solution from the total hydrogen 

titrated in the column effluent. The data and results are shown in Table II. 

3. Determination of Charge per Species 

A solution of the pure species was diluted with hydrochloric acid of 

known concentration and equilibrated with hydrogen-form cation-exchange 

resin, by stirring in a beaker. Time studies showed that equilibrium was 

attained within 30 mm. A spectrum of the solution was taken, water was 

added to lower the acidity, and the equilibration was repeated. 
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Table I 

* Charge per atom determinations, species BuCi(c) 

Sample Ca(C1OAc) 2  HC1OAc 	a 
Ru in H 	 in Charge per 

NO.a in in eluate, eluate, Ru atom 

elutriant, elutria.nt, (moles/i) . (moles/i) 

(moles/1). (moles/i) 

3 	. :0.252 0.333 	3.3 x lO 	0.077 0.026 0.9 + 

14 .0.119 	. 0.016 	•. 1.1 

15 	. . .. 0.158 0.012 1.1 

16 . . . 0.196 0.0083 1.2 

17 . 0.246 0.0087 0.9 

7 0.245 0.298 	3.7 x 10 	0.027 0.042 0.9. 

8 . . 0.046 0.033 1.0 

- 	. 	
. 	9 	. . 	 . 0.076 0.026 1.0 

10 . 	. 	. 0.04 0.024 0.9 

11 0.121 0020 0.9 

aSamples were taken consecutively in two, separate experiments. 

bncertainty calculated by assuming an uncertainty of + 0.03 unit in the pH 

measurement.  
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Tablell 

Charge per atom determinations for species RuC12(p)  

Experiment Ru in H 	In 	+ Ru H 	titrated. Charge per 

solution solution in effluent Ru atom 

(mg atoms) (meq) (meq) 

1 0.033 0.057 	0.090 0 .095 1.2 

2 0.09 0 .155 	0.2014 0.205 1.0 

3 0.019 0.017. 	0.036 0.0140 

14 0.01414 0.0144 	0.088 0.089 1.0 
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Analysis was made of the gram atoms of ruthenium per liter in the 

initial solution. The ruthenium concentration in the solutions from the 

equilibrations was determined from, the absorbance at selected wavelengths 

relative to that of the initial solution.. A check was obtained by direct 

analysis of the solution from the second equilibration. The 'ruthenium ' 

concentration in the resin was calculated by difference, the weight of 

ihe resin ,being known. The capacity of the resin had been determined 

by titration of the hydrogen ion displaced from a known weight of resin; 

standard sodium hydroxide was used for titration. The hydrogen-ion concen 

tration in the resin was approximately constant and equal to the capacity 

of the resin; the correction for the hydrogen ion displaced by the 

ruthenium was negligible under the conditions employed. The use of only 

asmall amount ofresin in the case of the more loosely held species was 

found to be essential, because the use of amounts in excess of 0.1 g 

produced changes in the spectrum of the species, possibly due to impurities 

in the resin. A correspondingly lower hydrogen-ion concentration was 

needed, and the species used in the experiments was obtained by elution 

of a cation column with '0.01 M 'HCi rather than 0.1 M HC1. The data and 

results of the experiments are shown in Table III. 

4, Determination of Chlorides per Ruthenium 

The total chloride content, of solutions of the pure species was 

determined as described in Section III. The chloride bound to ruthenium 

was calculated as the difference between the total-chloride and the free-

chloride content of the solution. The free-chloride concentration was 

taken to be the seine as that of the hydrochloric acid used to elute the 

species from a column. This HC1 solution had been prepared from standard 
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HOl and the free-chloride-ion concentration should not be altered by 

passage through a cation-exchange column. The results are given in 

Table IV. 

C. Formulas and Spectra 

The species labeled RuCl2t(c)  in the tables is the species held 

more tightly by the cation resin. The species labeled RuCl2(T)  is the 

more loosely held species.. The results in Tables I and II indicate a 

charge per ruthenIum atom of +1 for both RuCl2(C) and  RuCl2(T), The 

results of Table III indicate a charge of +1 for each species. This 

value is supported by the charge-per-atom eeiments, because the charge 

per species must be an integral multiple of the charge per atom. 

Since for both species the charge per atom and the charge per species 

are +1, the formula of each species must be RuC12+  in view of the fact 

that chloride is the only complexing anion present. The chloride-per-

ruthenium analyses indicate two bound chlorides per ruthenium atom and 

confirm this formula. Because both species have the formula RuCl2 , they' 

are presumed to be the cis and trans isomers of the octahedral complex 

ion [ Ru(H2O)cl2  ]. Evidence that RuCl2(C)  is probably the :cis isomer 

and RuC12 (T)  the trans isomer is presented in Section Vii. 

•The molar extinction coefficients of the two species are tabulated 

in Table V and plotted in Fig. 1. Solutions of both species are bright 

yellow in color. The spectrum given by Rehn and Wilson as that of RuCl2  
41  

is somewhat simIlar to the curve for RlCl2(c)e  Their molar extinction 

coefficient at the maximum is very nearly the same as ours, but at 270 

and 370  mg their molar extinction coefficient is about liO% higher and 

about 25%  lower, respectively, than that found here. A mixture of the 
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L TableBT 

species Chloride-pe-ruthenium determinations r for RuC12+ 

Weight Total Free 

AgC1 chloride chloride Ru Chlorides 

• 	 : 	 •(n) (meq.) (meq) 	• 	(mg-atoms) perRu 

+ Species RuC12 (c) 
S  

• 

0.0615 0.430 0.300 0.0594 2.19 

0.0610 0.426 0.300 0.0594 • 	 2.12 

0.0603 0.421 0.300 0.0594 2.04 

Species RuCl2(T) 

0.0478 • 	 0.334 	• 0.250 0.0422 2.0 

0.0483 0.338 0.250 	• • 0.0422 2.1 

0,0286 • 	 0.200 0.150 0.0253 2.0 
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Table V 

Molar extinction coefficients.for.RuC1 2  

RuC12 + (T) 
+ RuC1 	(c) 

525 2 .. 	2 
500 	. ., 	 . 	10 . 	5 
475 	'. 19 12 

450 :. 	27 	. . 	15 
425 . 	32 	. 17 
404 36 .48 

'393 ' 	. 	41 116' 

382 . 	53 	. . 	235 

371 	. 74 392. 

361 .". 	us . 	557 	
H 

.351 197 	. 656 

3405  348 750 

330 . 	64 87.5 

320 	. 	. . 	, 	761 	. 993 	. 	... 
310 	' 844 ' 	1042 	' 

300 794 	' 1045 

290 654 935 
280 484 690 

270 338 533 
260 283 583 
250 451 722 
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Fig. 1. Spectra of RuC12+(C)  and R,iC12+(T). 
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two isomers would not explain the discrepancies Cady and Connick give 

two spectra for RuCl2 ; 6  both of thes.e spectra resemble that of RuC1 2(0)  

above 300 ini. Below 300 ini the spectra obtained by them in 02 N HC10 1  

correspond more closely io that of RuCl2y  Again a micture of the 

two isomers would not explain the spectra, and it is concluded that other 

species were present in the earlier work. 
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V.. NEUTRAL SPECIES 

The methods employed for determination of the formulas of cationic 

species are not applicable to neutral (uncharged) species. The formulas 

of neutral species can be established,  however, by the. use of freezing-. 

point lowering and analyses." The rriain problem here is toepare 

sufficiently pure and concentrated solutions. 

The neutral species which have been isolated and identified in this 

investigation are the two isomers of RuC1 3 . 

A. Experimental Method 

A freezing-point-lowering experiment on a solution of a neutral 

ruthenium chloride species would establish the degree of association of the 

species, i.e. it would distinguish between, a monomer, dimer, or higher 

polymer. The depression of the freezing point of a solvent (in'this case 

water) is determind by the activity of solute in the solvent; hence a 

freezing-point-lowering experiment would establish the moles of ruthenium 

species per liter. If the ruthenium concentration of the solution in gram-

atoms per liter were known, the number of ruthenium atoms per species could 

then be calculated. 

Ideally, one would like to obtain a solution consisting only of the 

ruthenium speôies in water. Practically, this is an impossibility, as 

some hydrochloric acid must be present. The species are obtained from 

stock solutions of rutheniim chloride in hydrochloric acid, and the HC1 

concentration in these stock solutions must be high enough so that a 

respectable proportion. of the ruthenium is in the neutral form. Once 

the neutral species have been separated from the other species, most of 

the HC1 uld be removed by stirring the solution with anion-exchange 
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resin in the hydroxide form, as was done with RuCl2(T) This was not 

considered desirable, however, in the case of the neutral species. A 

drastic lowering of the hydrogen-ion concentration could lead to hydrolysis 

effects. It was thought better to prepare a hydrochloric acid solutin. 

in which the HCl concentration was the se as in the ruthenium solution 

and determine the difference in the freezing points of these, two 

solutions o 
I This would also permit cancellation of the activity effects 

of the HC1. The neutral species were obtainable in concentrations 

sufficient to make this method practicable. 

Once the nber of ruthenium atoms per molecule of neutral species 

is known, the formula of the species:can be deduced when only one complexing 

anion is present, as is the case here0 It was thoughtdesirable, however, 

to run chloride-per-ruthenium analyses. ' The results of such analyses 

would serve as a check on the analy -tical method and would confirm or 

eliminate the remote possibility of hydrolyzed species0 

B. Experimental Procedure 

1. Prepara.tion of Species 

Stock solutions of rutheni (iii) chloride species were prepared by 

rèfluxing a solutton of ruthenium chloride over mercury, as in the case of 

the catiic species The solution which yielded the highest proportion 

of the neutral species referred to as species "A" in this réport.contained 

92 gm of ruthenium chloride in 50 ml 0.5 M HC1 and was ref],uxed about 24 hr. 

The solutions which proved most fruitful for obtainingthe species referred 

to as species "B" contained 0.6 to 0.8 N ruthenium in 1.5, 2.0, and 2.5 N 

HC1 and were refluxed for to 9 hrs. 
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The neutral species were obtained by charging an anioi• column with 

stock solution, eluting the column with water, charginga cationexchange 

column with the eluate from the anion column, and again eluting with water.  

The. species were also obtainable by charging the cation column first and 

then the anion column0 The first method was more efficient, because the 

species were eluted only gradually from an anIon column in the chloride 

£ozi and it was feared that 'cationic species might be formed slowly 

during the elution0 Water elutions of anion columns charged with stock 

solution always yielded two dlstinct'portibns, the first being ye1low-

colored and rich in cations, and the second being orangecolored and rich 

in neutral species. A possible explanation for this behavior is that 

neutral specIes in the stock solution attach themselves to chloride ions 

in the anion resin, becoming anionic )  and are reformed gradually as the 

column is eluted with water and the chloride concentration in the aq.ueous 

phase decreases.0 Another possibility is that an.ion-exclusion process is 

operative 11,15  

To neutral species were eluted successively in the neutral portion, 

species A coming off the column before species B. it was essential to 

run the column at low temperature to obtain a good yield of species B. 

a jacketed column with circulating ice water was used for this purpose0 

The proportion of species B decreased with increasing time and temperature0 

The absorption spectrum was used as' a measure of purity; the spectra of the 

two species were quite distinct Samples from the beginning of the elutlon 

of the anion column were considered to be pure species A. Samples near 

the end of the elution had spectra characteristic of species B. The 

ruthenium concentration in the eluate tailed off very gradually; samples 

from the end of the elutiori had spectra indicating the presence of species 
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A as well as species B. This may have been due to partial isomerization 

of species B. or to the decomposition of anionic species in the resin. 

All samples were run through cation columns in the hydrogen form in order 
* 

to remove any cationic ruthenium species that may have been present. 

2. Determination of Ruthenium Atoms per Species 

Solutions of the pure species were analyzed for ruthenium and pH was 

measured.. About 3 cc of solution were placed in a jacketed test tube 

fitted with a stopper; the stopperhad holes for thermistor leads and f or 

a mechanical stirrer. The apparatus was immersed in an ice-salt bath in 

a Dewar vessel. The thermistor, with its tip inimersed in the ruthenium 

solution, was connected to a Wheatstone bridge. The bridge circuit 

included an external galvanometer of sensitivity 0.03 t amp per mm. 

The cooled solution was seeded with a. small ice crystal and stirring 

was begun. A cop.stant current in the galvanometer was considered to 

indicate the attainment of the freezing-point temperature of the solution. 

The resistance of the thermistor at that temperature was measured. The 

freezing point of the solution was then known, the thermistor having been 

calibrated against ice-salt mixtures. A hydrochloric acid solution having 

the same pH as the ruthenium solution was prepared and its freezing point 

* 
The final samples were kept in a refrigerator to minimize the danger 

of decomposition. No changes in spectrum were observed during the time 

interval between the collection of the samples and the experiments on 

the samples; in some cases this interval was several days. 
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determined as above0 Measurements were also made on pure water. In 

the case of species B, the freezing-point measurements were made with 

a BeclQnarin thermometer. About Ii- cc of solution were used for each 

determination. A constant temperature was attained in every determination,. 

and this temperature was taken as the freezing-point of the: solution. 

A typical temperature-vs-time curve is shown in Fig. 2. This curve 

illustrates the behavior observed in both the thermistor and..Bec1nann-

thermometer experiments. The number of moles of ruthenium er liter 

was calculated from the difference between the freezing points of the 

ruthenium and the hydrochloric acid solutions. This quantity was 

compared with the gram-atoms of ruthenium per liter, as determined by 

analysis. The results are shown in Table VI. 

3. . Determination of Chlorides per Ruthenium 

The total chloride content of solutions of the pure species was 

determined as described in Section III. The chloride bound to ruthenium 

was calculated as the difference between the total chloride and the free 

chloride content of the solutions. The free chloride concentration was 

taken to be equal to the hydrogen-zon concentration, which was determined 

by pH measurements. From ruthenium analyses of the solutions the number 

of bound chlorides per ruthenium atom were calculated. The results are 

shown in Table VII. 

C. Formulas and Spectra 

The results in Table VI. indicate that both species are monomers, i.e. 

there is one ruthenium atom per species. Although the accuracy of the 

determinations with the Bec1nann thermometer is not great, it is sufficient 
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Table Vi 

Ruthenium atoms per species determinations for species RuC13  

Experi- pH of Ru Difference in Ru species, 	Ru cone. Theoretical lowering, 
and HCl freezing points calculated 	(g.atoms/l) (°c) 

merit solutions of HC1 and Ru (moles/l) Moromer Diurer 
solutions ( a) 

Species A 

1.51 0.095 + 0.006 0.051 + 0.004 0.048 0.089: 0.040 

111-51 0.92 0.137 0.074 0.072 0.134 0.067 

111-37 1.32 0.150 0.070 09062 0.115 0.058 

111-39 0.98 0.141 0.076 0.06 0.141 007. 

111-43 0.90 0.154 0.083 0,086 0.160 0.080 

Species B 

V-17 2.13 0.070+0.01 0.058+0.006 0.06 m63 0 ,050 

V-21 2.36 0.050 0.027 0027 0.051 0.026 

V-25 2.47 0.060 0.052 0.050 0.056 0.028 
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Table VII 

Chloride per ruthenium determinations for neutral species 

Weight Total Free 
AgC1 Chloride chloride, Ru Chlorides 
(g) (meq) (meq) (mg-ats) per Ru 

Species A 

0.0328 0.229 0.111 0.0401 2.95 

0.0328 0.229 0.111 0.0401 2.95 

0 , 0735 0514 0.120 0.123 3.16 

0.0347 0.242 0.060 0.0615 2.98 

0.0356 0.248 0.060 0.0615 3.07 

0.0342 0.239 0.060 0.0615 2.93 

0.1039 0.728 0.252 0.153 3.10 

0.1023 0.716 0252 0.153 3.04 

Species B 

0.0283 0.198 0.015 0.0588 3.12 

0.0174, 0.122 0.021 0.0319 3.16 

0.0179 0.125 0.021 0.0319 3.26 

0.0261 0.182 0.009 0.0544 3.19 
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to distinguish between a monomer and a d.imer or higher polymer. The 

results, in Table. VII indicate that there are three chlorides bound to 

each ruthenium atom in both species 

The formula of an uncharged monomeric Ru(III) chloride complex 

ought to be RuC13, since chloride is the only complexing anion present 

The chloride-per-ruthenium analyses confirm this formula Since both 

species have the formula RuC1 3, they are presumed to be the two isomers 

of the octahedral complex RU(H2O) 3Clo 

• The molar extinction coefficients of the two species are tabulated 

in Table VIII and plotted in Fig0 3 Solutions of the species are deep 

orange in color0 Rehn and Wilson presented a spectrum which they 

labeled ttRuCl3  and/or RuCl0 	This spectrumahows similarities to that 

of RuCl3(B).  Both spectra have peaks at 292 and 353 m and a minimum at 

316 to 320 mi 0 Iehn and Wilsonts  curve, however, has € s at 292 and 353 .xr& 

which are about 20% and 30% lower, respectively, than the €s  of RuCi3(B) 

at these wavelengths 	The € of their minimum at 320 m 	is about 20% 

higher than the € of the minimum of RuCl,(B) a Rehn and Wilson obtained 

their spectrum by dissolving K2RuC15  H20in 1 M trifluoroacetic acid 

and allowing the solution to stand 6 days; the differences between their 

spectrum and that of RuCl3(B)  may be due to the presence of other ruthenium 

specesin their solution0 A mixture of RUC13(B)  and  RuCl,(A)  would not 

explaiü the differences, as the e's of such a mixture would be higher 

throughout the wavelength range than those of Rehn and Wilson; the presence 

of some RuC12+  would, however, lower the € " S. 

The spectra presented here do not agree at all with the spectrum of 

is 	• 	 Vt 	 5) the neutral species presented by Cady and. Connick0 	This species 

has been encountered in both acid and water elutions of anion columns 
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Table VIII 

Molar extinction coefficients for RuC1 

(mL) 
RuC1 ( 3A) RuC1 

3 B 

525 12 19 
500 27 33 
475 32 41 
1450 26 . 	 39 
425 32 50 
40 14 173 200 
393 . 	

. 	 292 414 
382 1430 781 
371 547 1235 
361' 590 1570 
351 700 1590  
340 1120 1320 
330 17140 1020 
320 2000 792 
310 1730. 796 
300 	. 1370 1195 
290 1070 1500 
280 850 1260 
270 910 836 
260 11470 828 
250 2090 1280 

Maximum: 

3514 	. 	. 	 i6ó 
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Fig. 3. Spectra of RuG 13(A) and RuG 13(B) 
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charged with certain stock solutions. The peak at 285 to 290 up 

characteristic of this species has been found to have a molar extinction 

coefficient of about 10,000. The species is absent from most of the 

stock solutiQns used in column work. It has never been observed in 

solutions of K2RuC15  HO, whereas RuCl3(A)  and  RuCl,(B)  have both 

been observed in solutions of this salt. Possibilities as to the 

origin and nature of the species are impurities in particular stock 

solutions, an oxidation state of rutheniuni other than +3, or a polymeric 

or hydrolyzed species formed only under a peculiar, set of conditions. 
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VI ANIONIC SPECIES 

It had been hoped that the methods used to isolate and identify cationic 

ruthenium (iii) complexes could be applied to the anionic complexes0 

Preliminary experiments with anion.exchange resins indicated possible 

usefulness of the methods0 Certain properties of anionic ruthenium 

species were discovered, however, which made the methods u.nfeasible0 The 

most important of these properties are the comparative rapidity with 

which the species equilibrate and the tenacity with which the species 

are held by anion-exchange resin. The property of rapid equilibration 

could be utilized, howeveri to gain information about the species through 

spectral studies. 

In this investigation two anionic species have been separated and 

identified as isomers of RuCl. Spectrophotometric studies have resulted 

in the approximate characterization of RuC1 5  and RuCl6 . 

A. Properties of Anion Exchange Resins 

The methods for determination of charge per atom and charge per species 

which were used successfully with eations ought to be applicable to anions. 

As a test of applicability a Iovn species, chromate ion, was equilibrated 

with anion-exchange resin0 Batch equilibration with chloride-form Dowex 1 

X 10 resin was employed. Airdried resin was stirred with solutions of 

kndvn chromate and chloride concentration. The solutions were analyzed 

for chromate after the stirring; analysis was done spectrophotometrically, 

using e 	 4880. The concentrations of chloride in the solution nd 

of chloride and chromate in the resin were then calculated, and the results 

were used to compute the value of K 	where conc 



Ic 	
= (Cr 	(ci) 2  

cone 	 2 
.(Cr0)(Ci) 

the bars referring to the resin phase. The data and results are shown in 

Table DC.' The reasonably constant values of K 	 indicated that
conc 

determination of charge per species with anionexchange resin was feasible. 

Experiments 2 and 4 were run in the manner that would be used in a charge-

per-species determinations the value of the charge per species calculated 

from these ,  two sets of, conditions is 1.95, in excellent agreent with 

the" known 'value 2.00. 

Some experiments using anion-exchange resin in the perchiorate form 

had been carried out in con ection with the neutral species. When a per-. 

chlorate column was charged with a stock solution of ruthenium chloride 

species and eluted with water, most of the ruthenitun was washed out in the 

first column volume of eluate; the gradual elution characteristic of a 

chloride column did not occur. ..Also, attempts were made to exchange chloride 

ion for perchlorate; this exchange was incomplete. These observations in-

dicated that the Dwex-.l resin, had a high affinity for perchiorate ion.. 

It was of interest to make quantitative measurements of the relative 

'affinities of the resin for perchiorate and chloride ions.: 

In one set of,  experiments, solutions containing 0 . 35 milhiequivalent 

(meq) of. HC1 were run through columns in the perchiorate form containing 

15 meq, of resin.. In each 'experiment about 20% of the chloride went 

through the column without being exchanged for perchiorate. Some batch 

equilibrations were, then run. In one set of equilibrations, a known 

amount of air-dried resin in the perchiorate form was stirred with a known 

volume of standard NaCl solution and the supernatant liquid was analyzed 



Table DC 

Stirring experiments with chromate ion and Dowex 1. x 10 resin 

Experi- Resin Initial Initial Final Finà1 Calculated 
ment weight (Cl- ) (Cr0 	) (ci ) (CrC 	) 
No. () (moles/i) moles/l) (moles/i) (moles/i). cone 

1 2.73 1.61 0.0534 1.61 0.0485 0.325 

2: 2.73 0.0964 0.0113 0.118 4.30 x 10 0.318 

3 2.33 0.0482 0.00565 0.0'594 6.93x10 5  0.290 

4 2J3 ,  0.118 0.000430 0.0593 1.13 x 10 0.313 



for chloride by titration with standard silver nitrate. • Both 10% and 

2% àrôss-linked resins were used. For another equilibration, resin in 

the chloride form was stirred with sodium perchiorate solution. The 

resin was then filtered and stirred with more concentrated NaCl0 

solution so that the resin was essentially all converted to the per-

chlorate form, and the supernatant was analyzed for chloride. The 

second stirring served as an analysis of the resin for chloride. The 

value of K 	was calculated for each experiment where conc 

(clo).(cl) 
K cone 

(clo.) (cl) 

The data and results are shown in Table X. The results of these 

experiments indicate that perchiorate ion is held approximately 100 

times more strongly by the anion-exchange resin than is chloride ion. 

Besides chloride and perchlorate ions, trifluoroacetate ion was 

also employed as a form for anion columns. Quantitative measurements 

of the affinity of the resin for trifluoroacetate ion were not made; 

qualitatively, experiments indicated that trifluoroacetate is held 

more strongly than chloride and less strongly than perchiorate. 



Table X 

Stirring eeriments comparing perchiorate vs. chloride 

Resin Weight resin, Volume of Initial Final Calculated 
Type Cl0 - form 

U. 	Li. 
solution (ci ) (Cl- I) S 

(en) (ml) (moles/i) (moles/i) COliC 

1 x 10 5,71 20 0.0806 0.0602 91 

1 x 2 4.22 20 o.o8o4 0.0621 112 

1 x 10 3•63a 
62 1b 0.161 100 

esin in chloride form 

bPhlt concentration 
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B. Properties of Anionic Ruthenium Species 

Efforts to apply the charge-per-atom and charge-per-species methods to 

anionic ruthenium species revealed properties of the species that made 

application of the methods impossible-.. One such property was the comparative 

rapidity of the species in attaining equilibrium. The speed with which a 

ruthenium chloride complex equilibrates with its environment increases 

strikingly as the number of chlorides bound to the ruthenium atom increases. 

Attainment, of equilibrium was, a matter of weeks or months in the case of 

the cationic species; in the case of.the anions,' it was a matter of hours, 

minutes, or seconds, depending on the degree of chloride complexing.. Such 

rapidity of equilibration is especially detrimental to a charge -per -species 

determination, since concentrations in solution must be, altered..in such 

experiments in order to yield the two sets of conditions required by the 

method. Trouble also arises in attempting to elute the species from ion-

exchange columns, since the species adjust themselves to the chloride con-

centration of the elutriant solution during the time required for elution 

of the column, rendering elution of pure species extremely difficult. 

Another characteristic of the anionic ruthenium species is the 

tenacity with which they are held by Dowex-1 resins. Elutriants having 

electrolyte concentrations of at least 1 mole per liter were required in 

order to elute the species in concentrations convenient for experimental 

purposes. A charge-per-atom experiment was not possible because no anion 

could be found which would push the species in compact bands, as Ce +++ 
 

and 	had been able to do in the case of the cations. It had been 

hoped that. perchlorate ion could serve as a pusher because of its high 

affinity for anion resin. However, perchiorate was unable to push the 

species and only served to elute them in low concentrations. Also, 
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Ru(III) oxidizes to Ru(IV) in perchioric acid solution Other.anions 

tried without success as pushers were sulfate, .. ferricyanide, and per-

fluorobutyrate 

Another important factor in dealing with the anionIc species is the 

high concentration of free chloride necessary for the formation of the 

species0 Apparently, the number of chloride ions coordinated to the 

ruthenium atoms in an equilibrium solution is a function only of the 

free chloride concentration, ruthenium concentration having little or 

no effect. For example, equilibrium solutions having free chloride con-

centrations of Ca. 0.5 M were found to consist entirely of cations and 

neutral species, even when the amount of chloride present, in terms of 

equivalents, was 50 times the amount of ruthenium present. It was found 

that concentrations of at least 2 M chloride were necessary in order to 

prepare stock solutions containing suitable quantities of anionic species. 

This necessity of high free-chlOride concentration made the determination 

of bound chlorides per rithenium impractical. The dependence of degree of 

complexing on free-chloride concentration is discussed further in Section 

vii. 

C. Identification of RuC1 4  

The detrimental factors discussed in part B of this section prohibited 

establishment of formulas for anionic ruthenium species in as . definite a 

manner as was done with the cationic species. Evidence as obtained for 

two anionic species, however, that gave strong indications as to their. 

formulas. 

Stock solutions for obtaining these species were prepared by refluxing 

ruthenium chloride in 1.5 to 3 M hydrochloric acid solution, in the manner 
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used to obtain sources of cationic and neutral species. Stoôk solutions 

were also preparableby dissolving K2RuC15  H20 in 1.5 to 3M HC1. 

The K2BuC15  H 2  0 used in the work on anionic species was synthesized 

as described in Section III. o When an anion column charged with stock 

solution and washed free of cationic and neutral species was elutéd 

with 2 M HC1, a wide, rose-colored band came out of the column. Spectra 

of samples from the band indicated a behavior similar to that observed 

with the isomers of RuCl2 . Samples from the first portion of the band 

had spectra showing a single peak at 332  mj.; samples from the end of the 

elution had spectra showing a peak at 323 mjA and a humpb at 360 mi. 

Intermediate samples had Intermediate spectra. Samples from the 

beginning and end of the elution were considered to be pure species. 

The species will be referred to as species X" and "Y", Xbeing the 

species with a peak at 332  m. The two species could be kept for 

several hours in a refrigerator without change, but pronounced Ohanges 

in spectra occurred within an hour at room temperature.. Species X 

showed greater changes than species Y • The columns were run at 40c 

to minimize changes during the course of the elution. 

The spectra of the species show similarities to the spectra of the 

RuC12  isomers (see Figs. 1 and. 4), Species X. the first, species eluted 

from an anion 'column, has a single peak, as has RuCl2(T) the first 

species eluted from a cation column. Species Y, the more tightly held 

species, has a higher peak at a shorter wavelength plus a hump at a 

longer wavelength; this is also true of RuCl2(c) . 	. 	. 

When solutions of the species are diluted so that the chloride con-

centration is less than 1 U and the diluted solutions are 'allowed to 
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stand, RuC1, is formed. This was acertained.by  following the spectra of 

the solutions with time and by running the final solutions through 

columns. Species Y yields RuCl3(B);  species X yields RuC13(A) and 

possibly some RuCl,(B). Conversely, when the chloride concentration 

in RuC13  solutions is increased, species X and Y are formed. These 

reaôtions are discussed in Section VII. 

A series of solutions of K2RuC15  H 2  0 in various concentrations 

of HC.l was prepared. The solutions also contained trifluoroacetic acid 

in concentrations such that the ionic strength of the solutions was 
* 

constant and equal to 3.0. The solutions were placed in a water bath 

thermostated at 250C and allowed to come to equilibrium. Constancy of 

absorption spectrum was used as the criteripn for the attainment of 

equilibrium. When a solution had reached equilibrium, it was 'plaàed 

on an anion column in the trifluoroacetate form. The column was washed 

with water to remove catlons and neutral species and was then eluted with 

2 M HC1 to remove anions. The column was kept at ' 4 0
C. Trifluoroacétate 

resin was used, rather than chloride resin so as to avoid the danger of 

neutral species attaching themselves to chlorides in the resin and 

becoming anionic0 

The spectra of samples eluted from the column indicated that solutions 

in which the Rd. concentration was 0.75  to 3 M consisted of RuC13  and 

species X and.Y ghen equilibrium was attained. Ruthenium analyses were 

run on the solutions before they were placed on the column; analyses were 

also run on the neutral ruthenium washed out of the column with water. 

* 	 . 
The trifluoroacetic acid was assumed to be comparable to HOl in 

strength. 
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The fraction of the total ruthenium present in the ±'ormof neutral species 

at equilibrium was calculated from these analyses. As a check on the 

validity of the assumption that all of the ruthenium was present as 

RuC13  and species X and Y, the absorption spectrum of the equilibrium 

solution and the results of the analyses were used to calculate the 

total ruthenium spectrochemically. In making the calculation, use was 

made of the fact that the spectra of the RuCl3  isomers have an isosbestic 

point at 298 n4,i, with E 298 = 1290. The spectra of species X and Y have 

an isosbestic point at the same wavelength, with e 298 = 1160. The total 

ruthenium, in milliequivalents, was computed from the relationship 

A298v 

Uspect = [1290N + 1160(1-N)]l 

where A293  is the absorbance of the solution at 298 mi, v is the volume 

of the solution, N is the fraction of the ruthenium in the form of 

neutral species, and 1 is the length of the absorption cell. This value 

of ERu 	was compared with the value of ERu as determined by direct spect 

analysis. The results are shown in Table XI. 

The relative amounts of species X and Y present in the anionic 

ruthenium were determined by analysis of the spectra of the solutions 

eluted from the column by 2 M HC1. This analysis was done by comparing 

the ratios of the absorbances at 330 and 370  mg to the ratics calculated 

for mixtures of the two species. The ratio varies from 1.8 for pure 

species X to 2447 for pure species Y. Within the experimental accuracy, 

the relative amounts of the two species present in the different solutions 

were constant.:. 	 . 

- 	
- 	 N 
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If an anionic species in equilibrium with RuC1 3  isa monomer with a 

charge of -1, the i'elationship 

(l-N)/N 
=constant 

(Cl- ) 

should hold at equilibrium (N is the fraction of the ruthenium present 

as RuCl). 	If:: the species is a monomer with a charge of -2, the 

equilibrium relationship is 

(1 - N)/N 

(ci) 2 
 = constant 

If the species is a dimer with a charge of -1, the 'e1ationship is 

(l-N)JN2  
= constant 

(Cl- ) 

The values of these three expressions, calculated.from the experimental 

data, are presented, in Table XI. It is seen that the best constancy is 

obtained with the expression that assumes a monomeric, singly charged 

species0 

To sumnarize the experimental evidence as to the nature of species 

X and Y: (a) they are the first anionic ruthenium species to be eluted 

from an anion column, i.e. they are the anionic species held most 

loosely by anion-exchange resins; (b) their column behavior is similar 

to that of the RuCl2+ isomers, (c) their spectra are analogous to those 

of the RuCi2  isomers; (d) they decompose into RuC1 3  when the chloride 

concentration in their solutions is decreased; (e) they are formed from 

RuC13  when the chloride concentration in solutions of RuC1 3  is increased; 

(f) they equilibrate with RtCl 3  in a manner indicative of monomeric, 

singly charged species. 
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On the basis of this evidence, it is most likely that the species 

each hse the formula RuCl, and that they are the cis and trans isomers 

of the ion [Ru(H20)2C14F. Identification is not as definite as in the 

case of BuC12+  and RuC13; however, the indications as to the formula are 

consistent and fairly strong. 

The molar extinction coefficients of the species are listed in 

Table XII and plotted in Fig. 4. Solutions of RuC14  are rosered in 

color. 

D. Spectrum of RuC15 ; Spectrum of Ru(III) in Concentrated HCl 

The rapidity with which the higher anionic Ru(III) chloride complexes 

equilibrate renders ion-exchange work unproductive for identification 

purposes. Another detrimental factor is the high chloride concentration 

( 4 M) necessary for formation of the species. It was decided that 

the spectrum of RuC15  could best be ascertained by studying the spectra 

of solutions of K2RuC15  • H20. The spectrum immediately after the 

dissolving of the salt should be that of RuC1 5 , Spectra of Ru(III) 

solutions having very high chloride concentrations should approach the 

spectrum of RuCl6. 

When yuCl5  HO is dissolved in dilute ( ' 0.1 M) hydrochloric or 2. 

trifluoroacetic acid, changes in spectrum occur very rapidly. These 

changes are noticeable within 3 min after solution of the salt. Since 

about 1.5 min  is required for the Gary spectrophotometer to scan the 

wavelength region between 400 and 250 mt, determination of the spectrum 

at the instant the salt dissolves is difficult.. The method adopted was 

to set the Cary at a selected wavelength, dissolve a small amount of 

salt in dilute HC1, quickly fill a 0.1-cm cell with solution, and set 
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9'b1e XII 

Molar for RuCi extinction coefficients 

RuCV(x) R14c1y 

550 23 62 
525 35 78. 
500 41 110 
75 . 43 110 

82 
25 75 118 

• 	278 422 
393 107 730 
382 587 1120 
371 83k. 110 
361" 1210 1580 
351 . 	 • 	 1630 1620 
340 1960 . 1770 
330' 2060 2130 
320 1650 • 	 2170 
310 • 	 • 	 1210 . 	 1640 
300 ••• 	116o . 	 1190 
290 •• 	1190 111 0 

• 	
280 1190 1270 
270 . 	 130 1520 

• 	 260 • 	 1880 	•• 2550 
• 	 . 	 . 	 250 3310 	. 41I0 

Maxima:. . . 	 . 

.332 2070 • 

• 	323 • 	 . 2220 	• 	 • 
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the recorder in motion, thereby obtaining a curve showing the absorbance 

at the selected wavelength as a function of time. The time from the 

dissolving of the salt to the starting of the recorder was measured 

with an electric timer. The absorbance curve was extrapolated to zero 

time, and the value of the absorbance at zero time was taken to be the 

absorbance of a solution of pure RuC1 5 . Ruthenium analyses were 

run on the solution, and the molar extinction coefficient of RuC1 5 -T at 

the selected wavelength was calculated. The molar extinction coefficients 

thus obtained were plotted as a function of wavelength., and a curve was 

drawn through the points. This curve was taken to be the spectrum of 

RuC15 . The molar extinction coefficients are tabulated in Table XIII: 

the values marked with a superscript att are the coefficients obtained from 

the time studies of absorbance. . The spectrum is shown in Fig. 5. Solutions 

of RuC15 - are bright red in color. 

Rehn- and Wilson measured the spectrum of K 2RuC15  H 2  0 in trifluoro-

acetic acid. They presented the spectrum obtained within 2 min of solution 

as that of RuC1 5 . Their spectrum shows a single, sharp peak at 330  mi 

and a deep minimum at 293 m, as does the spectrum presented here. However, 

their molar extinction coefficient at 330 n4l  is 2340, which is nearly 

30% lower than the E 	 presented here. Although changes in the spectrum 

of RuC15 . in dilute acid are appreciable within 2 mm, they would not be 

sufficient to lower the € at 330- to such a great extent. Closer agreement 

exists between the €'s at the minimum: 616 in Rehn and Wilsons spectrum. 

vs 592 here. Pshenitsyn and Ginzburg measured the spectrum of K2RuC15  H20 

in 0.8 N HC1.16  They do not state the length of time from the dissolving 

of the salt until the measurement of the spectrum; they too observed 

considerable changes in the spectrum with time. Their spectrum shows 
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Table XIII 

Molar, extinction coefficients of RuC1 5  and of Ru(IiI) in 12 M HC1 

(m.t) 
RuCl Ru(III) in 12 M HC1 

550 76 

525 100 
500 159 
175 178 

14.50 172 
1.25 235 580a 

567 
393 960 716 
382 1250 872 
371 

1510a 1120 
361' 1720 1960 
351 2050 3150 
340 2580 2920 

330' 3214.0! 1980 
320 2800 2090 
310 

1950a 214.20 

300 1020 2210 
290 600: 1230 
280 1280 1280 
270 

2430a 2480 

Maxima and minima 

286 	 1100 
292 	

539a 

326 	 i8o 
314.6 	 3300 

a0btaifled by extrapolation of absorbance of K2RuC15  ff20 solution to zero 

time. Other values obtained by intero1ation between starred values 



3 

2 
c'J 
'0 

'C 

ii— 

SI— 

I' 
I % 
Ii 
I I - 

F 	 —RCI 

--- Ru(JJI)in 12M HCI - 

SI— 

S 
S 

• ------- 

250 	 350 	 450 	 550 
X(m )U) 

MU -19644 

Fig. 5. Spectrum of RuC1 5  and of Ru(llI) in 12 M HCL 



-57- 

the sharp peak at 330  m; however, their € at 330 mi (calculated from the 

values given for optical density and ruthenium concentration) is only 

about 1800.. 

The dissolving of K2RuC15  H2 	 d. 0 in concentratedHC1 ought to lea 

to the formation of RuC16 . When the salt is dissolved in greater than 

6MHC1, equilibrium is attained within a few minutes0 Spectra of the 

solutions are characterized by two maxima at 305 to.315 m& and at 345 to 

350 m. The maxima increase as the HC1 concentration increases. The 

spectrum of K2RuC15 ° H0 in 12 M HC1 is shown in Fig. 5. Molar 

extinction coefficients are tabulated. in Table XIII. Solutions are dark 

red in color. The spectnw Is probably close tothatofRuCl 6 . It is 

not possible to state definitely, however, that the equilibrium between 

RuC15  and. RuC16  is completely displaced. to RuC1 6  in 12 M HC1. The 

spectrum, must be regarded as an approximation. Equilibrium in HC1 

solution is discussed further in Section VII, 

Rehn and Wilson presented a spectrum for RuC16 . 4  Their spectrum 

has peaks at 307 and 3147 mp, as does the spectrum presented here. Their 

e's at these peaks are approximately 2300  and 2900, respectively; the 

values found here, are e 07 = 2400 and 3!i.7 = 3300. Hartmann and 

Buschbeck give a single spectrum for solutions of K2RuC15  ' H0, 

Na3RuC16, and Cs2RuC15  0  1120 in either 10 N HC1 or 12.3 N LiCl) 7  While 

this spectrum shows the two characteristic maxima, the maxima appear to 

be displaced about 10 mg from those reported. here. They occur at 304 

and." 336 mx, with e 	2130 and c 336 
 2870 Better' agreement exists 

between the spectrum given here and that presented by Jrgensen for RuCl6 ,18 

The latter spectrum is .that' of a 10 M HC1 solution of Ru(III). Jrgensens 

spectrum has peaks at 307 and 349 mi, with e 	 = 2300 and e 
349 

= 3000.
307 
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VIIQ RELATIONSHIPS BETWEEN SPECIES 

Knowledge of the spectra of the monomeric ruthenium (III) chloride 

complexes permits one to obtain information from spectral studies regarding 

kinetics of the interconversion of the complexes. Investigation of 

relationships between the various species was undertaken in hopes of 

obtaining evidence as to the configurations of the isomeric species, 

and of determining which of the complexes predominate under given conditiOns. 

In the case of the catLonic species, equilibrium studies are difficult 

because the species are extremely slow to equilibrate. The neutral and 

anionic complexes equilibrate more rapidly, and information has been 

obtained regarding the equilibrium composition of solutions at given 

hydrochloric acid concentrations • The experimental results do not permit 

definite assigument of configurations to the various pairs of isomers, but 

certain deductions as to configuration can be made if a trans effect is 

assumed. 

A. Configurations of Isomers 

1. RuC.l Isomers 

The identification of two .cationic complexes, each having the formula 

RuCl2 , was described in Section IV. Since Ru(III) is hexacoord.inate and 

forms octahedral complexes, two isomers of the ion [Ru(H2O) 1 Cl2 ] are 

possible. One isomer has the two chlorides cis to one another and the 

other has the chlorides trans to one another. The spectra of the two 

isomers were known (Fig, 1), and a correlation of spectra with configurations 

was desired. .A possibility of obtaining experimental.evid.ence as to con-

figuration arose when two neutral complexes were identified as isomers of 
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RuC13  (Section v). If the free chloride-ion concentration in a solution 

of RuCl3  is decreased, the RuC13  should lose a chloride to form RuCl2 .. 

Spectral study of the decomposition would show the isomeric nature of 

the RuCl2  formed by the dissociation of RuCl 3 . 

Solutions of the pure species RuCl, ()  and RuCl3(B) were prepared0 

The solutions were diluted so as to reduce the chloride concentration; 

final chloride concentrations in the solutions of (A) and (B) were 0.025 

and 0.04 M, respectively. The solutions were placed in a 250C water bath. 

The spectra of the solutions were followed with time. After periods of 

6 and 15 days, respectively, a portion of each solution was removed from 

the bath and placed on a cation-exchane column. The column was washed 

with water to remove RuC13  and was then eluted with 0.10 N HC1. The 

RuCl2 + eluted from the column was collected in fractions, and spectra of 

the fractions were measured. In each case it was found that only RuC12+(C)  

was elutedfrom the column, even though at equilibrium about 35% of the 

RuCl2  is isomer (T), as will be shown later. 

The isomers of RuCl 3  and their possible products upon loss of a chloride 

may be represented thus: *; 

Cl

Cl  * 	 Cl 

 > 
Cl 

	

trans - RuC1 	 cis - RuC12  

C 
Cl 	- 

Ru 	Cl> 	Ru 
C1 

	

cis- RuC13 	cis - R C12  

and/or 	Ru 

Cl 

trans- RuCl2  

Cis-RuCl3  can dissociate only into cis-RuC12 , Trans-RuC13  ôOuld dissociate 

It is assumed that the replacement of a chloride by a water molecule occurs 	
19 without rearrangement. This is known to be true in general for acid hydrolysis. 
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into either cis or trans-RuCl. However, the trans effect predicts that 

a chloride trans to another chloride will be replaced by a water molecule 

in preference to a chloride cis to another chloride, i.e. trans-RuCl 3  will 

dissociate primarily into cis-RuCl2 . The phenomenon of the trans effect 

has been demonstrated for nierous complexes, 20  although some exceptions 

have been noted for octahedral complexes. 21 

If each isomer of RuCl3  decomposes directly into RuCl2 , then the 

experiments indicate that RuC12 (C) 1 the cis isomer, since cis-RuCl 2  

is the only RuC12  Into which both RuC13  isomers could decompose. There 

is a possibility, however, that only one of the RuC13  Isomers dissociates 

directly into RuCl2  and that the other RuCl is converted to RuCl2  by 

isomerizing.to the first RuC1 3  species. The available experimental data 

do not distinguish between the two possibilities. if the trans effect is 

operative, however, cis-RuC1 2  would be the principal product of the 

dissociation Of either of the RuCl 3  isomers. This again leads to the 

conclusion that RuC12 (c) is the cia isomer. 

Another item favoring the assignment ofthe cis configuration to 

isomer (C) and the trans configuration to isomer (T) is the fact that 

RuCl2.(T) is held less tightly by an ion-exchange column than is RuCl2(C). 

In all previous observations of separations of isomers by ion exchange, 

the trans isomer was more readily eluted than the cis. 22-26  

Some -information regarding the isomerization of RuCl2+  was obtaineth 

Several solutions which had apparently attained equilibrium (according to 

time studies of their spectra) were placed on cation columns, and the 

RuCl2  present in the solutions was elated from the columns with 0.1 N 

HC1. The isomeric composition of the RuC12  was calculated from the 
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spectra of the eluted samples. This was done by comparing the ratio of 

the absorbances at 500 and 350 D41  with the ratios of the molar extinction 

coefficients at these wavelengths calculated for mixtures of the two 

isomers. The ratio varies from 1.59  for pure isomer (C) to 4.03 for pure 

isomer (T).. One solution used.in  the study was .a solution of Ru(IIi) in 

0.1MHC1; it was about 2 months old. The RuCl 2  in this solution was 

approximately 30% (T) and 70% (C). A second solution was originally pure 

RuC4(c)in 0.003 N HC1; the solution.was 38% (T) and 62% (a). A third 

solution was originally a solution. of Rucl4() ; the solution was diluted 

to 0.0.5 M HCl and stood 14 weeks. The RuCl2  was 30 to 35% (T) and 65 to 

70% (C). If the assignments of configuration are correct, the average 

value of the (trans)/(cis) ratio at equilibrium is then 0.50, the range 

being 0.43 to 0.61. It is interesting to note that the value 0.56± 0.05 

was, obtained by King, Woods, and Gates for the equilibrium ratio of trans. 

to cis-CrCl2 . 25  Because of the slowness with which the cationic ruthenium 

complexes equilibrate, some uncertainty exists as to whether or not 

equilibrium had .been attained in the solutions used in the study. A 

time study of the spectrum of the third solution indicated that the time 

devoted to isomerization of RuC12+  was. approximately 7 weeks. This 

indicates that the isomerization of RuC12  is much slower than the rate 

of decomposition of RuC13  to RuC12  and validates the observation that 

RuC13  decomposes entirely to RuCl2 
(c)° 	 . . 

2.. RuCi. and RuCl4  Isomers 

The identification of two neutral complexes, each having the formula 

RuC13, was described in Section V. The identification of two anionic 
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complexes, each having the formula RuCl, was described in Section VI. 

The octahedral complex Ru(H 20) 3C13  can have two isomers, one with two 

of the chlorides trans.to one another and one with all three chlorides 

cis to one another. The complex [ Ru(H 2O)2Cl ] can also have two 

isomers, with the water molecules either trans or cis to one another. 

It was hoped that the configurations of these two pairs of isomers 

could be assied to the absorption spectra of the complexes. The 

experimental evidence obtained did not permit definite assiguments of 

configurations but did give certain indications. 

Decomposition studies of the RuCl isomers have been described. 

Similar studies were made oftheRuCl isomers. Solutions of the 

species were diluted 10- or .  20- fold with water. After periods ranging 

from 10 min to 12 days, the solutions were placed on anion columns, and 

the columns were washed with water. The Th.C1 3  washed from the column was 

examined spectrophotometrically. It was found that RuCl (y)  dissociates 

into RuCl3(B).  The results for RuCl(x)  were less definite. Some 

RuCl,(A) was definitely formed, but a small proportion of RuCl3(B) 

was usually present. Since the isomerization of BuCl appears to be 

fairly rapid, there Is a possibility that some of the RüCl(x)  Isomerized 

to RuCi (y)  which then decomposed to RuCl)(B). 

The reverse of the dissociation experiments was tried, namely 

addition of chloride to the complexes. Solutions of the complexes were 

diluted with HC1 to increase the chloride concentration, allowed to stand, 

and run through columns. Experiments on addition of chloride to RuCl 2  

did not yield clear-cut results. A peak at " 320 mt, characteristic of 

RuCl,(A) I 
seamed to appear in solutions of both cia and trans RuCl2 , 

but the spectra of neutral species washed out of columns charged with the 

solutions were not spectra of pure RuCl3(A).  Later studies indicated that 
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,the rate of isomerization of RuC1 3  is considerably faster than the rate 

of addition of chloride to RuC12 . This fact undoubtedly contributed to 

the difficulties encountered. 

A solution of RuC13(A)  was made 2 M in HCl and was run through a 

column after standing 1 day. Most of the ruthenium was stillRuCl,(A)) 

but some anionic ruthenium was eluted from the column. Spectra indicated 

the presence of RuC14(x)  Some RuCl (y)  may have been present also, 

but most of the anionic ruthenium was In the form of Isomer X. A solution 

of BuCl,(B)  in 2 M HCl after 1 day contained anionic rutheniUm that was 

mostly in the form of RuCl (y) . 

Some conjecture as to configurations is possible.. Analogies in 

spectra and column behavior between the dichlorotetraaquo complexes and 

the tetrachlorodiaquo complexes were pointed out In Section IV, The 

RuCV(x) is similar to RuCl2(T)  and RuC14(y)  is similar to RuCl2(c) 

in these respects. Hence it seems most reasonable to assign .RuC1(x) 

the trans configuration and RuCl4(y)  the cis configuration. The de-

composition of RuCl (y)  into RuCl3(B) has been noted. 	RuCl 

could dissociate into either cis or trans-RuCl 3; however, if a trans 

effect is operative, cis-RuCl will decompose primarily into cis-RuC1 3 . 

Conversely, cis-RuC13  could only form cis.RuCV  on addition of chloride; 

formation of RuCl ()  from RuCl,(B)  has been noted. Also, RuCi(x) 

has been observed as a product of addition of chloride to RUC13(A).O  The 

only RuC13  isomer which could form trans-RuCl T  is trsns-RuCl,. Regarding 

addition of chloride to RuC12 , the only RuC13  isomer that could be 

formed from both isomers of RuC12+ Is trans-RuCl 3, and a trans effect 

would yield trans-RuCl3  as the principal product of addition to either 



isomer0 It has been noted that spectral studies indicate formation of 

RuCl3(A) from both RuCl isomers,, although the evidence is not definite. 

When all of these.facts are taken into accout, the most likely situation. 

is that RuCl3(A)  is the trans isomer and RuCl3(B)  the cis isomer0 

The only item inconsistent with these configurational ass igrunents 

is the observation of RuCl3(B)  as well as RuC13(A)  in diluted solutions 

of RuC1(x)..  It is possible, as noted previously, that some of the RuCl(x) 

may have isomerized to RuCl (y)  which then dissociated to RuCl,(B)o 

The assignments are in harmony with the trans effect, and they seem the 

most reasonable assignments in the light of the observations. 

Examination of the neutral species present in.ruthenium solutions 

at equilibrium has yielded information regarding the isomerization of RuCl 3 . 

The RuC13  was separated from the ionic ruthenium components of the solutions 

by water elution of ion-exchange columns charged with the solutions. 

Nine solutions were treated in this way. Five of the solutions were 

solutions' of K2RuC15  H0 in 0.75 to  3 N HC1. Four solutions were 

solutions of RuCl3(A)  or RiCl (B)  obtained from columns and allowed to 

stand. About 2 weeks were required for the attainment of equilibrium. 

The isomeric composition of the RuCl 3  separated from the solutions by 

elutlon of columns was calculated from absorption spectra0 This was done 

by comparing the ratio of the absorbances at 320 and 290 mp with the 

'ratios of the molar extinction coefficients at these wavelengths calculated 

for mixtures of the two isomers. The ratio varies from 0.53  for pure 

RuCl(B) to 1.87 for pure RuC13(A)*  The average composition was found 

to be approximately 75% RuCl3(A) and 25% RuCl3(B).  The experiments yield 

an average value of 3.0 for the ratio (Ruc13(A?/uCl,(B1  at equilibrii, 

the range being 1.8 to 1.8. If the configurational assignments are correct, 
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this is the value of the (trans)/(cis) ratio at equilibrium. 

The isomerization of RuCl has not been. investigated, as extensively 

as the isomerization of RuC1 3 . Spectral evidence indicated that 

equilibrium between the isomers is probably attained in about one day 

at room temperature in 2 M HC1. Analysis of spectra of RuC1 4,  eluted 

from anion columns indicates an isomeric composition of about 80% RuCl (y)  

and 20% RuC1(x)o  If the configuration assignments are correct, the 

isomeric composition found by this analysis corresponds to a value of 0.25 

for the (trans)/(cis) ratio at equilibrium. 

B. Observations in Solutions of K 2RuC15  • H20 

For the work concerned with identification of cationic and neutral 

species, stock solutions were prepared from ruthenium chloride rather 

than K2RuC15  H20. This was done because .the presence of positive ions 

other than hydrogen ion and cationic ruthenium species was undesirable. 

Solutions of K2RuC15  H20 were very useful, however, in the work on 

identification of anionic species. Furthermore, after the various 

cationic,.neutral, and anionic species had been indentified, it was of 

interest to study the spectra of solutions of the salt in different 

chloride concentrations. The spectral changes with time could now be 

interpreted, and data concerning eq1libria could be obtained. 

Spectra obtained from a time study of K2RuC15  • H2O in 0.10 M HC1 

are shown in Fig. 6. The apparent sequence of events indicated by the 

spectra is:(l) rapid loss of a chloride from RuC15  to form RuCl', 

which is mainly isomer Y (curves a and b); (2) loss of a chloride from 

RuC14  to form RuCl,(B) (curves c, d, and e); (3) partial isomerization 

of RUC1,(B)  to  RuCl3(A) and loss of a chloride to form RuCl2(c) 
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Fig. 6, Absorption spectra for time study of K 2RuC1 5  H20 
in 0.10 M HC1. 	Times: (a) 2 mm; (b) 6 mm; 
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(g) 20 days; (h) 28 days; (i) 70 days. 
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(curves f and g); (4) partial isomeriation of RuCl2(c)  to  RuCl2(T) 

and loss of a chloride to form RUCJtF (curves h and i The spectrum of 

RuCl is given in references 5 and 6). A solution of K2RuC15  H0 

in 0.12 M trifluoroacetic acid shed the same sequence of changes. 

Portions of this solution; were removed at intervals during the time 

study and run through cation columns. The composition of the solution 

was calculated from the spectra of the species eluted from the columns. 

Elution of RuC13  was by water, RuCl2  by 0.1 M 1101, and RuCl by 1 M 

1101. The concentration of RuCl 3  in each eluted sample was calculated by 

use of the molar extinction coefficient at 298 mt, € 1290, which is 

coon to the two isomers • The concentration of RuC12+  in each eluted 

sample was calculated by first determining the isomeric composition from 

the ratio of the absorbancés at 300 and 350 ui.t,as described in part A, 

and then using the molar extinction coefficIent at 300 m1i for the proper 

mixture of Isomerso The concentration of.RuC3twas calculated by use 

of the molar extinction coefficient at 320 m, € = 662. The results 

indicated that after 14 days the solutipn was about 3% .RuC13  and 64% 

BuCl2 ; the RuCl3  was r  70% isomer B and '. 30% isomer A, and the BuCl 2  

was essentially all isomer C. After 29 dys, the composition was 13% 

RuC13  and 87% RuCl2 .. After 50 days, the composition was about 12% 

RuC13 , 75% RuC12 ,, and 13% RuC1.. The RuC1 2  was now about 20% isomer T. 

A series of solutions of K2Ru.C15 ° 1120 in 1101 + HTFA was prepared. 

The HC1 and IFA concentrations were such that the hydrogen-ion concentration 

was 3 M in all solutions. The HCl was 0, 0.05,  0.10, 0 25,  0.50,  0 , 75, 

1.0 1  .1.5, 2.0, and 3.0 M.The spectra of the solutions were followed with 

time. The analysis and composition at equilibrium of the solutions in 
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which the HC1 was 0.75  to 3 M has been described in Section VI. Within 

the experimental accuracy, the equilibrium solutions consisted entirely 

of RuC13  and RuC1. Spectra of solutions in which the HCl concentration 

was 0, 0.05,  and 0.10 M indicated the same sequence of changes previously 

noted for solutions in 0.10 N HC1 and 0.12 M HTFA. There was a definite 

stage when the ruthenium was essentially all RuCl3(B)  and another definite 

stage when it was all RuC12 
(c)• 

As chloride concentration increased, the 

formation of RuCl,(A)  seemed to become more favored; the solutions in which 

the HC1 was> 0.25 M showed no stage in which the ruthenium was all. 

RuCl3(B). When the solutions In which the HC1 was 0.05,  0.10, and 0.25 M 

were run through an anion column in the trifluoroacetate form, holdup in 

the column and abnormalities in spectrum were observed upon elution with 

water. A solution in 0.10 M HC1, with no HTFA present, showed no such 

holdup or abnormalitIes when run through the same column containing the 

same resin. This behavior may have been due to complexing of ruthenium 

by trifluoroácetate in the more concentrated HTFA solutions. Cady also 

obtained evidence of complexing by trifluoroacetate. 5  

When K2RuC15  H20 is dissolved in HCl > 4 M, constancy of spectrum 

is attained within a day. Solutions in which the HC1 is > 7 M show constant 

spectra within a few minutes. Work on determination of the composition of 

such solutions is described in part C of this section. 

C. Equilibrium Compositions of Solutions; Equilibrium Constants 

1. Solutions of Lower Complexes 

Studies of equilibria between RuCl, RuC12 , and RuC13  are difficult 

because of the slowness with which these species equilibrate. There is 
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danger of oxidation of Ru(III) to Ru(IV) if solutions stand for long periods 

at room temperature; Ru(IV) was detected in a solution which had stood lit 

weeks Efforts to hasten equilibrium by heating. solutions to ' 50 °C 

resulted in oxidation to Ru(IV). Heating also promotes polymerization and 

hydrolysis.it Some information regarding equilibrium was obtained from two 

• solutions of ca 10 M K2RuC15  H20. The HCl concentration in these 

• solutions.was 0.10 and 0.05 M. The solutions were kept in a 250C bath for 

74 and 67 days, respectively. At the end of these periods, the spectra of 

solutions appeared to be constant. The solutions were then placed on 

cation columns. The RuC1 3, RuC12 , and RuCl present in the solutions 

were eluted from the column with water, 0.1 N HC1, and iM HC1, respectively. 

Concentrations of the species in the eluted samples were calculated from 

their spectra. The solutiOn in 0.10 N HC1 was found to be 16% RuC1 3 , 

61% RuC12 , and 23%  RuCl. The solution in 0.05 N HCl was found to be 

8% RuC13 , 57% RuCl2 , and 35% RuClt These results yield values of 0.038 

and 0.031 for Q 	 (RuCl)(Cli/(Rucl2 ). The quantities in parentheses12  

stand for concentrations in moles per liter. The values. obtained for 
Q23= 

(RuCl2 )(Cl)/(RuC13 ) are 038 and 0.36. The only literature value 

available for comparison is Rehn and Wilson s value of 0.029 for Q at 
12 

640C andin 0.07MCl + 1.0 MHTFA. 

Data for the equilibrium.between RuCl3  and RuCl were presented in 

Section VI, Table XI. The data yield an average value of 1.2 for Q =  34 

(RuC13)(Cl)/(RuCliti,at an ionic strength of 3.0. 

2. Solutions of Anionic Complexes • 

Ruthenium analyses were run on solutions of K2RuC15  ° H 2  0 in it, 5, ..., 

12 M HC1, and molar extinction coefficients were calculated. The coefficients 

are tabulated in Table XIV. 
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Plots were made to see if the spectra of these solutions could be 

explained as combinations of the spectra of RuCl, RuC1 5 , and RuC16 . 

It was assumed that the spectrum of K 2RuC15  HO in 12 M HC1 is the 

spectrum of pure RuCl6 . Examination of Table XIV shows that the molar 

extinction coefficients at a given wavelength appear to approach a constant 

value as chloride concentration increases. This indicates that the 

assumption is not unreasonable It must, however, be regarded as 

uncertin. The molar extinction coefficients for a mixture consisting 

of 80% RuC1I(y)  and 20% RuCl(x) were taken as the molar extinction 

coefficients for RuC1, This proportion of isomers had been found 

to be the approximate constittion of the RuC1 eluted from an anion- 

• exchange column. In the following discussion, the s'mbo1s €4)  €5)  and 

stand for the molar extinction coefficients of RuCl, RuC1 5 , and RuCl, 

respectively, and € stands for the stoichiometric molar extinction 

coefficient of a K2RuC15  H0 solution at the HCl concentration used. 

For each solution, the molar extinction coefficient € at a selected 

wavelength ? tfas compared with e, €j and EWThe  percentage 

composition of the binary mixtures R14  + RuC15 , RuC14  + .RuC16 , 

or RuCl5  + RuCl6  required to yield e was calculated.. Only two of 

these three combinations were physically possible. For example, for 

€<•€ < 	the percentage of RuCl in the mixture of RuCl 4  

and RuC15  that would yield € is given by 

% RuCl4 = 	- X x 100. 

Analogous relationships hold for the other possibilities. The points 

representing the two possible binary mixtures were plotted on the proper 
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axes on triangular coordinate paper, and a straight line was drawn between 

the points. This line represents all possible combinatIons of RuCi, 

RuC15 , and RuCi6  that could yield a solution having a molar extinction 

coefficient e at the wavelength X. The process was repeated for other 

wavelengths. If the spectrum of a solution is a combination of the 

spectra of RuCl, RuC1 5 , and RuCl6 , the lines drawn for the different 

wavelengths should intersect at a single point. 

It was found impossible to obtain plots having consistent intersections 

of the lines for all of the wavelengths studied. A major portion of the 

difficulty could be ascribed to experimental error in the determination 

of the various E'S,. This was borne out by the fact that the most glaring 

inconsistencies disappeared when plots were made using the wavelengths 

that yielded the lines whose positions on the graph were least sensitive 

to errors in c • These wavelengths were deduced from the following 

considerations. Analytically, the triangular graph for a given solution 

can be represented by an equilateral triangle in the xy plane, with 

vertices at the points (0,0,0), (100,0 2 0), (50,50T3, 0), each side of 

the triangle being taken as 100 units. in length and one side being placed 

on the x'axis.. The possible combinations of €, €, and€ 6  for a given 

wavelength ? can be represented by a plane passing through the points 

(0,0,,. €).,. (l00.)0e 5 ) and (5o,5oL,e6 ). . For.a given wavelength, 

the straight line on the graph is the projection onto the xy plane of 

the line' formed by the intersection of the 64X - 	- 	
plane with 

the plane z = c. An error in e will produce an error in the position 

of the projected line which is proportional to the cotangent of the 

angle between the intersecting planes. It can be shown that the 

cotangent is inversely proportional 'to the square root of the quantity 
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( 2 + €2 + 
	- 4 E 5%  T 4x 	- 5x 	This quantity 

was computed for the different wavelengths, and the wavelengths yielding 

the largest values were regarded as the: best wavelengths for purposes of 

the plots. The seven best wavelengths available from the data at hand 

were chosen. 

The plotobtained for K2RuC15  H0 in 5 M HC1 is shown in Fig. 7. 

Some widely scattered intersections occur, but most of the intersections 

are concentrated in a small region of the triangle. Similar results were 

obtained from the plots of the other solutions. In making the selection 

of wavelengths, only the effect of an error in e was considered. Actually, 

the quantities , and e. could also be in error and could vary 

with HCl concentration. This might elain the inconsistencies oi.served 

even when selectivity was exercised. 

Although the plots do not demonstrate conclusively. that solutions of 

K2RuC15  H20 in HC1 > ) N consist entirely of uCl, RuCl 5 , and RuCl6 , 

they indicate that such a situation is possible. For each solution, the 

point on the graph about which the intersections of the lines clustered 

most densely was taken as the approximate composition of the solution. 

The values are shown in Table XV. Apparently, RuCl is 'unimportant in 

solutions in which the HC1 is greater than 6 N. Solutions in 10, 11aM 

12 M HC1 have very similar spectra and, if one assumes the spectrum in 

12 MHC1to be that of RuCl6 , the percentage of RuC15  in 10 N and 11 N 

HC1 is very small. The values of the quotients Q 45 = (RuCl4i(Cl)/(RuC1 5=) 

and Q 	(RuCl5 )(Cl)/(RuCl6 ) calculated from the composition data are 

shown in the last two columns of Table XV. It is doubtful that much 

siiificanee can be attached to these values, because of the variation 
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Table XV 

Compositions of solutions of KRuCl5 . HO 

HC1 RuC1 RuC1 = 
5 (%) RuC16 

(moles/i) (%) (%) 

4 56 26 18  

• 	 5 43 33 24 6.5 • 	 6.9 

6 7 44 49 	• 0.9 	• 5.4. 

7 0 25 75 - 2.3 

8 0 20 80 - 2.0 

9 • 	 0 15 85 - 1.6 
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in activity coefficients that would occur in solutions having such 

high electrolyte concentrations. 

Dependence of Equilibrium Composition On Chloride ConcentrtiOn 

Time studies of spectra were conduóted bOth On solutions of K 2RuC15  HO 

and on so1utions of pure species obtained from columns and diluted to 

specific áhlorid.e concentrations. In all cases, the final equilibrium 

spectra of sOlutiOns having the same chloride concentration were identical. 

The determination of the compositions of HC1 solutions of K2RuC15  HO 

at equilibrium has been described in this section. The results are 

suxnmazized in the graph presented in Fig. 8. This graph shows the 

percentages of the various monOmeric ruthenium (III) chloride complexes 

present at equilibrium as a function of HC1 concentration. 
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VIII. OTHER SPECIES 

All of the complexes identified in this investigation were monomeric 

species having the general formula 	 These complexes 

are eridently the predominant species in hydrochloric acid solutions of 

Ru(III). They are not, however, the only species present0 In many 

column experiments, some of the ruthenium was held at the top of the 

column and was not eluted with the monomeIic.:species This was especially 

true of experiments with stock solutions of ruthenium chloride in which 

the ruthenium and chloride concentrations were high. A clark red band 

of material was held in the column and could not be eluted, even with 12 N 

HCI, If the column was, washed with water, the band 'turned black The 

material was probably polymeric and highly charged. Very low hydrogen-

ion concentrations in solutions led to spectral changes that may have 

been due to the formation of polymeric and/or hydrolytic species. There 

is also the possibility that small quantities of Ru(1V) species which 

escaped detection by the starch-iodide test may have been present. 
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