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Abstract

Rhodium

Systematic studies have been made on the preparation and characterization
of halogenide-free rhodium sulfate and perchlorate solutions. Improved methods
of preparation and analysis have been worked out.

Three oxidation states were met with.

Rhodium(III) (yellow) has a practically constant hydroxide number,
Zm1.75 in the range of [H+] studied, so that the formula is close to
Rhn(oﬂ)1.75n1.25n+

were ascribed by earlier authors; evidence for the oxidation number 5+ was

in acid solutions. For rhodium(V) (green) other valencies

obtained by careful analysis. A third violet species has an oxidation number
> 5. Because of its instability the oxidation number has not yet been deter-

mined.

Some redox emfs for Rh(III, V) mixtures are given. They do not correspond
to real equilibrium, but the apparent standard electrode potential in
0.5 -1M HClO4 is around +1.42 V.

Absorption spectre are given for the solutions prepared. The work will
be continued using, in addition to the other methods, conductivity and

freezinmjint measurements.

Palladiun
Pure palladium(II) perchlorate and sulfate solutions were prepared by
precipitating first - with HClO4-hydrous palladium oxide from a clear alkaline
solution of Pd(N03)2 and then dissolving the precipitate in cold HC10 4 (sto 4).

Ruthenium

The preparative and analytical methods described earlier (Brito 1960)
have been improved, and new ones introduced. Catalytic reduction with H2 gas
on a Pt catalyst proved a very useful tool. The various solutions obtained
during the reactions are characterized by redox potential e, oxidation number
X, color and spectra, and some often recurring solutions are denoted by
letters as R1, G2 etc.

Redox reactions of Ru in 1 M HZSO medium were studieds X was varied
stepwise by chemical means (Ti(III), Cr(II), Ce(IV)) or coulometrically, and
e was measured. The resulting curves e (X) (schematic survey in Fig 1) bring
out the existence of slow, irreversible reactions, and of polynuclear species
of mixed oxidation number.

Relatively well-defined states are the red Ru(IV), "R,", the green Ru(III)
"Gz", and the pink Ru(II), "P1". The Ru(II, III) redox potentials in 1 X 32804
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are fairly well-defined with the e 2¢ 180 mV.

Between X = 3 and X = 4, dark-brown solutions (33, 34, 35 etc) are
obtained which change their properties with time and may contain several
species. The redox curves indicate one or several species with X » 3.5, one
with X = 3,25, and one with X » 3,7,

A mathematical analysis of some of the redox curves e(X) has been
attempted. The tentative values for the oxidation number, and the number
of Ru atoms in the various species, are by no means certain since most curves
were irreversible. They may have some connection with reality, however.

For the red species R1 analysis indicated the formula nun(on)gz.
Tentative formulas are given also for some other species.

Absorption spectra are given, and possible lines for future work on
ruthenium chemistry are indicated.
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Introdustion

This researsh project was undertaken in November 1958 with the intention to fimd
experimental methods suitable for the determination of the fundamental properties
¢f the simple rhodium species prevailing in aqueocus solutions. We shall sall simple
species those which osour in solutiens containing ligands of minimum tendency for
somplex formation such as C0; , 805 and N3

Very little quantitative results have been reported on such solutions. The main
reason for this lack of data seems to be the fact that the investigators working
with solutions of the platinum group metals have been mainly concerned with the
study of those robust rhodium species which can be easily obtained in the orystalline
state and which do not undergo any reaction when dissolved. As a consequence the
composition, the oxidation state, the absorption spectra and the electrochemical
constants of the simple rhodium ions were not known with eertainty. Thus Latimer
who reviewed the data available up to 1952, could give but rough estimates for the
standard potentials of the rhodium ions and for the formation constants of the
halide complexes.

As the present work proceeded it became evident that no adequate methods were
at one’s disposal for the preparation and analysis of the rhodium solutions. No
successful study of ionic equilibria can be carried out before these problems are
satisfactorily solved; thus some time had to be devoted to preparative and analyti-
cal questions.

In connection with the study of these problems it was discovered and sonfirmed
that the dark green colored species formed when Rh(ITI) is oxidized has.the oxi-
dation number five.

The solutions prepared and analyzed acoording to the improved methods served
for the study of the hydrolysis equilibria of Rh(ITI), Some redox potential measure-
ments were carried cut with the Rh(III) - Rh(V) couple. The characteristic absorp-
tion spectra of the Rh{III) and Rh(V) species are given as well as that of a vio-
let colored Rh ion having an oxidation state exceeding five.

Some preliminary work has been made on the preparation and analysis of palladi-
um(II) perchlorate and sulfate solutions. It was found that the prinoiples worked
out for rhodium solutions are of considerable value also for palladium.

.. 0




Preparation of halogenidc-free rhodium(III) perchlorate and sulfate solutions

Summary of the main results

Since the main scope of this work has been the investigation of the hydrolysis
equilibria it was necessary to prepare rhodium(III) perchlorate and sulfate solutions
of moderate acldity which should contain nelther substances forming complexes with
rhodium(III) lons nor protolyzing impurities in detectable amounts. None of the nume-
rous methods used for the preparation of pure perchlorate solutions of the common me-
tals proved to be applicable to rhodium. This failure is to be explained by the fact
that the ionic specles existing in solutions of rhodium halides -~ which had to be used
as starting material for reasons given in ref. 1 - are extremely inert in most ligand
displacement and redox reactlons. Recognition of this difficulty made necessary a ra-
ther extensive study to find special experimental conditions rendering the rhoedium comp
lexes reactive. The results ~7 this study are summarized in ref. 1 which 1s included
in this report as Appendix No 1. In this paper two convenient methods are recommended
for the preparation of pure rhodium(III) perchlorate and sulfate solutlons.

Current work in this laboratory has given evidence that the principles utilized
for the preparation of rhodium solution are also applicable to other members of the

platinum group metals.

Additional attempts of preparation

a) Use of anlon exchange resin. The scope of these experiments was to develop a method

whieh would yleld halogenide-free solutions without preecipitating rhodium hydroxide.
Dilute ( 0.1 to 1 mM) sclutions of rhodium chloride were first slightly acidified and
boiled for half an hour, and then slowly passed through an anion exchanger, saturated
with perchlorate, of the quaternary amire type such as Dowex 2. Cl”™ could not be detec-
ted in the cluate but a considerable part of the rhodium remained adsorbed on the resin
causing a severe loss of rhodium. Vashing with a large amount of HCL(6 M) was required
to elute the rhodium from the resin face. Further experiments are needed to establish
the potentialities of this method, which might find application to prepare very dilute
rhodium(III) solutions, where the relative concentration of the anionic form becomes
negligible.

b) Use of high temperature and pressure. These experiments were carried out to find
whether the halide bound in the inert rhodium complexes ecould be transformed to halide
ions by hcating the sclutions to a temperature exceeding by far that of the boiling

point at atmospheric pressure. A series of rhodium chloride (bromide) solutions with
excess perchloric or sulfurlc acid were sealed into thick-walled quartz tubes and they
were kept at BOOOC for one to two days. Then the tubes were suddenly cooled in an ica- =
water mixture, opened and the cold solutions were immedlately ozonized to remove the
free chléride (bromide) ions. It was found that in the suddenly cooled solutions maxli-

mally 50 % of the chloride 1s present as C1°. Moreover, additional complications seem
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to arise at high temperatures..and pressures. In the presence of sulfuric acid the
rhodium precipitated as a slightly soluble salt which contained chloride as well as
sulfate. On the other hand in perchloric acid solutions decomposition of clou’ to C1°
occured. In view of these difficulties it was decided to abandon this line.

c) Use of Tl+. It was mentioned in ref. 1 that by adding Ag+ to dilute rhodium halide
solution a preoipif,ate contalning silver, rhodium and halogenide is formed. Attempts
were therefore made to remove the halogenide by adding '.l‘l+ to rhodium halogenide solu-
tion. Unfortunately, T1+ also seems to form a rhodium salt which is still less soluble
than that obtained with Ag' . ’

Analysis

In connection with the equilibrium studies the need has arisen to work out a reli-
able and rapid volumetric method to determine the concentration of dilute rhodium so-
lutions. The classical gravimetric procedure of Gilchrist and w1chers6 1s not practi-
cal for rhodium concentrations less than 100 mM because great precautions and special
equipment are required to determine accurately mg amounts of rhodium metal.

It was found that under specified conditions Rh(III) may be quantitatively oxi-
dized to green colored Rh(V) which can be determined by iodometry. Using amperometric
end-point, rhodium in amounts exceeding ! micromole, can be determined with an uncer-
tainty less than 1 %. The detailed prucedure of the analysis 1s given in Appendix No 2.

In ref. 1 a method is given for the detection and d:termination of halogenide pre-
sent in rhodium and palladium solutions.

Rh(TII) ard PA(II) were found to be easily reduced to the metals by H2 and on the
basis of these reactions a convenient method was suggested for the determination of

[Rhtotall and [Pdto ta.l] in concentrated solutions. For details see Appendix No 1. p.

Rhodium in oxidatin states higher than three

The dark green colored species: Rh(V)
The preparation of the rhodiumSV! species as well as 1ts stability, solubility
and absorption spectra are discussed in ref. 2. It contains moreover a critical sur-

vey of earlier works concerned with rhodium species of the oxidation number higher
than three, generally believed to be four.

The violet colored species: Rh§>V2

Addition of an excess of periodate or bismuthate to an acid rhodium(III) perchlora-
te or sulfate solution results in the formation of a red-violet colored rhodium spe-
cies in an oxidation state higher than five. The oxidation proceeds in two steps:
within some minutes the characteristic dark green color of rhodium(V) develops which
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then gradually turns to violet. When the excess of oxidizing agent is removed (or con-
sumed) the solution gradually turns back to green indicating the presence of Rn(V), and
finally it becomes yellow, the characteristic color of Rh(III). On account of the high
instabllity of the violet species no reliable method could as yet be found to deter-
mine its oxidation number. Work is now in progress to find the experimental oconditions
which render the violet species more stable. Morcover attempts are being made to achieve
oxidation with electrolysis.

Hydrolysis studies

Experimental conditions

The mechanism of the hydrolysis of the rhodium(IIIX) ion has been investigated
at 25°c by determining h, the equilibrium concentration of hydrogen ions in a series
of rhodium perchlorate solutions. These were made to contain 3 M 0104', by adding
NaClOu in order to minimize the variation of the activity factors. The concentration of
rhodium(III) (B) of the test solutions ranged from 0.001 to 0.1 M and for each value of
B the hydrogen ion concentration interval 0.001 to 1 M was investigated.

Measurement of [H+]

h was determined by measuring the emf of cells containing a glass electrode or a
quinhydrone half-cell, as well as by conductivity measurements. The emf measurements
could generally be reproduced within + 0.2 mV, whereas the conductivity of solutions
of identical composition were reproducible to within + 0.02 #. The technique of the emf
measurements and the formulas employed are desecribed in details in ref. 3 (pages 7-13,
Figs 2-4). The h values obtained by the conductivity data always agreed to within 1 %
with those calculated on the basis of the emf measurements.

At acidities higher than 0.1 M only the condustivity data could be used because
the absolute undertainty of the h determination by emf measurements diminishes with
increasing h, while the relative uncertainty remains constant. This is due to the fact
that the emf 1s a logarithmic function of h. On the other hand, the conductivity is an
approximately linear function of h. No difficulty was found to obtain precise results
in rhodium(III) perchlorate solutions. Z(log Q)B data obtained in a series of measure-
ments where the acldity was successively lncreased were always found to coincide -
within the limits of experimental uncertainty - with the Z(log lg)B data measured in a
series in which the hydrogen ion concentration was gradually diminished by adding NaOH.

Conclusions

In the entire (B, log -ll) range studied, Z proved to be a constant = 1.75 + 0.1.
This result can be explained in the simplest way by assuming that in our solution
Rh(III) predominantly exists as a single polynuclear species with tke general oom-
position (Rh(()ﬂ)1 5 + 0.1 )n where n is an integer. The lowest values of n which yield
integers for the number of OH bound to rhodium are 3, 4 and 5 oorresponding to
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Rh.(OH) 54*, Rh4(on7)5*and nhs(oa)g6+ respectively. Since Z proved to be a constant
one cannot decide on the basis of emf and conductance data alone which value of

n is to be preferred. In order to determine the prevailing n values one has to
meagure the molecular weight of the hydrolyzed rhodium species. A convenient
titration method is now being worked out in this laboratory to measure the
freezing-point lowering of a series of solutions. It is hoped that these data

will furnish valuable information concerning the number of rhodium atoms present

in the hydroxo complex.

Studies on the Rh(V)-Rh(III) half-cell

A congiderable effort was made to find the optimum experimental conditions
for the accurate measurements of the emf of cells containing the Rh(V)-Rh(III)
couple in perchlorate solution. A study of the dependence of the potential of
this half-cell on the acidity and the [Rh(V)] would enable us to ascertain the
composition of the Rh(V) species once the hydrolysis equilibria of .Rh(III) were
known. Moreover such a study would maeke it possible to treat quantitatively a

number of important preparative and analytical methods involving Rh(V).

It is emphasized that the results presented in this section are preliminary
ones. Nevertheless it is believed that the experimental approach developed is
essentially correct and that continued work along the lines followed will lead
us nearer to a more thorough understanding of the complicated reactions occurring

in rhodium(V) perchlorate solutions.

Preparation of the test solutions

All the test solutions used for the emf (redox) measurements were of the
general composition
[Rh(V)]-BS M, [nh(nr)]n}s3 ¥, [H*]-H M, [Na+]-(3.000-%5-333-ﬂ) X, [cm;]-s.ooo M

= solution S

35 and B3 were varied between 0.001 and 0.02 M, and the H values ranged from
0.25 to 1 M. The test solutions were prepared from a moderately acid stock
gsolution of Rh(III) perchlorate containing 3 M 0102. To a known volume of this
stock solution 2 M NaOH (containing also 3 M Na0104) was added until the
[OH']excess became ~ 0,1 M. Ozone was passed through this alkaline solution at
1°C which oxidized a substantial part of Rh(III) to Rh(V). Finally by adding

3IM HClO4 the acidity of the ozonized solution was adjusted to a value between
0.2 and 1 M. In the last step nitrogen was passed through the test solution to
expel'the excess of ozone. By ozoniging for varying periods of time or by
diluting the ozonized solutions with the Rh(III) perchlorate stock solution, the

Y
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ratio [Rn(V)]/[RR(III)] could be conveniently varied. The [Rh(V)] of the test
solution was determined by iodometry (of. ref, 2 ). Since Rh(V) oxidizes water at
an appreciable rate, the actual [Rh(V)] was checked at regular intervals in the
course of the emf{ measurements.

Experimental details of the redox measurements
The Rh(V)-Rh(III) couple was studied at 25°C by measuring the emf of the cell

- RE / solution § / Pt or Au + (4)

where RE denotes the reference half-cell
Ag, AgCl / 2.990 M Nacl0,, 0.010 ¥ NaCl/ 3 M NaClO4/
The emf of cell (A) may be written at 25°C

By = B) p + 29.58 log Bs _ oy - E (1)

B3

where Eé,R denotes the apparent standard potential of the Rh(V) - Rh(II;) couple

in the medium 3 M (Na+)0102, and e_ is a constant. Ej represents the liguid

junction potential arising between soclution S and 3 M NaClO4. To evaluate the EA

data \the Ej
e, was determined by measuring the emf of the cell

A

values given in Biedermann and Sillén’s woré were used.

- RE / 0.100 M ", 2.900 M Na*, 3,000 M ClOZ/quinhydrone (8), Pt + (B)

Ey = EO’Q -e, - 59.15 - Ej (2)
To calculate ey the value of EO,Q = 677.7 mV according to Biedermann and Wallin5
was used.

At 0°C the cell

- GE / solution S / Pt or Au + (c)

was also studied. In (C) GE stands for the glass electrode half-cell. The emf
of cell (C) can be written

25
E, = EO,R + 27.14 log B} - 54.19 log h - EG,O (3)
where E denotes a constant. Its actual value, which changed slightly from day

G,0
to day was obtained by measuring the emf of the cell

- Hy(1 atm) / 0.100 X 5", 2.900 M Na*, 3.000 M c10, / GE +

In the first instance different metals were tried as redox electrodes. The
best results were found with bright platinum foil electrodes. These attained
equilibrium with the test solutions within half an hour, and when several foils
wore immersed in the same solution they never differed more than 0.5 mV after one
hour. Also gold plated platinum foils functioned satisfactorily, although they

came much slower to equilibrium than the platinum foils. In all cases the E‘ and
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Ec values finally measured with gold and platinum electrodes agreed at least
within 1 mv.

In a series of experiments the reversibility of the redox electrodes was
tested. First of all no oathodic or anodic polarization could be deteoted when
EA was measured with a compensator (Leeds and Northrup type K3) and a galvano=-
meter of a sensitivity of 2 x 10'9 A/mm. Thus charging and discharging of cell
(4) for short periods with & current of 10'8 A are reversible processes. When the
ratio BS/BB was made to change by adding either the oxidized or the reduced form
the value of EA and Ec changed immediately in the direction predicted by equations
(1) and (3).

Conclusions data
The correct explanation of the EA and Ec/is rendered difficult at the present

because no truly constant values of emf could be obtained. All the plots of EA
(or EC) versus time have shown a similar behavior. In a freshly prepared test
solution the emf was found to decrease rapidly at first, then the rate of decrease
diminished successively., After about two days EA and Ec were found to decrease
with 0.2 - 0.3 mV / hour and this rate was maintained for two weeks.

It was first attempted to ascribe the continuous decrease of the emf to the
reduction of Rh(V) by water. To test this hypothesis the [Rh(V)] of the test
solution was checked concurrently with the emf readings. The first period of rapid
decrease could be well explained with the reaction Rh(V) + H)0 - Rh(III) + 1/2 0+
+ 2 H', but after about one day only slight changes in [Rh(V)] could be observed
while the emf proved to decrease uninterruptedly. It seems that Rh(V) undergoes
a slow hydrolysis and under the present experimental conditions equilibrium is
not attained within two weeks. Experiments are now in progress to study the emf
of cells containing solutions preserved for several months.

Although it cannot be claimed that our emf data nbtained after several days
represent values corresponding to the equilibrium state they seem to be worth
recording since they may be of some practical value for investigators working
with fresh solutions of Rh(V). Some of our results are summarized in Table 1.

The last column of this Table gives the values for the zpparent standard
potential E6,R’ which would be equal to the standard potential of the Rh(V) -
Rh(III) couple if the rhodium(V) and rhodium(III) species predominating in ths
perchlorate solutions would contain the same number of rhodium atoms and OH
groups. All the E6,R values obtained (not only those recorded) proved to be close
to 1.42 V. We may thus conclude that Rh(V) is an oxidizing agent of somewhat
higher strength than Cl,} the standard potential of the Cl, + 2 ¢ = 2 (17 half-

oell is known to have the value of 1.37 V.

3
J
4
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Table 1. A series of measurements with Rh(V)-Rh(III) half-cells
Rh(V) m¥ Rh(III) mM E,mV E, oV Hml E}

J 0,R
5.0 3.0 1069 16.5 1004 1407
14.09 5.91 1114 8.5 535 1433
13.51 6.49 1102 8.5 535 1422
13.3 6.7 1089 8.5 535 1418

6.9 . 3.9 1074 5.6 325 1402

nV
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Spectropho tomotric messurements

. In the course nf this investig..tion the ahsorption spectra of the various
test eolutions were frequently determined. These data have been of value to follow
slov reactions occuring in rhodiunm solutions such as the oxidation of rhodium(III)
in acid solutions by ozone »r Ly IC° 4’ +he reduction of rhodium(V) - by water or the
removel of ohloride from rhodiuvm fomplexes. Horasover an effort wae made to deter-
mine with some accuracy the spectra >f the pure rhodium solutions prepared by the
method desecribed earlier] Tizge ojectra may serve as a reliuble basis for the study
of the optical propsrties o the :hodium(III) and the rhodium(V) ions.

The author feels that the ir..erpretation sf “ho spectral data, in terms of
ionic ypocies, must be postroned intil the exact ~ompogition of the rrolium lous
prevailing under different experiuental conliticuan will bve defernipoed vith cev-
tainty by omf, conductance ard fremzing-point r2asuremests. ¥or tris eason ‘he
solutionn, for which spectire nare ivea below, are characterized owu'y by the wuy of

preparation, by their stoichinmntic composition and hy their e,

Speetwa of rhodium(III) in a:ld s lutions

Fig.1 shows the logaritims of the molar extinction coefficiont )y A
nol~'1cn2, as 2 funetion of wavelingth @ul), in ﬁngstrﬁm units, in =scis
chloratc and sulfate solutions propared by the method recommenses in v oiw dol,

qection 4. Tha absorption spectra of freshiy prepared solutions were fou - .
change slowly with time. Aftcr ubsut one month, extinotisn values wers .tirif.
which did not show any apprec-esln changs for 2 yeavs, In aged solutisn “:lie:
than one month) Beer 8 law was frurd t2 be valid up ic th III)]to . SC £ for

the maxime at 3950 ¥ 10 1 (4 perchlorate solutions) anl at 4040 = zo A (in
sulfate solutions). The maximy sf A 22400 R were not quantitntively treatad
because the error caused by liszt scuattering cennot he properly estimated at such
low wavelengths,

Perchlorate volutione of PhiT7I) prepared according to Klixbiill J/rgenaen’s

’meﬁhod7, which contain some C1° wnd Llh (ses appendix Mo 1, section 3.2), exhibit
a Aifforent absorption spectruir: ! ?/4.2) In ths speciral region A< 3000 X, slow
changes take place and within cns yedr no ovilence waz found for the attainment
of a steady state. It vag obsarviad that concurrently with the epectral changas a
precipitate i3 aleo formed.

Perchlorate solutions prepured by nur methed cind Lepc on & steam-bath fo. a
period exceoeding 120 h were founi to ui:aw an abgerption spectrum cliaracterized by
four maxima at the wavelength 3970 1 [g~115), 3000 X (g ~200), 2480 % (g ~%90)
and 2060 i {£~1380). Thus in -he regicn A > 3000 X 14 i¢ r.ther similar to that
found in Jfrgensen’s solution, shown ii Fig.?, In theze heated rhodium(III) <

T ——
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perchloreate solutions an appreciable amount of ohloride could de detected.
(cf. Apyerdix No 1, seotion 3.2).

The sbsorption of a rhodium(III) sulfate solution is affected oonsideradly
1y heating. A new maximum arises at A= 3190 ¥ l, a behaviour similar to that
cbeerved. in heated cm; and C1” solutions.

As it was discussed in ref.1 (seotion 5.2.) attempts were made to prepare
rhodium/II[) perchlorate at room temperature by adding A30104 to RhC1l, solution.
T: was found that addition of Ag' yields a solution in which [C€17] totar/
ka[ (111 ] sotay ™1+ It is likely that in this solution rhodium prevails as RnC1%*
species; ius spectra is given in Fig. 3.

Rh(ITT) in_alkaline solutions

It is recalled that freshly precipitated rhodium(III) hydroxide is soluble
ir. the 2xcess of a strong base. Such alkaline rhodium solutions are stable,
hcwever, only for a limited time, its length depending upon the anion present,
on the :Rh]total’ the [OH'] and on the method of preparation of the starting
acid solutisn, The absorption spectra of clear alkaline solution containing a
rhodium(III) species, previousl}’ghown to be highly reactive, is illustrated in
Figz 4. It is seen that the spectra of both the perchlorate and sulfate solutions
of pi 14 practically coincide. In such solutions a precipitate becomes vis..le
after 1 h at room temperature.

Ir. RhC]3 solutions of [OH'] = 5 M, in which no visible precipitate could be
delectecd for several days, rapidly changing absorption spectra were recorded.
The spectra obtained after 18 hours, Fig.5, curve 4, seems to coincide with
those given in Pig. 4. The spectral changes in the solution illustrate the slow
format:..on of the hydroxo species from the robust rhodium complexes. The spectra
of alkulized solutions of preheated rhodium(III) perchlorate or sulfate changed
simila:rly to that of the chloride solution.

Spe:tra _of the rhodium(V) species

Reference is made to Appendix Ko 2.

Spectram of the rhodium species produced by oxidation with ;Q;

In the visible range of the spectrum the violet colored rhodium (V) ion
(cf. page 1:3) has a high extinction shown in Fig. 6. At A<4000 X the extinotion
increases sharply as the wavelengths decrease. Maximum extinotion is attained

8 = 10 hours after the addition of the oxidiging agent. As long as an excess of
perindate is present in the solution no appreciable fading of the color can be
detected.
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Curves 1-3 Speotrum of Rh(III) jerchlorete solution, |
prepared according to Jgrgenasn’', messured 1: immedi- |
‘ately after preparation, 2: after 35 days, 3: after

6 months. [RR(III)}= 15 nM, [HC10J« 1 X, 4 = 0.5 om.

Curve 4: Spectrum of Rh(III) sulfate .solution kept _
oiling prior to measurement. [Rh(III) = 15 mM, [530414
[30%‘]' 0.5 M, d = 0.5 cm
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If rhodium(III) ocould be quantitatively transformed to the highest oxidation
state a convenient colorimetric method would be available for the determination
of rhodium in solutions so dilute that iocdometry cannot yield acocurate results.
Moreover, there is experimental evidenoce that oxidation to the violet colored
state is a reaction characteristic for rhodium, thus it ocould serve for the
detection and determination of rhodium in the presence of other metals of ths
platinum group.

Work is now in progress to find the optimal experimental oonditions for the
quantitative reaction between rhodium(III) and periodate.

The measurements were ocarried out with a Hilger spectrophotometer of model
UVISPEK which was placed in a thermostated room kept at 25.0 # 0.5°C.Silioa cells
(of optical paths 0.10 to 4.00 om) were used. The absorption curves were con-
structed from readings at every 50 k. In the viocinity of the extrema measurements
were made at every 10 L.
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golutions

It has been olaimed9 that pure palladium(II) perchlorate solution can be
prepared by fuming Pd(NO )2 with an excess of co 30104. It was found, however,
in this laboratory that boiling 11 M HClO4 is capable of oxidising Pd(II) to
P4(IV) at a considerable rate and at the same time perchlorate is reduced to c1”
and 012. The chloride produced is bound by the palladium forming a& robust complex
and consequently it will remain in the solution.

For the preparation of halogenide-free palladium(II)perchlorate and sulfate
solution use was made of the principle found to be of great value for the in-
vestigation of rhodiums the palladium(II) species present in alkaline solutions
proved to be reactive in contrast to those existing in acid solutions. Pd metal,
purified by repesated precipitation with H2 from alkalified nitrate solution was
dissolved in freshly distilled nitric acid. The greatest part of the excess acid
was distilled off in vacuum (at ~14 Hg mm) and then the concentrated pd(no}) 2
solution was dropwise added to a great excess of 1 M NaOH. In solutions of
[0E”™] = 1 M the palladium(II) forms hydroxo complexes which after a few days are
transformed to colloidal pelladium(II) hydroxide. For the preparatidn fresh
alkaline solutions were used, from which palladium(II) hydroxide was predipitated
by adding HClO4 in successive portions until the pH of the supernatant attained
a value of 9 . During the precipitation the solution was cooled and vigorously
stirred. Palladium(II) hydroxide precipitated in this way settles rapidly and
it can be easily washed with water and separated by centrifugation. No trace of
nitrate could be detected in this palladium(II) hydroxide precipitate. It
dissolved easily in cold dilute HC10 4 (3280 4).

Palladium can be quantitatively removed from such solutions by passing
through 32 at 50°c, using the reduction vessel described in ref. 1. The super-
natant can be used for the determination of analytical concentration of H as
well as for the detection of impurities e.g Cl™.
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Studies on ruthenium chemistry

by Felipe Brito and Derek Lewis.

Introduction

Tn o previous report (Brito 1960) u survey was made of preliminary work on
golutions of ruthenium in perchlorate and sulfate media., The present report, which
is an extension of this work deals exclusively with ruthenium chemistry in sulfate
medin. Sulfate was preferred to perchlorate because, in its lower oxidation stotes,
rutheniun seems to reduce C104' to chloride. In the following, we shall occasionally
refor to rosults and methoda from the oarlier report (Brito 1960) so as not to
repeat experimental and other details unnecessarily.

The solution chemistry of ruthenium (like that of several other platinum
metals) ic complicated by the fact that reactions are often slow, so that in many
regions it is hard to obtain a true equilibrium state. The formation of stable
halogeno complexes, which is one of the main difficulties with rhodium (see
Borecki-Bicdermann 1960, 1962, 196%) is more easily overcome with Ru, since in the
preparative work one can let it pass through the state of halogen-free volatile
Ru04. On the other hand, in perchlorate nnd sulfate solutions o number of slow-
roacting polynuclear Ru complexes are formed, many of them with a non-integral
oxidution number, which introduces further complications.

Sinec thn previous report, Atwond and De Vries (1962) have published 2 polaro-
graphic study on Ru solutions in 0.1 M NaClO4 and at various pH. Reading it super-
ficinlly one might get the impression that this is a relatively simple system

3+ 4+

with mononuclear Ru and Ru forming a mixed binuclear complex. Potential diagrams
for Ru, published earlisr by othar suthors, also give en impression of relative
simplicity. However, the real complexity of the Ru system is made Eleur by extended
redox ntudies such as those reported in Fig 1.

For chloro ruthenium complexes, the existence of u binuclear complex
CISRuORu0154' has beoen demonstrated in a crystal structure (Mathieson, Mellor
and Stephcnson, 1952) and recently Fletcher and Woodhead (1962) claim evidence
for n series of polynuclear chloro complex¢s. The present work, however, is con=-

cerned only with complexes in sulfate medium,
Hotntinn

B = total concentration of Ru, in 4 »
C = total concentration of 80, (including HSO4' and 80, bound in complexca), ¥
¢ (index) = concontration

c = concentration of species
pax
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D = x’-x!!, ean (9)

E = emf measured in oell, usually in mV

E o oonstant

E 3 = liquid junotion potential

e = redox potential of solution, against eleotrode Pt, Hz/l M sto,‘/

ey~ electrode potential of hydrogen electrode (= e at equilibrium with H, at 1 atm)

ex= redox potential as measured with inert eleotrode. At non-equilibrium, y ,‘ R
and sometimes even different inert metals may ocatalyze different redox systems
so that epy, / e eto.

£ - (E-E°‘+-EJ’)/59.15

H = excess of H+ over reference state with Na+, Rux+. SO4
Hi= B+BX, H' excess after reduction of Ru to metal with H,

h = ooncentration of free H+, or, more strietly, i + HSCu-

hx- true concentration of H+(hydra.ted), thus ocorrected for EBO:;

J = constant in EJ- Jh

Jx- eonstant in E J-==J"'lr1’i

M = mole/liter

M= mole/kg solution (practical for weight titration)

n = number of faradays added per Ru on anodic oxidation of solution

n = n at equivalence point ( o)+

p = mumber of OH bound in species Ru (OH) ax-p

pE= eF/(RT 1n 10) = - log €e')

v o original volume of solution

v = volume of titration solutior added

Ve V at equivalence point

x = average oxidation number c¢f Ru in complex

X = average oxidation number of Ru in solution

y =-0X= number of faradays added per mole dissolved Ru on cathodic reduction
Z = average number ¢f OH bound per Ru in solution

z(index) = p/q for species

2~ and H,0; often negative.

Since all the measurements have been made in sulfate medium, we may (as usual in
ionic medium work) negleot the ocomplex fcrmation with the medium foni, and thus let
[H') stand for what is really [H'] + [IBO{] and sC cn.

Each complex, Ru q(OH)'(qx'p)'* is characterized by three quantities q, p and x,
4, p and gx are integer, whereas x may often be non-integer.

If we let ¢ pax stand for the ocncentration of the individual species, then we

ot
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have

Bal go $ BZ = L pc $ BX = I gxo s (1)

pax pax pPax

where the sums are taken over all ruthenium species.

The relationship between free and total excess B 18

h«BZ+H (2)
where H is often negative. If all Ru in the solution is reduced to metal by H2(Pt)
and the excess H' (H ) is determined in the reduced solution, we have, considering
X #*would be set free on the reduction of Rux+

B, =H+ BX (3)

In the reduction titrations the solution was reduced either electrolytically
or by adding a reducing substance, If xinit is the initial oxidation number, and
X the value after the addition of y equivalents per Ru, then we have

AX = X=Xy . ==Y (4)

In case xinit is considered as certain, the data are given in the form of
e(X) otherwise as e(y).

Preparation

In the earlier report (Brito 1960) the starting material was commercial
ruthenium chloride, which was first transformed to sulfate, and then to volatile
Ru04, which was absorbed in dilute H2304 to which was added H202 or 502. In the
further treatment of Ru, two green solutions (61, G2), two red solutions (R1,R2),
one violet (V), and one yellow (Y) were described. The methods of preparation
were given in the form of a diagram and compared with corresponding diagrams for
earlier workers.

The present work was based on the experience from the earlier report. Since
with the earlier methods of reduction, there was some risk of the formation of
sulfito or peroxo complexes, preparative reduction was usually carried out either
electrolytically or with H2 on a catalyst of platinized Pt. Similarly oxidation
was usually carried out with air, or oxygen gas, or anodically.

The methods of preparation of the various solutions studied in the present
work are given in the scheme below. Again, for brevity and clarity, the solutions
have been denoted by letter symbols, which are intended to refer to the Ru species,
or group of Ru species, existing in the solution. The same symbol is retained so
long as there is no reason to believe that the set of Ru species has been
essentially changed.

Symbol Product Treatment
Ru(III,IV)ohloride (s) H2804, infrared lamp
Ru(III, IV) sulfate
2 8 Ty Ag distil into dilute 32304
RuO4
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Symbol Produoct Treatment
©
X=8 Ruv,,

V2 M Hgsou, eleotrolytic reduction

L

G, (X=6?) green

B., reddish brown + RuO2
Hy(pt)

02(10-3) green, e = 300
Fllter, 2 months in oont&ot with air

B dark brown e = 400-60¢  (B=9.22 mM, 148.1 mM 80, ) g H o,
3 add 1 M H 80, 2
B5, X=3%.5 dark brown e = 785 34
T, A = - 0.25

Xm3.25° clear brown, e = 510 34
Ti » M - - 0050
X=3 green, e = 300

23
X=8 Ru0,,
0.5 M sto + H,0
Gyo X#6? green "l& 2%
Bl? reddish brown
Hy(Pt)
62)6-3 green
0
Bl# dark brown 2
X=8 Ru0,
1 M HBS0,, H.O,, stand, heat
B1 reddish brown + H2 4 Ha 2
H resin Dowex 50, throw elimte
X=li Ru resin

elute with 1 M Naaaoa
R1 » X=4 amber red

R-la X=4 amber red
H2(Pt). h= 100 mM

elute with 1| M 1-12804
R1, X=l4 amber red

H,(Pt)
brewn, e = 400-600 "
02. X=3 green, e = 300 "
P1, X=2 pink, e s 10¢
(42) then Na

yellow, e = 820-8Tu

evaporate in vaocuum, + Naasou(s). f£ilter
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G,» X=3 green
anodioc oxidation

YB' Yud,7 golden yellow, e = T90
cathodic reduction

02. X~»3 green

Color in itself 1s cbviously not a suffioient characteristio for a Ru
solution but has to be supplemented by his-tory and redox potential. We have
met with a number of different brown solutions, as seen from the schema amd
PFig (. Por example, thedarkbrownsolutionsB}andBuwm prepared in a very
similar way. The differences observed in their behavior on redox treatment may
be connected with the faot that 3202 was used in the preparation of B“. They
may also be connected with a difference in age: B5 was studied a few weecks after:
preparation, B,‘ had been kept for several months. It is-possible that BS is
identical with B3.

02 is used here as the symbol for a green solution, <~ = 0.3 V, in all
probability Ru(III), and P, 1s a pink solution, e = 0.1 V, probably Ru(II).

The solution dénoted "02" in the previous report (Brito 1960) probably comtained
a mixbure of 02 and 1"1 .
Ca 1o reduction.

Hydrogen gas in ocontact with platinized Pt, or another finely-divided Pt
group metal, is an excellent source for electrons in preparing lower valency
states, provided the standard potential of the system to be reduced is at least
200 nV higher that that of H', H,. The alternative way'of preparing euch scluticms
is eleotrolysis or addition of strong chemical reductérs, which usually intro-
duces undesirable impurities. With H2 as reducing agent, the product H+ causes
no disturbance and one can prepare a solution of low valenoy of known B and H
provided one has a solution of the higher valenoy (usually stable in air) of
known B and H. )

The experimental arrangement is much the same as for the usual emf titra-
tions in this laboratory. The solution contained a foil or net of large surface,
and the reaction was followed by means of glass and redox slectrodes. It was
possible to vary Z - the number of OH bound per metal atom - by adding acid
or base. One could also vary X, the average oxidation mumber of the metal, by
adding redox reagents, or preferably by coulometry at conatant current or
constant voltage.

The redox potential ¢ measured during the catalytical redustion is really:

a mixed potential of the ruthenium system and the hydrogen eleotrode, and its
valmatowhmntusuohutomhnmmuudumm«h!a
to K", and the rate of reduction of the metal.

ke i A i AT i R o < - P rer————
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We shall replace ¢ by Jirgensen’s pB (1945)

BE ~ o(RT 1n 10/7)™" = - log {&7) 5)

During r.cuction, since the metal system is not at equilibrium, we must
sonsider two different values, the e, with regard to ruthenium system, and ey ¥ith
regard to the K,, H' system.

It can be shown that to attain 99.9 % efficiency we must have at the end of
the H2-Pt reduction,

E, > 3/(&X) + log (H + BAX)
where B 1s the total metal ooncentration, H 1s the initial total H' and AX, the
difference in oxidation numbers.

By hydrogen reduction, with variocus experimental arrangements and ionic media,
solutions of vanadium(IIT) have been prepared from vanadium (IV) or (¥) (P RArito to
be published), uranium (IV) has been prepared from uranyl, vansdate (IV) from
vanadate (V). In the present report, I, reduction has been used for preparing.Ti(III),
Fe(II), ce(III), T (I), and especially various lower valenses of Ru.

Tre starting solutions of Ru were Ru(IV)solutions, R,, ruthenium B, or B,
solutions and Ruf.)u solutions, in HQSO“ medfum. The mixed potential, and the redox
potential er after expelling Hg,i vas followed by means of Au or Pt electrodes, and
when [H'] was small, h was measured by a glass electrode.

More detalls will be given in the various sections below.

Analytioal methods.

Total Ru concentration, B. Ru was determined by weighing as the metal. Either, the
metal was reduced from the solution by the addition of Mg metal, (Brito 1960), or
hydroxide was first precipitated with mmoB solution, and this hydroxide was
ignited in H, and resultant metal weighed. By and By were determined by the addi-
tion of a measured quantity into an excess of fresh )H3 solution contained in a
weight orucible. It was carefully evaporated and finally ignited in 32, and weighed.
Test for chlroride. After the elimination of Ru with Mg, the stook solutions were
tested with HNO, and AgNOy to see whether any Cl” was left. Usually the reaction
was negative. In one typical example it was found that the ratio C1/Ru was less
than 0.002.

Average oxidation pumben X.

The oxidation number X was determined in the main as already desoribed by
Brito (1960). We used two stock solutions of cerium(IV) which hed been standardised
against a TL(III) solution, which in 1ts tarn had been standardized by dichromate
and Mohr’s salt. The Pe(II) solutions were prepared by diluting a solution of Mohr’s
salt maunzsous mmhmmwamawnmwmmrum.
They were always standardised against Ce(IV) before and after the determinmation
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of X.

Por the latter, known exoess amount of Ce(IV) was addec to the unknom Ru
solution, which was oxidizcd to Ru0,; the tetraoxide was expelled as completely
as possible by boiling, and by bubbling N,. Finally, the remaining exoese of ce(1v)
vas determined by titration with Pe(1I).

The following values for X were obtained, for a number of solutions:

Ryt 3.9, 4.1, 3.9, Byt 3.35, 3.4, 3.39. B,(fresh) 3.06, 3.22, 3.30, 3.39.

B,‘(a.fter 6 months) 3.53, 3.55, 3.52, 3.5T7, 3.50.

G,: 2.90 (e ® 133 mv), 3.03 (e % 184 mv).

For a few points obtained by oxidation of 02. the results are given in the
diagram, Fig 1.

ical en _ion exoccss H.

The redox experiments werc aull made in 1 M Hasou. To determine 2, it was
necessary, however, to study Ru solutions of lower aciaity. According to (2), the
hydroxide number Z is rclated to the apparent hydrogen ion concentration h by
h =« H + BZ. Since h can be determined by emf measurements, to determinc Z it is
necessary to find H. Several batch methods are available, each of which gives H +
some multiple of B: '

a) To the sample, known cxcess of Nal-co;s;dded. solid, or in solution.

The precipitate is removed, and the excess l-l(m3 is back-titrated with stancard acid.
If the precipitatc contains no anions but OH , the reaction formula is:
X HCO,” + Ru** > Ru(oH), (s) + X €0,(g)

3
Each Ru is then equivalent to X moles H". and the total acidity determined is

H+ X futth (H'] = 5 - 10 mM/

b) Ru is reduced catalytically to the metal,/using H, on a Pt catalyst, and
the acidity of the remainin;; solution determined by titration. The reaction formula
is:

0.5 X Hy + R** > x Ru(s) + x B

The resulting acidity of the solution is again, H + BX.

¢) The solution is titrated with standard NaOH to pH = 6, using bromogresol
purpur as indicator, as described in thc carlier report (Brito 1960, p 13). This gives
H + X, if the rcaction is

X 06" + R > Ru(o), (s)

This works well for Xel#, out sometimes (ec.g. for B,‘) gives discordant results,
probably becausc of sidc reactions.

d) Excess Br, is added, and Br, + RuQ, distilled away. The remaining solution
is titratod uith NaOH. This gives H + €3 since the reaction 1s Ru™" + (4-0.5X)Br, + 4,0 -
RuO, (g) + 81" + (8-X)Br .
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e) To the sample is addcd a small cxcess of solid m-o,.mo“ and Br, are
expelled by boiling the solution, and the total concentration, "Br of aoid detormined
by tttmtion vwith standard NaOH. The rocaotion is:

R** + (1.6 - 0. 2x)BrO + (0.6x - 0.8)H,0 > Ru0, (5) + (0.8 - o.lx)ax- + (1ox - 1.6)0".

Thus, for each Ru present in the solution, (1.2X - 1.6) H' are set frec, so that
the mcasured acidity of the final solution is HB:- = H+ (1.2X ~1.6).

Dotermination of h by emf methods.

In order to detcrmine the hydroxide number, Z, it was ncoessary to determine
h = [H') 1n less acidic solutions than the ones used in the redox experiments. This
vas done by emf measurcments, using the cell

reference electrode /Ru solution/glass electrode

As a refercnce electrode we uscd cither

Ag(ASC1)/5 " Ag,SOy, 995 mf" Na,SO,/t W* NaSO,

or

Ag, AgC1l/0.0' M NaCl, 1.00 M Na.2804/1 M Na,SO,

In cither casc, the cell was calibrated by using solutions without Ru:

reference electrode/n M H', (2 - h) M Na*, 1 M 30,%*/glass cleotrode or H,(Pt).

The emf of thc latter cell was found to follow the expected equation

E = E +59.15% log h + Jh (6)

For tho first hali-cell K = -692. 65 £ 0.06 W, J = 6.0% 0.0 mvp*

(H,, eleetrode). tith a glass clectrode, E varied somewhat as usual, and J =
13 %, mVM For the second half-cell, J = 5, 85 nv/M (112 electrode = glass eleotrode).

The glass electrode used was calibrated against a hydrogen electrode over the
range of log h that was cncountercd in the Ru studics.

Beforc each titration of a Ru solution, the value of E o Was determined by mea-
suring E for a cell made up with a standard solution to the right, in which B « 0
and h = 200 mM; no significant changec in li:o was found to occur when the glass clectrode
was transferred from the standard solution to the titration vesscl.

For the solutions containing Ru, the valuc for h vas calculated from equation (6)
by means of successive approximations.

Preliminary titrations with the usual technique had indicated that the quantity
sought for, BZ (the concentration of bound OH por liter) came out as the difference
betweecn two large numbers. Singe we had to start with a rather acicic solution,

h = 0,90 M, and in addition had to add a sccond Ru solution in order to keep B constant,
it would have beecn necessary to have a base solution of inconveniently high concen-
tration, say around 0.3 ~ 0.4 M. So it was deocided, instead, to vary H in the solutions
by adding a solid basc, Namos. In comparison with, for instance, using a weight

buret, the addition of Namo’ was economical of primary stock solution of ruthenium,
the preparation and analysis of whioh was expensive, time oconsuming and diffioult.

. . S R




2:0

Equilibris of HS0,. Vo should remomber that all the work has been done in a 1 M 80,°"
modium, and that tho h measurcd is really the sum of (H') + [HS0,”). Let us consider
the equilibrium

H + 50,2 = #0,”, [HS0,”) = K™ [30,%)
here, h™ is the true concentration of H' [hydrated].

If, novi, [HSOu-] + [5042'1 = C we find

ho= [H') + (850,71 = b + c™/(1 + 10*) = 1* O + k) (7

If we use, instead of h, the true H' concentration, h", then E can be expeoted
to follow the equation

E = 8" + 58,154 log b + EJ" (€)

Peterson (1961) has shown experimentally and by application of the Henderson
crnuation, that E 3 gives a straight line vcrsus h = H, when h ig small. This has also
been confirmed by our experiments. From the present data in sulfate medium, it is not
possible to obtain an independent value for K. Following Peterson ve shall use the
results of Bacs (1957) to ostimate K in | M H,S0,. With this cstimate, K '= 0.29 M
onc may calculate h®. Such caloulations show that the limiting values of log h* 4n
this investigation arc about -1 and -3.

Redox reactions of ruthenium.

A considerable cffort vas made to study rodox rcactions of ruthenium, especlally
with oxidation numbcr X < 4, in the medium ' M uesou. Wwith this high acidity, the
changes in [H+] accompaning the redox reactions are negligible. The results are
reported in the form of curves ¢{X), where ¢ is the electrode potential, and X is the
apparent oxjdation numuer. (Sce "notation").

The variation of e with B (the total Ru concentration), and with temperaturc was
also studied to some cxtent.

vie define the redox potential, e, in the solution as the emf betwecn an "inert"
metal such as Pt or Au in the solution on one side, and on the other side, the
eleotrode ' M “23%/“2(' atm). Like several earlier authors we noticed that in certain
ranges of X, particularly between X = 3.5 and 3, the ¢ valucs measured by probe
clectrodes in Ru solutions arc unstable and drift steadily over oonsiderable periods
of time. This arifting was obscrved although carcful precautions were taken to exclude
oxiuiziblc or reducibvle impurities. Thus far, attempts to climinate 1t, ¢ G by vorking
at temperatures other than 25°C. have not been auccassful. The cbviocus interpretation
is that the solutions contain several redox couples which are not in true equilibrium.
vhat is measured is then a "mixed potontial”, which is mostly influenced by tho
couple (oouples) with the fastost clootrode roactions.

Although tho ¢ valucs did not always corrcspond to the finmal equilibrium state,
a considereble mumber of careful moasuremonts werc madc in the ranges of instability
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since it vas thought that they could give at loast somc information on the
rcactions going on.

Por varying X, both chomical and eloctrolytic rothods have been used. Tho
chumical methods - reduction with TL(III) or Cr(Il), and oxidution with Ce(IV) -
have the advantage that onc can casily and very qulekly traverse the wholo range
of X vhercas on the othor hand thore iz a risk that the substance intreduccd
miy £ive rlse to complications, for instanco mixed polynuclear comploxoa. Cn tho
cthor hand, the cleetrolytic mothod has the advantage that no foroeipn svbstance
nced be introcuccd into the solution being investigatod, but hag tho drawbasz
that one haas to wrork slowly; also, onc can not bo quitc eortain that side rcactions
o nnt oseur.
furvey of recosn titrations,

Fl; @ nives o survey of tho redox wiporiments made with the medium 1 M stou.

The coordinates aro ¢, the redox potential defined with H2(1 atm)/1 M H,80,

s the reference zoro cleetrode and X, the apparent oxidation number of Ru. Most
ol the ourves refer to reduction, cither with chomical reagents (T13+, Cr2+), or
by ecathocle reauction (c”). A fow eurves refer to cxporiments in which Ru was
oxidized: they are denoted oy crrows pointing to highor c¢. These curves are for
the oxidntion of 0,, anodically (¢”), and P, anodically in tho proeonoe of co”*
(™, Coj+) or 11t (¢7, M*).

A fcvt single points rofcyr to various stops of oxidation of 02 solution by 02

in ~hdeh X vas dotermined analytically.

It vould be a gross cxapggcration to say that all points lio on the sume curve,
or that we are working aluuys with roversivlce rcactions. In fact, the Ru systom
in thc most reculeitrant ise nave evor mot. It 18 rowuc consolation that all other
workars who have tricd to work on this system, have nmot with similar difficultios,
whother thoy noticed it or not.

viously there arc irrevorsible reactions poing on, and considerable aging
effents viore notlced. In a solution vith the samo apparcnt oxidation number X,
tie averape composition of the specics -~ the average number q of Ru atoms por complex
ord Z of OH groups per Ru - may thus vary with time. It should also be rememborod
tinat thcre may be poroxo and hydrido ligands (022' or H) which may givo Ru an
apparont oxidation number differont from that of tho Ru atoms alono. This pivoes
5111l morc poseibilitics for tho oxie{once of a number of differont colutions
with the same apparent X.

The range botuween X wid 4 will not bo treated harc. The dark green color
that cceours during the catalytical or c¢leoctrolytic roduction at em 1.34 volt
cecoms to be due to an unstable statc, which may have X=6 (Martin 1952), but vhich
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graduslly decomposcs to Ruo,‘ and lovor oxidation states on standing. Thore arc
indications in the literaturc of a state with X = 4.2 or 4.4 (Wehner and
Hindzan 1952, Cady 1957).

Betwecn X=2 and X=3, the potontial seems to be fairly well-defincd, and
in fact, this part of the systcm can Le deseribed quantitativoly by assuming
the reaotion, Rt 4 e = Ru? (omitting OH and 80, complex formation) with a
standard potontial, in 1 M H,50,, of e  ~ 180 V.

The most complicatcd piloturc is between X=3 and Xeh. It is our imprese’on
that thc ped solution R.' and the grecn solution 02 are fairly well-defined
states of Ru.

The "anchoring” of the e(X) curves along thc X axis might be open to
discussion. In gencral, curves from experiments beginning with the R1 state
were fixed to begin at Xe=4.0 us indicated by our earlicr analysis of R (Brito 1960,
Thosc curves that wgnt through the green G2 statc were fixed so that the
corresponding point was at X=3.0. It is, however, rcmarkable that the change
in X from i to G, vas found to be ~ 1.15 on cathodic reduction, but = 1.0
from chemical reduction; onc explanation might be the formation of hydrido
or peroxo complexes in the former case.

It is acvisablc to compare rcduction curves with different rocducing agents:
with chemical agents one mignt fear the formation of mixcd comploxes betwoen
Ru and say, T1 or Cr, vwhercas iith cathodic reduction onc might fear other
side reactions. It is then rcassuring that the reduction curve from X=/! to X=3.5
is fairly reproduciblc and has practically thc same shape, using '1‘13" s Or
cathodic g' as rccéuelng agent. An analysis of this curve, as shown below, would

2 Ru416+ (omitting OH and SO,) for Xmd and nu27*

indicatc species, Ru}
X=3.5. It 1s, howevcr, thought-provoking that on back-titration of reduced
Ru(X=3) with R] » whcn both solutions werc frosh, a curve vas obtained vhich
could be quantitatively cxplaincd assuming mononuclear Ru}" and R\IM. and a
very large complex Run5 .5n+‘ A possible explanation 1s discusscd below,

The curves for the recuction of R, By and By (cr®* or > ) scem to
coincide roughly for X < 3.3. In all of them, one can noticc at least one morc
break, around X=3.25, which would indicatc that there is at lcast onc more
complox of mixed valency.

Quitc different from this group of rcactions is the practiecally roversiole
ocurve obtaincd on repeated ancdic oxidation and cathodic reduction of 02 to YB'
It scoms that Y3 corrcsponds to Xu3.7, '

In none of the cxperiments carricd out so far, has it ocen possible to
rogencrate the well~dofined red Au(IV) solution R, by oxidation of solutions

derived from the roduction of tho red sulfate.

for
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Methods of redox titration

Cathodic rcdustion.

Both constant current and controllco-potential methods werc employed.

In the constant-current vork wc used a Lecds anc Northrup type 7960 coulomctric
analyzer, vhich indicates dircotly the numbcr of furadays passed. This mothod is
very convenient and cspecially useful during the carly stages of reduction when the
standard potentials of the possiblc redox proecsses are so well scparated that no
mixcd rcactions, such as the simultancous reduction of Ru and deposition of Hz will
ocour in spitc of the rathcer high overpotential applied.

In somc cxperiments, on the rcduction of R| » the coulometer was not available,
and a simpler sct-up was uscd which was still adequate for our purpose. The eleotro-
lytic current was then taken from u 6 V battery of storase cells in serics, with
a variuble resistor. The current was mcasurcd by a milliammcter with a long seale,
which was calibrated by measuring tnc potential drop across a known resistance by
means of a potentiometer. The current was in gencral botween 1 and 2.5 mA end was
kcpt constant curing the coursc of experimcnts by manual control. The time was measured
vy a eronomeiir. .

In the controlled-potential experiments, the source of current was a lecac-storage
ccll of high capacity, and the potential appliod to the electrolysis cell was
controlled by mcans of a simple potential divider. The number of faradays passcd was
determined by means of a calibrated milliammcter, having a acouracy of 0.5 %, and
a stop-watoh. In most of these experiments, the applicd potential was adjusted to
such a value that the cathodic over-potential was = 0.1 V at thc mid-point of the
first shelf of the redox potential curves, and then left unchanged.

A varicty of cathodc matcrials have becn used in various cxperimenis, but usually,
large Pt mesih clcotrodes have been cmployed, so that the curront density was low.
at the cathode; they were coated with Pt black in the constant-current experiments.

In & typical cxperiment, the cathoie was a platinized Pt nct of about 25 cma. half
immersed in the solution so that the ourrent density was 0.1-0.2 mA/cm'?.

The bubble overvoltage of H?_ on a Hg cathode in the Ru solutions was fowd to
be very little different from that on the platinum clcetroccs (in each casc about
0.1 V). Hg cathodcs were not {urther tcsted. °

The several different clectrolytic gells cmployed may be cxemplified by that
uscd in moat of the experiments with controlloed potential. The cathodc oompartment
consisted of & seven-neok flask containing the solution to be investigated, the
cathode, and the probc and reforcnoc electrodes. The oathodu compartsont was connccted
through a bridge with 1 M H,50,, to thc anode compartment, which contained 1.0 M ueso,‘.
saturated with Asaso,,(a). and a silver cleotrode. The whole assembly was kept in a
paraffin cil thormostzt (experimonts at 25°C),  an icc-water bath (exporiments at
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0.5°C), or a special oil thermostat (experiments at 40°)

As reference electrodes ‘.c used cither a hydrogen clcotrodo in 1.0 M ueao,;
econnceted through a ground glass joint to the Ru solution, or o Beokmann type
1190-60 glass eleotrodc which had becn calibrated against a H, elootrode in 1 M H,50,.
As the hydrogen clectrode, we somctimes used tho platinizod Pt anode itself, after
02 had boen removed and the elcotrode had boen saturatcd with Hz. ]

For the prohe clcetrodc scveral differcnt materials verc tested, but in most
«xperdments, ¢ was measured with cither bright Pt or gold-plated Pt cleotrodes or
both: th¢ cathoic itscli, a large platinized Pt clcotrouc, was somstimes uscd, of
coursc ufter the ourrcnt had Leen s.itched of f.  In the controlled currcnt runs, it
usuzlly agrecd well with the other probe clcetrodes. In the controllcd poteritial runs;
a ncrsistoent polarisation as oficn ousserved with the brighi Pt eathode used.

In all cxperiments, a -lo. astruds of pure ducopen .18 used to sidr thc cathotc
sélution, - climinute o’:. The Na. which ves coliverea firom a conmereial sylimicr,
was purificd by paszig; it tirou h succcu.ivily 10 7 KaOl, b i z)yro:;.:.lloi in 12 3
KOH, concuntratcu li,u0y, - cclwin of bot topge -, U418persed on &uhastoss (to clii:lnute
ta. Last teaces of woyoen) and 1.0 M H,30, .

I orde. to .nsure that no cliosphesric axygen entervd the ecll, the exhaust
zas from the tightly stoppereC cicctirolyais ccll  os lud throut a Bunson valve or
througt. sn wadt tube dnmcesca in the thermostot bath.

Anodic o.l.ation. '

Por ihe =nocie oxidation of solutions, the same apparatus was uscd, as for
octhodical ruduetion, the cwirent Leing reverscd. Platinized plotimum vas usced for
the anode in the ciperimonts ot constant curront in this case, thc anode could be uscd
immediately as a roference H2 clectroce. In the ciperiments ot controlled potenticl,
bright platinum was uséd for thc anodc.

Ph¢ unodic oxidetion was madc at econstant current, or with controllcd potontial,
sometimes after the addition of tae roduece form of un auxiliury system, '1'1+¢ n’*.
or Cc3+ + Cu);"'. Thalliun(I) sulfatc solution was obtained from a weighed amount of
'r12co5~,n. Certwa(III) sulfatc solution was obtalnud by reduction tith BQ(R) of
cerium(IV)sulfate solution in H,50, of thc concentration .anted.

Chemidal reduction. ..

Titanium(ITI) solutions in 1 M H,80, were preparcd by one of the following
threc methods:

a) Catalytic rvauction of a titanium(IV)sulfatc solution by Ha(Pt). The reaction
vas curricd out in the storuye vessel of & microburct with somi-automatic filling,
which .as cspceially constructec for solutions scnsitive to air. Hydrogen gas was
ubbled past a foil of platinized Pt dipping into the solution. In this way, T1(IV)
was partially reauces to T4(III) and morcover the conountration [T1(IXI)) vas kopt
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constant. Bven whon thc T1(III) solution was storcd, a slow stream of H, was bubbled
into it, to makc it circulate past tho Pt foil.

b) Metallic T4 was dissolvod in ooiling diluto H,80,, tho 80, was cxpelled by
means of CO,, and the solution was storod like a)

6) A cation-exchange resin, saturated with 'n’* vus eluted with ' M 82804
oolumn of Dowex-50 was first washod with 1 M KSCN, thon repoatedly with 3 M HCl, with
water, and finally it was satwratec unith '1‘1)* Ly passing a solution of '1.‘1.615 in
3 M HCl. The preparation .as free from iron. Unuor thesc coniitions T1(IV) is not
hcld by the resin. The solution ::os stored like a).

Analysis. Por analysing Ti(III) solutions an iron(III) sclution ras prepared
by dissolving Fc (99.99 %) in boiling 1 M H,S0,, adding 30 % H,0, dropvisc, and
boiling. A known amount of iron{IIl) solution was kept in the main vessel of a ocn
1ikc the one desoribed below, and the TL(III) solution added from o burct. The rcdox
potcntial o(pe>t, Foa+) was measured by means of an Au ¢lcotrode, and the data vere
plottud in the form of ro‘i(v") to give the equivalonce point v, (vevolume of >
solution added). This gave ve' (Thds is a generalizcd Gran plot; other forms are
also possiblc.) Identlcal valucs for ['1‘134 ] in the initial solution were obtainec
when the samc method was used exevpt that a eocrtain amount of ‘M" + cxcoss of Fc}"
was buok-titrated Ly the same ccrium(IV) solution as was used for sitration of the
Ru(IV), R, .

Chromium(II) solution was prepared by electrolytic reduction on 2 Hg eathodo,
of a chromium(III)sulfate solution in 1 M H,S0,. The anode was a Pt cleotrodc in
M meso“, kopt in a narrow tubc, which ended in sintcred-glass disk, across which
the 1liquid junction .as made. All operations were carricc out in oxygen-free Coao
vhich was ulso used, after the reduction, for pressing the solution into a burct
similar to the onc uscd for T(IIX). The chromium(IX) solution was also standardized
with iron(III).

Measurament_of redex potentfal. The following ocll wes used: H,(Pt)/1 M H,S0,/Ru
solution, ' M H,C.SOA/Pt or Au.

Usually, a bright Pt clectrode wne an Au cleetrodc were uscd. The Pt cleotrodes
weee boiled in hot 1: HNO3 and ignited in an cthanoi flamc. The Au elootrodes werc
massive or prepared oy eleotiodcposition on Pty thoy wire trcatod in an analogous
LAY e

The reference half-ocll oconsisted of a platinizecd Pt eleotroac in a tubec of
12 om length and 1.5 om diamcter. The tube had o stopper :ith holes for clestrodcs
and inlet and outlct for l-lz. The lov end of the tube was narrowed and ground to
form a cone- Joint. The orncd was scaled, but therc vas a small hole in the side. The
cone-Joint was covurced by a grourd soockct-Joint, and the liquid junction was across
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the Joint. Thc resistanoc was of the ocder of 4000 ohms. The E of the oell a8
mcasurca by a Radiomcter pHM!.

During tnc expeciments, a struam of }-!2 wus passce through the solution. It uas
firsi passcu thwrough a eolum: .4th active Cu, thon tlhuwough 10 % 1'1280,’. 10 % NaCH ama
Tinally ' H H‘KSO',.'. The Ha gus for the reference cull uas treated in =n analogous way.

In the stact of an expesiment, tas Ru solution s introducud inlo the titration
vessel after vhdch N, vos bubtled for scveral hours, usuclly «ll the night. after
this, ’1‘15+ " or Cr2+ 1:::.5 adaad .

The emf moasurae with PL and s clzetrodes mignt «iffer Ly a fow mV in the
seolnning of a titration Lt in the wulferca solutions they .orc usuzll; identioal
vitidn s Ve In corbadn roinez of the titration, the unf of onc or voih cluetrodes
nas towx! to erceps in Stolh ¢osud thie B ouas rocd vhen a piven time, usucll; b uimate.
SOk LaBBon JBter wvach addition froo. o< Lurct.

Tae concentration of the T{III) or Cr(IX) solution ::as always chosen sugh as
to sake the voluwe chanie curing thc titectlon luss than 2 $. The conseatr-.tion of
the burct solution ::as alwes coteradnee imukaiately aftor the radox titration,
against Fc(III) or Co(IV) + Pc(III).
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Qeneral equations for e(y) ocurve in two-species region.

Let us assume that in a certain region - a "shelf" on the redox titratien curve -
practically all Ru is present as one of two complexes, one with exidation number x’ and
q’ Ru atoms per complex, the other with oxidation number x" and q" Ru atems. The dif-
ference in oxidation numbers we may call D:

x -x" =D (9)

We may assume that D is positive and will express ourselves accordingly al-
though all the argument 1s also valid for negative values fer D and y below.

The redox potential would thus be determined by the equilibrium (emitting in the
fermulas OH and SO, complexing)

’ n_n

’
Q"Ruq,x qQ + + q:qnn e' - q,Ruqll xq + (1 0)

The Nernst expression for the electrede potential gives

RT ln 1¢ (q" log ¢’ - q° leg 0") (11)

e = e +
(2]
Fq'q"D
where o’ and c" are the concentratiens ef the twe species. The expressimnn (11) is
simplified if we divide by the factor (R'I'I“"1 in 10) and replace e by pE:

n td ? "
B = [E, + qlog ¢ '-'qlogc (12)
»

Qql

Equation (12) may be transformed to

2’q"D(fE - pE,) = q" log ¢’ - q” leg " (12a)

This can also be obtained direectly by applying the law of mess action to (11),
setth)g-lrgie?:: £ (15) and log K = IE, fer (10)

Equations (12) and (12a) dc mot contain the absolute values for x’ and x", but

enly the difference B. The material balance of ruthenium atoms and oxidatian number
glves, for the teotal concentration B of ruthenium, and the average cxidation number X:

B=gq’c’ +q"o" (13)
BX = x’q’¢’ + x"q"¢" (14)
In an actual experiment, X may not be exactly known. What is measured is y,
the number of reducing equivalents added per Ru, either by eleotrolysis or by
chemical means. We must have (provide there are no unknown side reactions) X + y =
constant; dencting by y' and y" the values y at the peints corresponding to x’ and x",

we have
X+ymx' +y =x" +y" (15)

v —
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It follows direotly frem (9) and (15) that

y'-y’ =D (154)
From equations (13-15) we oan derive
Dq’e’ = B(y"-y) 3 Pq"o" = B(y-y’) (16)

We may now use (16) to eliminate o’ and o" frem(12)and obtain
-1 -1
pE = (a’D)" leg (y"-y) - (a"D) ~ leg (y-y’) + constant a7

constant = pEj + ((a’D)”" -(a"D)™") (l0g B - 1cg D) - (a’D)”" log a" + (a"D) ' log 9"
(17a)

The constant in (17a) 1s »f course, really ccnstant only when B is constant.

Equation (17) 1s a suitable starting point for the analysis of the redox curves.

Generalized Gran diagram

The exact values fer y’ and y" can be derived using a diagram analogous to the
Gran diagram for acid-base titrations. (Oran 1652) , by using the pecints in the neigh-
borhood of the two ends ¢f the shelf.

Fer y 4 y" we may transform (17) to

10(a"D"EE) (y-y‘)q"/ T 4 (y"-y)-constant (18)
We may plot versus y the left hand term in (18), or only 1ts first factor since
the second factorls practically constant, (multiplied by a practical scale factor);
the intercept with the y axis of the linear plot will then give y".
Similarly, clese to y=y one may use the expression, also derived from an
107 ) (yn ) @/2" _ (y.%) cconstant (19)
A plot of the left hand member or only its left faotcr, will be linear and
the intercept will give y’.

Application to irreversible curves

In several of the redox titrations te be deseribed beloew, it was possible to
deseribe guantitatively the ccurse of the e(3) curve between two "Jjumps" by equations
derived from ({2a) or (17),which are fcunded on the assumption of a reversible equili-
brium (10). Nevertheless, in only two of these cases was something like a reversible
reaction observed. In the others, a very different curve was obtained on back-titration.
One may then ask, if the quantitative agreement in those latter cases is a sheer colnol-
dence, or if it corresponds to a real reaction.

Let us for example consider the two very different curves obtained on electrolytic
reduction of R, = Ru(IV), ard on titrating partly reduced Ru with Ru(IV). The course of
the ourve between X = 4 and X = 3.5 can be explained by assuming in the latter case a
monomuclear Ru(IV) species, in the former case a polynuclear one, perhaps tri- or tetra-
nuclear, which looks like a perfect contradiction.

One explanation may be the following. R1 contains two different Ru{IV) species,
say A and A’, and it takes some time (of the order of several hours or days) for A

& -
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and A’ to come to equilibrium with each other. Of the two species, A’ is present only in
a small amrunt, but it undergoes redox reactions more readily than A. If A and A’ are not
at equilibrium, the redox potential e measured with an inert electrode is a mixed pesen-
tial which 18 in between the two potentials that would correspond to electron exchange
equilibrium 1) between the prevalent concentration [A] and some lower oxidation sbate
present, and 2) between [A’] and the same or another lower oxidation state. If A’ reacts
more readily with electrons there would be a tendency for the mixed e to be mainly deter-
mined by the second equilibrium, as long as there is any A’ left.

If these assumptions are true, in the electrolytiz or chemical reduction of R1, A’
is then used up before A, so ¢ will be primarily determined by A. On the other hand,
when R1 is added to the solution, A’ (like A) is left unchanged after the equivalence
point at X = 3.5, and e will be determined by A’.

It is very likely that the reduced state in the e-determining reaction 1s different
in the *wo cases. The important point, however, is that there is a possibility that the
equilibrium law (Nernst equation) can be applied so that the formulas deduced for A (tri-
or tetranuclear) and A’ (monomer) may be correct, although the system as a whole is
not at true equilibrium. :

A similar explanation may be true in other cases, too, so that the formulas deri-
ved may have some sence.

A complication 1s that the reactive species sometimes may have another oxidation
number than the one present in large amounts. We may remind of the U4+ + U022+ system
where a low concentration of U02+ is built up by a slow equilibrium reaction of U
Uo 2+ whereas the electrode potential 1s mainly determined by the momentary ratio

2
24 4+
U0, /uo,

Reduction of ruthenium (IV), R,

Reduction with T1(IIT)

The R solutions used in these experiments were prepared by dilution with 1 M H;_,SO4
of two stock solutions, a) 18.48 mi™ Ru (IV), 1113 mM" NaS0,, 44 md" H'; b) 1.43 me"
Ru(IV), saturated Na,S0,, pH = 23.
ﬂﬂﬂy fhe e(y) curves obtained -1-‘2 given in Fig 2. The e of the R‘l solutions was arround

900 mV, which may correspond to some equilibrium with minor Ru species, determined by
earlier contacts with air. On adding T15+, e(y) had a plateau at = 725 + 10 mV and decrea-
sed steeply at y ~ 0.5 (reddish-brown solution). In this interval, the e with both elec-
trodes seemed to be constant and reproducible. However, as soon as this jump had started,
and after the Jump, the e with both electrodes, still equal, crept slowly toward higher
valucs. In such cases, ¢ wasread after exactly 5 minutes from the addition of the solu-
tion from the buret.

On further increase of y, a second plateau was met at e =~ 450 mV on whioch the
emf with both electrodes seem to be more stable. Finally, there was a Jump around
y=1.0+0.05 (green solution): in this region the emf crept a little to lower values.

o s nvanr
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Even if it 1s difficult to make exact measurements because of the instability
of e, 1t seems that between y = 0.5 and the plateau at e = 450 mV there is a second
Jump, corresponding to y = 0.75 to.0 (brown solution).

We can thus conclude that there are equivalence poilnts, presumably corresponding
to definite states, at y = 0.5, 0.75 and 1.0, corresponding to X = 3.5, 3.25 and 3.0.
The latter probably corresponds to the solution 02, which we think is ruthenium (IIX).
The contradictlion with the results on cathodic reduction with controlled p~“antial
has been pointed out.

The part of the curve between y = 0 and 0.5 was treated in the same way as
for the other reduction curves in this region (Fig 3a).

Cathodic reduction, controlled current

The R solution used in these experiments was prepared by diluting weighed amounts
of R, stock solution (15.77 mM* Ru(IV), 102 mf" H 1M snu ") with 1 M 1,50, .

For y values lower than 0.5, both the Au and Pt electrodes seem to give constant
potentlals. For y ~0.5, e increased slowly, and reproducible values could not be ob-
tained. For this reason, only the data for y.-.0.5 will be treated here.

on the e(y) curve, there is a well-defined "shelf" between X = 4 and = 3.5. We
shall apply to this part the treatment, equations (9-19). Since the Jump is at y = 0.5,

"

we may set y’ =0, y' = 0.5, and D = 0.5, Let ¢’ = q q" = q,- We may then write
equation (17) in the form:

0.5 pE = q1_1 log (0.5 - y) - q2-1 log y + constant (20)

By plotting 0.5 pE against log y we could obtain an approximate value for Lo
since at least for small values for y, one may neglect the term log (0.5 - y).
Indeed, the plot seems to indicate q, 1.5 ~ 2., Assuming 9 = 2, (0.5 E - q]_1 log
(0.5 -y)}nas plotted versus log y for q =1,2,3, and 4, For the last three values,
the plot seems to give a straight line of slope 0.5 (q2 = 2); the fit is especially
good for q = 3.

Accordingly, a plot pE versus (2/3) log (0.5 - y) - log y gives a straight line
of slope 1.

In Fig 3b (to the right) the experimental values e(y) are plotted versus curves
caleulated for D = 0.5 and g, = 2, and q = 2,3 and 4. The best fit obviously 1s for

q, =3
1

As shown by Fig 3, the measurements with controlled potential (Fig 3b to the
left) reduction and with chemical reduction (T13+ (Pig 3a) of R, also gave

e(y) ocurves that agreed very well with those for controlled ourrent: in our cases,
the agreement 1s best with q; = 23 and 9 = 2 whereas the agreement with q = 4 1s
acceptable.

The conclusion is that the predominating complexes in the solutions would

be Ru27+ X =35) and Ru512+ or Rub'16+ (X = 4), omitting OH and 80, groups.
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Cathodic reduction, controlled potential

The R1 solution to be reduced was prepared from the stock solution as above
and 1 M Hasou.

The redox potential, e of the R,
slowly for some time, even if the H2304 had been thoroughly degassed. In one experi -
ment, for instance, with B = (.385 mM, e increased by 40 mV during the first 5 h after
the prevaration, and after 20 h it had reached a stable value, 60mV higher than the
initial one. With B = 2 mM, the increase was only about 20 mV during the first ZO h.
For this reason, the reduction experiments were not started until about 20 h from

solutions so prepared was found %o increase

the preparation of the solutions.

The controlled-potential circult was closedfor a suitable pericd, during which
the current was measured at equidistant times. Immediately af*ter the circuilt was
opened, e was found to increase or decrease until after 3-5 minutes it reached a
maximum or minimum value, which was noted. The process was repeated until the cathode
potential attained about 200 mV; this limit was set to avoid the reduction of H+ to
H,.

Fig 2a glves e as a function of y (the number of faradays passed per mole of
Ru) at 25°C for experiments with B = 2.13, 1.0 and 0.1 mM Ru. These graphs, like all
others obtained in these experiments, show three breaks between y = 0 and y = 1.2.

In the region before the first break at y = 0.50 t 0.05, the curves for the
three concentrations coincide; ¢ is relatively stable, and changes by no more than
about 1 mV per bour. From y = 0.5 on, & becomes markedly unstable and drifts toward
higher values. Th~ rate of drift appears to increase with y and decrease with B.

For example, for y = 0.5, e changes little if at all after the first 20 h, whilst
for y = 1.0, ¢ first changes rapidly for several hours but then increase; slowly
for at least several days. Fig 2a shows also two curves obtalned on interrivting the
electrolysis at e = 0.5 for 17 h and 44 h, and then continuing.

These observations indicate several simultaneous reactions, with half-lives
from very short values {(of the crder of seconds) to perhaps many days. For this
reason, attempts were made to work at 40°C or O.5°C, in the hope either speeding
up or freezing in some of the slow reactions. This was not too successful: at 40°C,
e became unstable even for y~. 0.5, and even at 0.5°C a drift was observed in the
range y-*0.5. In spite of the drift, the shape of the curve e(y) was the same in
all the experiments at 25°C and at 0.5°C.

A second break was found for y = 0.80 ¥ 0.05, after which ¢ decreased more
rapidly with y than in the earlier two ranges. A third break appears to lie at
y = 1.10 ¥ 0.05.

In the range 0.’y {0.8, the solutions remain reddish-brown, but for y >0.8 the
color rapidly changes to a golden-yellow (y =~ 1.0) and then to a green color(apparent-
ly the same as 02) which coincides with the third break in the e(y' curve.
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One would thus guess that, at the last break, the solution would correspond

to 02. The fact that the break comes at 1.10 rather than the expected y = 1.0 is
discussed in the survey above.
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Redox titration of reduced R“‘Z'i! with R‘

A special experiment was carried out, in which a certain amount of the amber-
red Ru(IV)solution R,
of X=3, and then Ru(IV) was added from a buret.

The variation of ¢ with the volume v of Ru(IV) solution added has been

was first reduced to an oxidation state in the neighborhood

enalyzed in order to get information on the species involved. It has been assumed
(as is corroborated by our earlier analysis, Brito 1959) that X=4 in the red

solution, R1.

Experimental
The amber-red Ru(IV)solution R, 4

of a Dowex-50 resin saturated with Ru(IV). It was then reduced with H,, using a

was prepared by the elution, with 1 ¥ HZSO

small platinized Pt net as a catalyst. During the reduction, the mixed potential
eR» in the presence of H2 was measured with at least two of the inert electrodes.
At first en changed slowly, while the color changed from red to dark brown. After
a certain time, ep decreased rapidly, and the solution turned dark green. The
electrodes (Au and Pt) had the same potential. When e had become close to 165 v,
N2 was bubbled through the solution for one hour to remove H2. After this, ep

was ¥ 170 mV, and the color was still green. We then started to add, from the
buret, Ru(IV)solution of the same total Ru concentration, efter taking out the
small platinized Pt net.

The e(¥) curve is given in Fig 4. Up to the jump, around 9 ml, ¢ was stable,
and the electrodes (Pt and Au) gave identical emf within p 0.5 mV. In the jump
itself (green)-brown solution and up to e= 700 mV, the two electrodes gave iden-
tical potentials which, however, increased slowly for a considerable time. For the
subsequant part of the titration, the emfs were very stable.

The emfs were measured using the cell

Hg, ngso4/ 1M sto4// 1 M (Ru(IV), HY) SO4/Pt or Au).

The reference electrode (to the laft above) was kept in a "Wilhelm" dbridge.
Its electrode potential was measured by connecting it with a 1 M H2804/H2(Pt)
electrode. For measuring the redox potential in the Ru solution we used bright Pt,
massive Au, or Au prepared by electrolysis. H2 and N2 were purified as described
above, and saturated with water vapor by bubbling through 1 M H2804.

Attempt at interpretation
The red solution R, in all probability contains Ru(IV) thus X, = 4; let us

assume that each complex contains q1Ru. The jump indicates an intermediate speocies,
say, characterized by X2-4--D2 and Q=qy. The shape of the curve indicates that
after the jump, the Ru(IV) added does not react but remains unchanged in the

solution,
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Since the two parts of the curve, before and after the jump, are separated
by around 5 pE units ( 300mV), they will be treated independently in the following.
If B 1s the total concentration of Ru, Vo is the initial volume of the re-
duced solution, v is the volume of Ru(IV)solution added, and v, is the value of
v at the jump where X = x2 - x1 - D2, then the conservation of valency would reguire
BX(Vy + v) = BXy(V, + vy) + BX, (v - V) = B(Vy + v) (X4 = Dp)+BDy(7=v,) (21)
After the jump (v >v, PpE>9). Zet us apply the general formulas (9) and following
with q’=q1, c’=c1 etc and D=D2. The main equilibrium is then omitting OH complexing:

X a4+ - (x,~D,)q2+
qQRuq1 1 (01) + q.9,D,e" 2 q1Ruq2 172 (ep) (22)
We have (eqn 13) B = Q¢ + 45053
BX=X;a4¢,+(X,-D,)a,¢,=B(X,-D,) + Dyaycy (23)
Hence with (9) for the concentration of the (unchanged) Ru(IV) and of the inter-

mediate species: (compare eqn (16))

a,¢, = B(v - v)/(Vy + v) = B(y, - ¥)/D, (24)
A,y = B(VO+ ve)/(Vo +v) = B(y - y1)/D2 (25)
Introducing (24) and (25) into (12) and rearrenging we find

¢ = constant + ; /q,D, (26)
where

o = BE - (a,0,) " Log(V, + V) (27)
¥ = log(v - ve) - log(V0 + V) (28)

We assumed various values for q2D2, between 1 and 10, and for each value
calculated and plotted () versus ¥. From the slope we obtained values for q1D2 from
0.42 to 0.49., This indicates that, at least under these conditions, for q2;>10,
a,D,%0.5. On the assumption that q, is so large that the second term in (15) is
negligible we plotted pE versus Yand found a straight line of slope (1/q1D2)a 2.
On the same assumption, we plotted (Vo + V) 1OPE/2 versus v (eqn (18) Fig 5 ) which
gave a straight line, intercepting the v axis at Vor

Before the jump (PE<7). Let us assume that, before the jump, the solution
contains besides the intermediate complex (q’-q2, x’-x1-D2), also a complex
characterized by}(q"-qs, x"-X1-D2-D3). The equilibrium reaction is then

q2Ruq3(x1'D2'D3)q3 2 qaRuqz(foZ)qZ+ + q2q3D3e' (29)
and we have B = 90, + 4303 3 BX-qzcz(x1-D2)+q303(x1-D2-D3)-B(X1-D2)-q303])3 (30)
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From (30) and (21) we find, after rearrangement

q2c2-B(1-wD2/D3); q303-(BD2/D3)(ve-v)/(Vo + V)-an'/33 (31)
where . N
u-ve/(vo+ve)-v/(vo+v)3 w-(ve-v)/(Vo+v)-u(Vo+ve)/Vo (32)

Eqn (12a) for the redox potential would then give
pE-(qZD )‘1103(1-wn /D3) - (q 1)3)'1 log w + constant (33)
The secénd term to ghe right ?n (31) seems to be negligible, and a graph of
-pE/2
versus v gives a straight line with the same intercept, v, a8 for the second part
of the titration, Fig 5.

pE versus log w gives a straight line with slope (1/q3D3) »2, Again, (Vo+v)10

Conclusion. Because of the way of preparing the solution, it was not possible to
know exactly the value for X in the original solution, However, from experience
with redox titrations it seems very likely that the solutien at the starting
point contains green ruthenium(III), ckieflyr. Then, D, + D3 = 1, and the most
likely explanation of the curves would be that two extreme complexes are, mononu-
clear Ru3+ and mononuclear Ru4+, omitting OH and SO4 complexing. (q1 =q, = 1).
We conclude that the intermediate complex has average oxidation number =3.5, and
that it is very large. The accuracy does not allow a very accurate determination
of q,. Fig 6 gives, for one titration, the measured points ¢ (X), and the
0.5 q & Ruq3'5q+, Ru33’5q + 0.5q e 2 qRu3+, assuming g=20.
The agreement would be equally satisfactory with any large value for q.

calculated for qRu



Redox reaections of ruthenium B,

)
rd

Reduotion with titanium (IIT)

&

of Ruou, ino0.2 M Hesou by electrolytic reduction to red R1, with platinized Pt-cathodei

and separate Pt-anode, catalytic reduction with HE(Pt) to green Ge, and filtering.

The solution was kept in contact with alr, and a color change from green to dark brown

sct in, which wos complete after two or iliree weeks; the redox potential was then e =

840 mv, .
Fig 1 gives - schematically - e(y) for a titration of B_ with Ti(III). There are

indications of Jjumps around y = 0.25 (llght brown solution) and around y = O.5(1ight

A solution B5 of apparently the saic color as Bh was obtained from a solutilon i
|
|
|
|
!

!

green solution). The apparent oxidation number X of B, was determined by oxidation
with Ce(IV) to Ru0, as deseribed in the previous report (Brito 1960). The result

for 83 was X = 3.38 ¥ 0.05, which agrees with the jump of ¥ ~ 0.5 to green ruthenium
(111), 1f B, I

has X = 3.4 - 0.1.
Elcectrochemical reduction

About one month after the experiment with T1(III)reduction, several experiments

with cathodic reduction were made, with constant current, either with a coulometer, or ]
with the simplified apparatus. With the coulometer, the current was kept at 6.43 mA. §
In all cases, Ti(IV) was added as an auxiliary system. :

Up to v = 0.3, € and e, were the same and falrly stable. For y 0.3, e was

found to creep slowly toward ﬁ:gher valucs., For y = 0.87, therc was a Jump and the
potential fell to =~ 300 1V (this was in 2.5 M H2804). One month more later, the expe-
riment was repeated, and thc Jjump then come at y = 0.98 (this time 1 M Hesou).

The latter solution was oxidized anodieally on platinized Pt: the °<nox) curve

was very different and already for n,, 0.48, € had 1nereased to =~ 900 mV.

-

Oxidation number X of B5

An average of three determinations on fairly fresh ruthenium

£

B§ gave X = 3.38 *
0.05.
In this connection the following experiment may be described. A B} solution was

reduced with He(Pt) and the pleot e versus time (Fig 7) gave a Jump around 550 mV, a
shelf arocund 380 mV, a new jump armmd 250 mV, and then the beginning of a shelf around’
150 mV. From the resulting green solution, of e = 50 mV, H, was immediately expelled

2

with Ne; the zolution was slowly oxidizea by 02 diluted with NE’ and the apparent X
determined for various points, by cerium(IV)oxidsticu. The 1ermlbime points are glven

in Fig 1 as single dots: the X values covercd wers botween 2.9 and 3.34. Tnv o 1oy

again, became dark brown. ;

Vjgeme——
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Redox reactiens of ruthenium B,

A stook solution of B& was prepared'by distilling Ruou into a known amount of
= 05 M HQSO4 containing an excess of H202. treating the solution with H2 for about
24 h in the presence of a platinised Pt catalyst, removing the catalyst and then

treating the grey-green solution, thus obtained, with 0., for several hours. Between

2
the preparation and the reduction-oxidation treatments to be described, several

months elapsed.

Cathodic reduction

The solutions were made up to contain 1 M Haso4 and electrolyzed with oontrolled'
potential. The initial e did nct change significantly with time, once thermal equili-
1librium has been reached, and e was also much more stable during the whole course of
the reduction than in the reduction of R1. Fig 1 gives e(y) for those B values that
have hitherto been studied namely 0.30 and 1.43 mM. The curves differ somewhat bet-
ween y=0 and y=0.6 but then coincide up to y 0.8. From y = 0.8 on a relatively steep

decrease of e begins, which is accompanied by a change in color to an intense green.
In the earlier part of the titration, the solutions absorb light so strongly that it
is difficult to observe any distinct color change.

Reduction with titanium(ITT) and chremium(IY)

The B4 solution was one of those used for determining Z and X. The Ce (IV)method
gave X = 3.53 t 0.05. The stock solution contained 15 mM Ru, and was diluted with
1M HyS0y .

The e(y) curve is given in fig 1 (part of it in more detail in fig 8); the re-
sults with T1(III) and Cr(II) agree reasonably well. The B, sclution is originally ve-
ry dark brown but on titration with Ti(III) or Cr(II) it gradually clears up and at
the end of the jump around y = 0.5 1t is clear brown. Around y = 0.8 and e =~ 3¢d mV
there is another potential Jjump; the solution is then light green.

After the titratien with Cr(II) a great excess of Cr(II) was added, about 10
times the concentration cof Ru, and the solution was kept standing for one night.

Next morning the e had increased from negative values up tn + 670 mV at which value
it seemed to be stabilized. Once more, a large excess of Cr(II) was added until e be-

came negative, and again, e increased slowly up to an apparently stable value around

670 mV. Meanwhile one could observe gas bubbles in the bulk of the solution.
Attempts were made to apply the treatment of eqns ( 9 -19) to the region

0y0.5.Wesety’ =0 (x’ =3.8), q" = q ¥y’ =05 (x*’ % 3.3), 9" = s

D= 0.5 and fird from (17):

PE = 2q]-] 103(0.5-y)-2q2-1 log ¥ + const

-1
We attempted to £it the data by plotting log (0.5-y) versus (pE + 2q, 1log y)
for various 9, values. Plausible linear plots were obtained. For qa-l, the slope
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vas 2q, 7 w 1.5, thus o  1.33. Yor q, = 2, the slope 20, =2, vus g = 1. 0n te
face valus this weuld indicate q, = 1, and q, possibly = 2 or higher. This, however,
1s hard to ascept. The oxidation numbers for both states have fractional values which
indicates either that eadh odnsists of species with more than 3 Ru atoms or that each
"state" is a mixture of several species; some potl'&upc‘ with peroko complexing. The "best”
empirical equation pE = leg (0.5 - y) - 3 log y (Fig 8,full<drawn ourve) might be ex-
plained formally if 1t were assumed that also sowe third species; say, H,,. takes
part in the e-determining reaction. However, we think it wise to leave this question
epen.

@xidation of BI'
~ |e(&X) for ene ancdic oxidation of B,a

The curvelshews rno marked features, after an initial rapid change in ¢ of about
400 mV, which is nearly completed at AX =~ 4.5.

The value for X in B,

Immediately after the preparation of a By solution (ex550 mvV) X was determined
with cerium(IV) sulfate by the method described by Brito (1 960) which gave X = 3:1¢
0.1. A new batch of freshly prepared Bl& gave X = 3.2 4+ 0.2, whereas after six months

we found X = 3.53 + 0.05. On the other hand, the redox titration ourves for this aged
B, indicate an oxidation number X=3.8.
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Redox reactions of ruthenium(III}, 02

Redox reactions G, » P,

Pink solutions of ruthenium (P1) were prepared by reduction either of R, or of
B5 with He(Pt) for a night. In the presence of H., e = 0 as expected; when H2 was
swept away by a stream of Ne. € increased but reached a stable value lower than
100 mV.

This solution ?1 was then oxidized anodically at constant current, sometimes
after the addition of Tl+ or Ce5+.

The measured values for e with Au or Pt electrodes (the anode itself, after
breaking the current) were *he same and very stable. The data agree well, as will
* 4+ e, After
this reaction was complete, there was a Jjump at around 3600 mV; the solutions were

be seen, with what can be calculated assuming the progess Ru2+ = Ru

then green. Potentials higher than about 400 mV were not stable in these experiments
and will not be discussed here.

Ifc, = [Ru2+] and ey = [Ru3+] we have (compare equation 12, @’ = qQ" = 1,D = 1):

E = pEO + log ¢, - log ¢

3 2

Let V be the volume of the solution, n the number of faradays added, and ng the
value of n at the equivalence point arocund 300 mV. B is the present concentration of
Ru, which need not be the same as the one added, because some Ru may have been reduced
to metal. If the concentrations are c.. and ¢ when the oxidation starts (n = 0),

2¢ 30
then we have

Vbe = V020 -n= ne -n; Vc3 = cho +n
Hence

41 -1
30 * n) (ne - n) = constant ((Vo30 + ne) (ne -n) -1)
The best value for n, was found by plotting (ne - n)-1 versus IOpE

1078 constant (Ve

for various
values for ne and choosing the value that gilves a sfraight line. Extrapolation of
this line to 10pE= 0 gave VB = Ve
of Ru added.

It could easily be shown that some Ru had been reduced: the Pt net used for the
H2 reduction was washed and then used as anode in 2 M Hgsou, with a current of 1-2 A.
After some time, the solution was yellow and smelled strongly from Ruou; if boiled
with H202, reddish-brown B1 formed.

On the other hand, n, was found to be smaller than (Vc30 + ne) by 10-20 \F,
which would correspond to an initial "negative" impurity of Ru(III). We guess that
this 1s rather due to incomplete removal of H2 from the platinized Pt than to a lower

oxidation state of Ru.

+ n, which always came out smaller than the amount

30 3
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Pig 10 shows data from one experiment, in which a sevies of alternating
roductions and oxidations was made: n, and thus B obviously decreased for each
cycle (upper part). Inserting the appropriate values for n, and Vc}O we could

calculute X:
X = 24 03/(02 + 03) =24 (n+ VcBO)/(n0 + Vc}O)

In a plot of pE versus X, all points seoem to fall practically on tho sameo
curve (Fig 10, lower part).The full-drawn curve was calculated from the equation

pE = 3.03 + log (x - 2) - log (3 - X) |

which corrospondn to pEy = 3.03, e 180 mV for Ru?t, nu’/pt in 1 M H,80,.

Fin 11 gives points from another experimont, in which the current was kept
constant (6.4% mA), aftor two rcductions with Hz(Pt) and oxidations with cerium(IV)
sulfate 3 the medium was 2.5 M H2504. The highest get of points -~ shifted

parallel upwards - cre from an experimert in which the resulting solution was

diluted with wator to 1 M H?SO the solution was reduced with H?(Pt) and agnin

1]
oxidized with a current of 6.4; mA in the presence of Ce3+. At last, it was
reduced with 6.43 mA (black dots).
It was nbaserved that the shnde and intensity »of the pinkvcolor was not alwayc |
the aame in n series of repeated oxidation-reduction cycles. d;a reagon may be

the decrcase of B, At any rate, the measured ¢ was very stable.

Redox reactions G, & Y

o~

Pig 12 gives c(y) curves from a seriecs of experiments, consisting of succes-
sive nxidations and reductinns starting with green Ru(III% GQ’ propared from R1.
The recactions were carried out by eleectrolysis at controlled potenticl and B was
1 mi throughnut,

The opar. cireles are from the first cxperiment, "A”, in which a (reshly pre- |
parecd 02 solution was oxidized. Thore are two breaks in 8, the second one about }
0.45 + 0.05 X units higher than the first. Between these breaks o(X) has a uloping!
plateau, with midpnint = 590 mV. At the end of the senond break, e =900 mV, but %
¢ was unsteble and decrecased slowlys after 65 hours, @ had decreased by =265 nV, '
The zolor of the solution remaindd green throughout the courge of the oxidation,
but the final drift in e was accompanied by a change to an intensc golden-yellow
colnr. The anlution so obtained, for which ez 790 mV, will ho denoted by Y%'

The half=filled circles describe the cathodic reduction of this golden~-yellow
golutinn Y3 in the next experiment, "B", The pninte have boen shifted along the
¥ nxin so ng to eoineide with the first curve around e = 300 mVs the curves then
1ie clnse to aach other up to e = 600-900 mV, The final solutinsn from this cx-
periment was ngain green. This solution was oxidized (full cireles) in the final |
experiment "C". Obviously, the two last curves lie closa to cach other over the :

whole of tholr lengths, and the breanko in e sceur after the same change in X,

namely 0.6% + 0.05.
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The solution Y3 seems to be stables one such solution has remained
apparently unchanged for several months although no special precautions have been
taken to exclude air from it, Its spectrum is reported in a later section.

Attempts have been made to analyse the data obtained in these experiments
using the method outlined earlier. The analysis shows that the greater part of
the data is consistent with the successive occurence of the reactions A) Ru26+ Q
Ru27+ +e, B) 2Ru311+ + 4e” @ 3Ru26+ and, in part C) Ru39+ @ RuB11+ + 2",

More data are needed before any conclusions can be drawn with certainty.

Determinations of hydroxide number 2
Red RusIVZ 21

The R1 solution was obtained by elution, with 1 M Na2804, of a resin
saturated with Ru(IV), prepared as described earlier (Brito 1960). The eluate
was concentrated by evaporation in vacuum at room-temperature, adding anhydrous

NaZSO and filtering. In a number of experiments, a R, solution with B between

1 mM* and 16 mM® ana 1 M® ( we' H' )804?- was neltralized by adding weighed
amounts of NaHCO3 solution, while measuring h with a glass electrode as described
earlier. Fig 14 shows two typical diagrams for determining EO and j.

At the end of this "titration", acid was added until h =%5-10 me, after
which H2 was passed through, in contact with a Pt electrode of large surface.
After 24 h, 211 Ru had precipitated as metal on the electrode and as a mirror on
the bottom of the vessel. The remaining solution was neutralized with NaHCO3 as
earlier, the potential was measured with Ru(Hz) and Pt(Hz) electrodes, which
agree within + 0.05 mV and a plot analogous to a Gran plot (1952) was made. Fig
15 shows a typical diagram: the abscissa is w, the weight of NaHCO3 solution
added, and the ordinate is

(c0,)) 10(E=In)/59.154,

Here LA is the weight of the original solution, and w(COz) is the weight of

6=(w +w-w
0

co
2
for the original solution. This, by the way, came out about 7  higher than the

formed. The plot is linear, and the intercept on the w axis gives H+-H+XB

approximate value obtained by NaHCO3 precipitation of "Ru02".

From these data, it was now possible to calculate BZ. As seen from fig 16,
Z =~ 3 in all the range. As a check, corresponding Gran plots were made for all
titrations: they all came out linear, as they should for a constant Z, and gave
the intercept corresponding to H + BZ. (Fig 17).

We conclude that the main species in R, solutions is (Ru(0H) +)n, with
n = 3 or 4 (from redox titrations). The same conclusion was drawn by Brito (1960)

for the R, solution in perchlorate medium,

1
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Zm;B4
The B4 solution was preparéd as described earlier (see Redox reactions

of B4).

In most of the titrations, B was kept constant, but two further titrations
were made, in which this was not so. In the first of these, h and B were varied
by the addition of 1 M Na2304

of more acidic and more concentrated solution of B,, together with enough con-

. In the second, they were varied by the addition

centrated Na2804 solution to keep [5042-] censtant. The latter experiment was
completed with a reverse titration in which B and h were varied by the addition
of NaCH + N32804.

What is known for each solution is really not H, but Hp = H + B(1.2 X - 1.6)
since the bromate method was used. If, for each experiment with a constant B
value, h was plotted as a function of HBr’ a set of parallel straight lines with
slope = 1 was obtained (Actually, in I'ig 18 we have plotted h versus HBr - 2B

in order to distinguish the lines for different B). Since h = H - (1.2X = 1.6) +

+ BZ, this indicates that 2 is ccnstant for each B. ’

So, what we can obtain from the data is 2°= (h - HBr)/ B. Fig 19 gives a
plot of Z°as a function of h for the various titrations. It seems that Z comes
out as almost a constant Z°a 0.25 + 0.10 for all experiments.

Now, we have the relationship Z = 27+ (1.2 X - 1.6). Thus Z depends on the
value given to X. From the redox EMF titrations X seems to be == 3.8, even though
Ce4+ analysis seems to indicate X = 3.2, for a fresh solution and X = 3.5 after
six months, The experiments for determining Z have been made during this interval.
The value for Z would be Z = 3,2 (X=3.8), Z = 2.85 (X=3.5), Z = 2.5 (X=3.2),
always + 0.1, At any rate, it seems safe to conclude that the OH number for the

B, complex is practically or completely constant, and not far from 3.

4
Z for 35
Solutions of brown ruthenium 35 were prepared by reduction of R1 with Hz(Pt).
In a typical experiment R1 With B = 8.64 mM* and h = 105.41 me, was reduced
until e = 332 mV as measured with a Pt electrode after expelling H2 with N2. If
we let the index "1" denote R1 and "2" denote B5’ the reaction formula iss
-1

(xqaq-p1)+ -1 (x,P,-P2)+ +
q Ruq1(OH)p1 1 + 0.5(x,=x,)H, = a, Ruqz(OH)sz 2 + (x1-z1-x2+z2)H +
+ (z1—z2)H20
h -1 -1
where z, = p,d, y Z, = Ppl, -
The course of the reduction was also followed with a glass electrode from

whose change of potential (0.9 mV) an approximate value for the total chmnge of
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Betermination of 3’ in 8‘

Same symbols as Fig 18
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h per total ruthenium concentration was found to be AhB = (101.8 = 105.4)/8.64 -
- 0.42 = Xy - 2y = X+ Zoe ’

Since for red Ry, X, = 4y 2, = 3 (see above) we would have, for the resulting
Bsz z, = X, - 1.42.

The solution was then neutralized with NaHCO3 until h = 2.75 me(g = 276 mV).
A Gran plot, Fig 20, carried out in the same way as for R1 above, was linear
(which indicates a practically constant z2) and gave a intercept from which we
calculated: z

2
In Fig 21 we plotted the data as(x? - zz) versus log h.

=X, - 1.505 in the brown B5 solution.

Then finally, the solution was backtitrated with the original R1 until h =
10 mM*(¢ = 540 mV), and x, - z, was calculated assuming no reaction between R,
and B5 (crosses in Fig 21).

Thus the results seem to indicate the approximate formula
1.5+
2
at least for -log h £ 2.

(Ru(OH) z )Clz

Now, by assuming different values for X5y We have for B5

1.5+ 1.5+

(Ru(OH)1.5 )q2(x2 = 3)! (Ru(OH)1.75 (x2 = 3025)

)q2

(Ra(0m) ') (5 = 3.5), and (Ra(0m) 35) g (xp = 3.75)

Absorption spectra

The absorption spectra of various solutions met with during our studies on
Ru solutions were measured using a Hilger or a Beckman recording spectrophoto-
meter, and are given in Figs 22, 23 and 24.

Fig 22 gives, in the range 2400 to 3300 E, the spectrum for green G2, which
was obtained by reduction of R1 in 1t M H2804 with Hz(Pt) until e
02-free CO2 during the measurements § and also that for the same solution after
two days’ keeping in sir (G2 - B3). Likewise, it gives the spectrum of red R, in
1M H2804, and that of B4

Fig 23 gives the spectrum of B4 in 0.5 M H2304, 1) 60 h after preparation,

~0 and kept in

in the same medium measured six months after preparation.

2) after 1 month and 3) after 7 months. In the visible range the peak around
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4800 R, that has been found for red R1, (Fig 24), was not encountered. The peak
around 2850 X occurs for freshly prepared solutions and is similar to the peak at
2800 R for green Gz; However, that peak slowly becomes less marked, and finelly
diseppears, as the solution ages.

Fig 24 contains the spectra of pink P1 (coordinates to lower left), red R1
and golden yellow Y3 (coordinates to upper right), all in 1 M HZSO4.

P, was obtained by reduction of R, with H2(Pt) and kept in 0,-free CO, during
the measurements. Slnce some Ru has precipltated as metal during the H2(Pt) re-
duction we do not know B and cannot give €.

The spectrum of golden yellow Y3 was measured in a 1 mM solution prepared as
described p. 2:29, and waiting one month, when it had assumed the golden
yellow colour.It has some features similar to those of other ruthenium solutions
described here as well as some different. The peak centered at 4600 & is closely
similar to that at 4800 ﬁ, obtained with R1 solutions. On the other hand, the two
closely-spaced peaks centered at 3000 and 3450 £ nave no very similar counterpart
in the spectra of other ruthenium sulfate solutions. There is, however, some
regsemblance between these features and the spectrum of G1 (Brito 1960) which has
a peak at 3000 K, 2 shelf at 3400 X and a peak at 4800 X.
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Conclusions and outlines for future work

It may be apparent from the report given, and perhaps especially from fig 1,
that the ruthenium system is greatly complicated by the formation of polynuclear
complexes of mixed valency, and by the slowness of many of the reactions.

Even if we cannot claim t> have ended up with a clear picture at least we
think we have collected enough intoumation £ox plauning n worth-while larger
attack on aqueous ruthenium chemistry.

The choice of sulfate medium seems to be vights iu this way one avoids chloro
complexing, and the reduction of 0104_. Fur studies of roloy tea biiue, withent
bothering about the number of hydroxo groups bound, sto4 golutions seem suitabie:
one should in the future also try higher concentrations than 1 M.

For future work it is imperative to search for water-proof equilibrium and
structure data. It should not be impossible to work at considerably higher tempera-
tures, say 7500, which would speed up the attainment of equilibrium, so that
equilibrium analysis could be applied to a large part of the system. Another
important task is trying to prepare crystalline phases containing some of the
species met with in the solutions, and to find the structure of these species by
X~-ray structure analysis.

By these two ways, equilibrium analysis and structure analysis, one may hope
to find with some certainty the formula of the complexes. Other methods, such as
studies of irreversible curves (for instance polarography) and spectra may give
good finger-prints for characterizing certain species but cannot be expected to
lead to a certain assignment.

The two species that give the best reversible potential in 1 M HZSO4 are
Ru2+("P1") and Ru3+("G2"). One should however try to study the behavior of Ru(III)
at various pH and also to find out whether some green solutions found in this
region - which have in this report been undiscriminatingly denoted as G2 - may
not contain other species.

Another well characterized solution is R,, which seems to contain (Ru(OH)B):+.
The existence of species with X = 3.5 seems well established: however, they may
have very different properties depending on the way of preparation,(Ti3* reduction
or electrolytic reduction of R1, addition of R1 to GE)' The relationship between
these species and the species found in B3’ B4, Y2 and Y3 would certainly be
interesting to know. It seems uncertain whether the deviations in X for these
other complexes, especially B3 and B4, may be connected with some peroxo complexing
or whether it is only a gradual shift in the ratio between different oxidation
s8tates of Ru,

Finally it should be noted that a state with X =~3.25 geems to be well defined.

It is our intention to pursue these studies further, even after the sponsor-

ship of USAF has terminated.
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