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AQUEOUS CHEMISTRY OF RUTHENIUM IN THE +é, +3, and +h OXIDATICN STATES:
SPECIES, SPECTRA, AND POTENTIALS
» : ' | Howard Hamilton Cady
Radiation Laboratory and
% ' v Department of Chemistry and Chemical Engineering

University of California, Berkeley, California

June 1957

ABSTRACT

A méthod for the identification of ions in solution has been developed
which utilizes the propertiés of ion exchange resin. It is poésiﬁle ﬁo
determine the charge on an ion in solutioﬁ agd its degree of polymerization.
The method was checked with known iohs and used to isolate and establish

3

the formulas of Ru'’, Rucl™, ana Rucl,”.

In this investigation the above ions were identified and the existence.
of uncomplexed Ru(II), and polymeric Ru(IV) were shoan In addition,
evidencé was found for intermediate oxidation-state compounds of ruthenium.
with oxidation states between +3 and +4, and between +i4 and +5.

Potentiometric titrations were carried out in order to measure the

electrode potentials of the various "uncomplexéd" ruthenium couples.

’

[

[
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I. INTRODUCTION

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

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

aqueous solution chemistry of the leer7dxidation states. The older

¥

literature is well summarized in Gmelinal More recently, Deford2 has

3

published a critical review of the chemistry of ruthenium; and Schloo
has compiled a bibliography on "Properties and Behavior of Ruthenium and
its Compounds and Complexes." |

With a few exceptions, almost all the quantitative work on ruthenium
has been analysis of solid compounds. Recently, Silverman and Levyu'and
Connick and Hurley5 have established the formulas, the oxidation potentials,

and spectra of the upper oxidation state ruthenium species existing in

basic solution. Wehner and Hindman,6’7v'WiISOn et al,,8-12_and Niedrach

3

and Tevebaughl have attempted similar investigations on the ﬁncomplexed

ruthenium species of lower oxidation state, in acidic solution.

,Since'the results of the work in acidic media show many peculiarities
such'aé evidence for species with intermediate oxidation statesgiand in
any event did not lead to the establishment of formulas'for the species
present; it was evidént that furthef research would]be necessary before
the system.cbuld be understood. | |

It'wag_initially hoﬁed that the uncdmplexed or aquo_éomplex ions
of ruthenium(III) and (IV) could be purified and identified, and. that
information on these ions and their reactions.éould,then be used as a
base to characterize ofher ruthenium species. It has been possible to

purify and identify the ions_Ru+5, RuCl++, and RuC12+. In addition, it
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has been shown that "uncomplexed" Ru(IV) is pelymeric, that there.ié'
probably a species in which the average oxidation state is about .2,
that there is énbther speéies with an avérage oxidatién étate between
.5 énd»§, that it ié‘possible to prepafe "uncompléxed".divalent ruthenium,

and'that trifluoroacetic:acid coﬁpléxes Ru(IiI) if tﬁe Ru(III) épécies-

is prepared by reduction of Ruoh in acidie trifluoroacetate solution.
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II. APPARATUS AND EQUIPMENT ..

All absorption spectra were measured on either a Cary Fecording

- Spectrophotometer Model 11 Serial h,_or a Beckman Model DU . Spectro-

photometer. The wavelength scales were checked against the emission
spectra from hydrogen and mercury discharge tubes, and the Fraunhofer

lines in the spectrum of the sun. The‘solutionvsamples were contained

in quartz absor@tion cells while the spectra were being measured. The

The ?bsorption spectrum of a material was obtained by running a_spectrum’

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

cell, measufing the absorption of a blank solution versus air. Sub-

tractibn of the two curves gave the absé:@hion of the mate;iél‘in
solution.

In the'expériments_in which it was desired to obtain spectral and

v potentiometric.data"simultaneously, or where it was necessary t¢‘work-in

an oxygen-free atmosphere,.avspecial qﬁartz cell waslused. This cell
,fitﬁed into tﬁe\Céry SpectroPhétometer and had a 1.09-cm 0ptical path_ih '
the light beam of the instrument. Above the optic pqrtion of the cell
was a regibn of larger volume where the solutions were nixed and the

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

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

Qf'oxygen-ffee nitrogen blown into the cell was sufficient to exclude
oxygen from the air.. A repreéentationvof the cell is shown in Fig. 1.

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

~windows was used for potentiometric titrations. The numbers indicate:

(1) entrance tube for purified and water saturated nitrogen
'(2) wire leads to the potentiometer -

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

(5) salt bridge | |

(6) ground glass 1ip and gasket where the 1lid is joiﬁed to the base

of the cell, and |

(7) the optical portion of the cell.:

' Either a Rubicon High Precision Type B potentiometer, or a Beckman
Model G pH mé;ef was used for the potential measurements. The pofentials
were measured against a saturated calomél_électrbde (s.c.e.).

The salt bfidges were of twb types,‘howeéer in both cases contact
was made by a solution flowing ﬁhrough a very small orifice. In one
case the orifice waé formed by standard tapér 5/20 ground glass joints,
in the other by almost plugging a cépillary tube with a tapered glass
roqo* The grognd giass junction allows faster flow‘of'soiut;ons thfough
it with the flow approaching 0.01 ml per hour. The flow'through'the
partly plugged capillary is prbbably'abouf 0.001 ml pef hour.

In titrations involving the addition of RuOh solutiqﬁ to another
solution it was necessary to use a graduated pipet instead of a burette.
A burette could not be used because Ruog would react with all the common
stopcock greases and it appears to be catalytiéally decomposed'by'the
ground glass in the stopcock. .A”Prcpipaﬁtéy* was used to control the
flow from the pipette and was as satiéfactory as a stopcock in that it

-

" was airtight.

* ‘ ‘ ) .
This type of Jjunction was developed by Robert H. Wood now at the University
of California (Berkeley).: ’

% ) : :
~ Instrumentation Associates, 17 West 60th Street, New York 23, N. Y.

TF

o
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Fig. 1.
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I
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~

MU-13199

Representation of cell used for spectrophotometric and

potentrometric titratrons
The numbers indicate:

entrance tube for, purified and water saturated, nitrogen,

wire leads to the potentimeter,:

graduated pipette, :

stirrer, and comb1nat10n bearing and plug of teflon,

salt bridge, '

ground glass lip and gasket Where the lid is joined to the
base of the cell, and

the optical portion of the cell.
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The continuous—control type potentiostat used to control the
electrode potentials in electrolytlc oxidation and reduction was similar
to that described by Wehner and Hlndman,6

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

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

The water used in all experiments was either normal distilled water
or conductivity water prepared by redlstlllatlon of" dlstllled water from |
alkaline permanganate solutlon. In neither case could any evidence for
the presenee of chloride ion by obtained by precipitation of'AgCl.i The
‘perchloric acid solutions were prepared by_diluting~G. F. Smith doublel
vacuum distilled_perchleric acid. The trifluoroacetic acid (hereafter
called HTFA) was obtained'from Minnesota Mining_and Manufacturing Co.,
and purified by fractional distillation. Solutibns.were made up by
dilution; and were.standardized by titration with standard carbenate-
free sodium hydroxide.

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

MacKay Company. It was analyzed spectrosc0p1cally for metals.' The

results are shown in Table I. . "

Table X

Spectroscopic Analysis of Ruthenium Chloride

Al < 0.01 % Mo < 0.00% Pt < 0.1%

Ca < 0.01 % Na -0.00% Rh < 0.05%
Fe  0.01 % ' 0s < 0.1 % - Ru ~ 100 %
Mg < 0.01% P4 < 0.1%

The ruthenium tetroxide solutions were prepared as follows. First

b3

~the, ruthenium chloride.wasvfumed with sulfuric acid to remove the

N

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

in dilute sulfuric acid. ThHe ruthenium tetroxide was distilled from this
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solution into a solution of trifluorcacetic or perchloric acid of known.
concentration. The concentration of the RuO4 in these acidic solutions

was determined spectrophotometrically by use of the molar extinction

p

coefficients determined by Connick and Hurley.  The molar extinction

coefflclents, €, used for most analyses were 6585‘= 930 and

€ = 2960, where é is the € measured at 585 m and SO on.

385

The ruthenlum concentration in acidic solutlons of the lower

310

oxidation states, could be determined from oxidation of the ruthenium
to'Ru,())1L by‘sOdium periodate or ammonium persulfate, followed by

1,11

spectrophotometric analysis for the ruthenium. In general; sodium per-
lodate oxidaéieu wae usea unless there was an undesirable side reaction
invoiving iodate or periodate. | |

| The reason for avo@ding persulfaée, where possible, was that it
requires heatihg the solutions to nearly boiling for seieral minutes,
which could lead to lose of RuO)1L bj volatilization.'

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

- gram of Na5H2106 to a sample contalned in a quartz absorptlon cell It
was assumed that thisiamount of.material would not appreciably change
the volume ofvthe solufion. Ruthenium aualysés by persulfete were done

in the same manner with about O. 06 gram of (NHM) Sometimes it was

22 8
necessary-to anelyze a small volume of a relatively concentrated solutionv
for ruthenium. In these cases tﬁe ruthenium solution uas diluted to a
known voiuue and oxidized before it uas‘added to the ebsorption cell.

‘A Quaiitativeltest fer the presence of Ru(IV) in a Ru(III) solution
was based on the reduction of the higher o%idafion sfetes of ruthenium

14,15,6

to Ru(III) by iodide ion. The procedure was to add sodium
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iodide to the ruthenium solution which was about 1 M in hydrogen ‘ion.
/ "

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

above gplution. Evidence of 12 in this .solution was considered to in-

dicate the presence of Ru(IV) in the initial ruthenium solution. Because
air oxidizes Ru(II)-to Ru(III), it was not necessary to test for Ru(II)
in solutions of Ru(III) exposed to the atmosphere°

Ferrous perchlorate solutlons were prepared by solution of G F.
Smith ferrous perchlorate in perchloric acido‘ The ferrous perchlorate
was essentially"free of chloride.ion as tested by silver ion. The.

chloride ion ooncentration'was about lO-h‘M in a 0.5 M. ferrous per-

" chlorate solution.

Ferrous triflnoroacetate solutions‘were prepared by dissolving
spectroscopic iron in a known excess of the acid. Silver nitrate gave
a negative test for chloride»iona"After filtration to remove carbon
and possible ferrie oxide, the ferrous solutions were standardized by
titration with:permanganate solutions. The primary standards for this
titration were sodium orldate and ersenious oxide. Ferric trifluoro-
acetate and perchlorate.solutions were prepared by adding hydrogen
peroxide to a ferrous solution and boiling. The ferric solutions were
standardized by reduction to ferrous in a Jones Reductor and‘titration
of the ferrous by permangansteoy |

A secondary gravimetric standard for iron was ferrous ammonium
sulfate hexahydrate that had been stored over a>saturated‘potass1um ‘

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

Dr° Charles Koch suggested th1s technlqne for holdlng constant the
degree of hydration of the ferrous ammonium sulfate.
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as compared with a calculated molecul;r weight of 392.1. This'equivalént
Qeight was checked over a period of 2 years and remained constant. |

Cupric solutioﬁs were prepared by dissolving cupric carbonate in
thelapprOPriate acid and filteriné to remove insoluble matter: The
solutions were standardized by titraéion using the ipdide and thio-

sulfate method.

| Stannous solﬁtions were prépared by passing an acidic . cupric
solution of known composition through,é column of granular tin. These
solutions were not standardized{?but werevassumed to have a final
stannous ion concentration equal to that of the initial cupric ion.

Solutiohs of mercuric ion were preparéd by dissolVing weighed
amounts of mercuric oxide in the desired acid and filtering out any
insbluble‘materiai.- Solutions of.mercuroué ion were prepared by

~ treating solutions of mercuric ion with mercury metal. -The réaction
was carried out at about'6OOC over a period of more than 2 days. The
mercuiqus ion was standérdizeq by titration with standard sodium chloride.
Bromphenol blué was used as the adsorption indicatoro}

.Sdlutions of titanous triflucroacetate were prépared by dissolving
pure titanium metal in HTFA that.contained enough sulfﬁric acid to
initiate the ieaction between hydrogen ion and the metal. The reaction
was initiated by placing .3 or hfdrops of concentrated.sulfuric acid
idirectly on the titanium metal whilé‘it'was in the HTFA soi@tion,' Thé
solutions were protected from air to prevent the'oxidationiof titanous
ion to titanic. Suidfate ion was removed from solution by aadition'of
a slight excess of.barium»trifluoroaCetate'foilowed by centrifugation
to remove the resulting bariumrsulfateo

| l>As titanous lon reacts with perchlorate ioﬁ at a finité rate it

was not possible to prepare titanous perchlorate solutions by;exactly
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the same method. The procedure used was to dissolve titanium"mefal in a
slight excess of sulfuric acid, cool the solution to OOC, and precipitate
the sulfate by addition of a slight excess of a cold 5arium perchlorate
solution. 'The‘solutions were”Centrifugéd to-remove the barium sulféte

aﬁd kept at OOC to slow the reaction between perchloraté and titanous

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

an aliquot of the titanous solution to an acidic ceric solution and
titrating the excess ceric with ferrous ion.

Decomposition'ofrrecrystallized NH4V03 by heating it in a muffle

furnace to 9OOOC was»ﬁhe method used to prepare pure V205e This V205

was dissolved in perchloric acid and reacted with sulfur dioxide or

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

of an ion exchange column. The vanadyl ion was adsorbed on Dowex 50W
x 12 ion exchange resin in a column. After the column was washed with:

dilute perchloric aéid to remove undesirable anions the column wés

“eluted with 4 M perchloéric acid and the purified vanadyl perchlorate

collected. Vanadyl solutions were standardized by titraﬁion with a
standard permanganate sdlutiénc Vanadous solutions were preparéd from
vanadyl by use of a Jones.Reducﬁor° Vanadic-solﬁtions weré prepared
by air 6xidation of the vanadous solutions. The spectra of these ions
agreed reasonaﬁly well with those obtained by King and Garner,17 wifh
the exception that the e€'s for v were_loker in our solutions. A
ploﬁ of the spectrum of vanadous petchlorate is shown in Figo 2.
Solutions of dichromate in perchloric acid were prepared by dissolving ‘
weighed sodium dichromate. The standardization ofvthesé solutions was

checked by'titration with standard ferrous solutions, with diphenylamine
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 Fig. 2. Spectrum of vanadons perchlorate in 0.6 MHC10,,.
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sulfonate as the indicator. Standard chromate solutions were prepared
by dissolving a known weight of sodium dichromate in basic solution.
Ckromic solutions were prepared by hydrogen peroxide reduction of di-
chromate, or solution of chromic nitrate. Chromic ion was standardized
by peroxydisulfate oxidation to dichromate and analysis elther by
titration with standard ferrous, or spectrophotometfically as chromate
ion. The molar extinction coefficient of chromate ion was determined

5

as 4.8 x 10”7 at 373 mp. Chromous solutions were prepared by reduction
6f sodium dichromate or chromic perchloratevsolutions by zinc amalgam.
The ceric perchlorate used in titrations was obtained'from G. F.

Smith as a solution of 0.5 M ceric in 6 M perchloric acid. This solution

was standardized by titration with a standard ferrous solutidn;"Cefous

'perchloréte was prepared from redrystallized G. F. Smith primary

A

standard ammonium hexanitrato cerate. The preparation procedure was

to dissolve this ceric salt in dilute hydrcchloric acid solution, and

to boil this solufion until the ceric was reduced to cerous chloride
and theré were no ammonium or nitrate ions reméining in solution. Then
the solution was fumed Qith perchloric acid to remove the chloride ion
as HCI1. The cerous solutions were analyzed by oxidation to ceric by
peroxydisulfate, andvtitratéa with standard ferrous solution.

Calcium, magnesium, ana barium solutions were prepared by solution
in peréhloric acid of the oxide, hydroxide, or carbonate, whichever was
obtainaﬁle in the'purest form. The concentration of the célcium waé
determined roughly by hydroxide titration of the acid before and after
solution of the basic célcium salt. .The difference in the hydrogen ion

concentrations was assumed to be twice the calcium ion concentration.
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The magpesium was standardized by titrationvwith standard sodium hydroxide
with a glass eleétrodé as the indiéator; lTVOlbreaks.occurred in the
titration: one for hydrogen ion; the secqﬁd after the formation of
magnesium hydroxide° The barium solutipﬁs were roughly standardized
by titration with standérd sulfateg

Thefh&drogen peroxidg used was obtained as a:BO% solution of
hydrogen ﬁeroxide4with no presefvatives added. The source of sodium

periodate was_Na H2IO6 from the'FiShgr Scientific Company, and the

5
ammonium persulfate (pQﬁoxydisulfate) Qas a Baker's Analyzed reagent.

. The ion—exchange resins used were obtained from the Bib—Rad
ﬂaboratoriés asg analytical-grade resinn These resins‘had been’procesged
from Dowex-50W and‘Dow;x-l ion exchange resins. The resins used were
. bowex-SOﬁ x 8, Dowex—SOW'x 12, Dowex-1 x 2, and Dowex-1l x‘lO in 200 to
hOO-mesh'particlg size. Dowex-50W x 12 colloidal resin Qas also uged{

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

. noticed. They were not analyzed spectroscopically, however.
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IV. DIVALENT RUTHENIUM
The divalent state of_rutheniup is wéll knowﬁ in both-sqlid_compounds
and-soiutione Ail the materials that had been préviously prepared had oné
éharéctefistic in common:v the ruthenium was complexed. It was hopéd
that an uncomplexed ruthenium (II) or in reality an aquo_cdmplex of
ruthenium (11) could be prepared sé thét it could be used tO'establisﬁ

+5

+ -
the Ru_2 = Ru + e potential.
Two methods of preparing divalent ruthenium in "noncomplexing" media

were attempted. These methodé were electrolytic reduction and direct

“chemical reduction. The solvents used in the’preparaﬁioﬁ”Wéfé"pérChloric

J:éCQd and trifluorcacetic acid. Perchloric acid has the aiéédVénfage that

it reacts with the lower oxidatioh states of ruthenium. The reaction with

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

'Trifluoroacetic'acid does not have this disadvantage of rééctibn,»but it

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

ruthenium.(III) is prepared by reduction of RuOh in HTFA. It'wéé feared
\ . .

that complexing in‘the divalent state might éccﬁr; however'thié'ﬁas not

- demonstrated.

A. Electrolytic Reduction as a Preparative Method

Electrolytic reduction of RuOu iﬁvperchloric acid was not attempted.

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

6,7

in this medium indicated that éttempts to prepare Ru(II) by reduction

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

15

'

An attempt was made to prepare Ru(II) in HTFA by electrolytic

reduction. Both Ru0) and chemically prepared Ru(III) were used as

\
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starting materials. In neither case was there any indication of the
formation of the divalent species. In 1 M HTFA the reduction of Ru(III)

appeared to proceed:directly to the metal.

B. Chemical éeduction and the Chemistry of Ru(II)
Chemical reduction of RuOh to Ru(II) by ionic reduéing agents in
aqueous so;utioh was atteﬁpted in the hope that Ru(II) could be prepared

3

~if there wés no reactive surface upon whiqh the ruthenium metal could
qurm. |

In HTFA Rpou reacted with titanous ion to give a product in which
the ruthenium had an Qxidation'state of +2. A solution of ~ 2.5 x 10'3 M

RuO, in 1 M HTFA was added to a solution of 0.022 M Ti+5 in 1 M'HTEA, The

N

spectrum of Ru(II) obtained by this method is shown in Fig. 3, Curve 1.
. Oxygen from the air reacts with both Ru(II) and Ti+5 in HTFA at a

rate which would interfere with the stoichiometry of the Ruol‘L reduction,

if no steps were taken to exclude this oxygen. This reaction with oxygen

3

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

solution of Ti-+5 exposed to fhe air was oxidized in a few hours, while
it -tock ébout a day to oxidize Ru(II) under the saﬁe conditiop's° Air
was not completely eliminated from the reaction vessel during the
preparation of.RQ(II) but was considerably degreaséd in_poncentration by
. sweeping the system with nitrogeh,

3

The reaction of RuOu with Ti+ is rapid'and appears to go to completion.

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

The completeness of the reduction is shown by the fact that different Ruou

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

+5.

same €'s for Ru(II) as long as there is an appreciable amount of Ti

present.
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| Gther evidence supporting the assumﬁtion that Rukilj‘ie.£Hef§roduct
is that the titratlon of Ti *3 Gitn Ruoh in ﬁTFA showed at ﬁosglak6.6
electron reduction of the ruthenium to the product called Ru(II) There
is an epparent 1.0-electron oxidation of this product,to Ru(III) and an
apparent 1.2-electron oxidation of Ru(III) to Ru(I‘V).# If any of the
titanous ion was oxlidized by oxygen the first end point would appear to
dndicete that the rutheniuﬁ feduetion had progfessed,fdrther than it
actuelly had. The assumption of a six electron reduction of the RuOh

+
would require that 9% of the Ti 3 had been oxidized by oxygen of the
air over a period of 4 hours -- a not unreasonable assumption.

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

ruthenlum were observed spectrophotometrlcally (Fig. 9) and potentlo-

_metrlcally (Fig. 12) The abeissas of these flgures have been

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

for the presumed 9% oxygen oxidation.

In perchloric acid the reduction was not so straightforward as in

_HTFA. A complicating factor was that HC10) reacted with Ru(II), or else

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

of HCth,

Another complicationvwas a direct result of the first. The

eventual reduction product of HClOLL is chlofide ion and this ion could
have led to the formatlon of ruthenium (II) chlorides. The color of

_a solutlon of Ru(II) in HCl is blueolu This finding does not necessarily

prove that the yellow1sh brown spe01es formed by Ti *+3 reduction is not -a

lower chloride. Better ev1dence that the spec1es formed 1s "uncomplexed”

M L S
See section on tetravalent state for expldnatlon of oxidation from Ru(III)
to Ru(4.2). .

*¥% = ‘
The potentiometric behavior of this titration is discussed in the section
on potentials.
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Ru(II) is that air oxidetion of this yellow-brown species yields a colore
‘less ion w1th no evidence for the formation of the ion RuCl E or any
other known ruthenlum.chlorlde specieso. | |

Three reducing agents were used in attempts to form Ru(II) in per-
chlcric‘a'cid° These were Ti 3, v , and Cr 2° It was necessary to ex-
clude oxygen from thevreaction vessel during thevreductious.v None of
the seductions'was quantitative, and only'qualitative observations are
possieie° ) o | |

The reductlon of RuOh By Ti+5 in ﬁerchloric acid is similar to the
reductlon in HTEA in that it is fast, ylelds a product with a peak at

38% mu, and has approx1mately the same € however, the species -

383
or probortions of sPecies in HCth‘are not exactly the'same as those in
HTEA because of the spectral differences at other wavelengthso See
Flg 5, Curve 2 for thls spectrum. N
Reduction of ‘RuO)1L with vanadous ion as the reducihg agenc &ielded

a product that resembled the one obtained by Ti_+3

reduction iu per-
chicric acid. A speccrum of the Ru(II) obtained in this v'* reduction
.of Rudu is shown in Fig. 3, Curve 5. (Note that the scale for .e'

is dlfferent than for the other curves.)

Observations of the reaction uith V. showed that the f{ubu was
reduced sajidly, but the Ru(II) species was formed slowly; The rate -
of formation of Ru(II) was dependent upon the'concentfaticn‘of vanadous
perchlcrate, as was shown by the.cﬁange in rate with'chanée iu vanadous
ion ccucenfration° Th@s_species‘might be a chloride complex of Ru(II);

since chloride is being formed in the reaction ofrV++ with perchloric

acid. The concentration of the Ru(II) species was increasing slowly
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during the wholé of this experiment at the expense of some other color-
less ruﬁhenium species. This meant.that the épparenf € was rising
throughout the experiment. The speétrumArepérted in Fig. 3, Curve 3
1s the highest'obfained, but not as high és that which would have been
obtained at a»later‘timeo |

The rapid reduction of RuOh by Crf2 in HClOl+ yielded an entirely
different species than the ‘]Z'i"‘-5 or V++_reductionsa Suggestioﬁs of
possible species formed could be chromium—ruthenium complexes with
oxide, hydroxide, or chloridé bridges, Ru(III) instead 6f Ru(II); or
possibly a Ru(I) épeciééa None of these choices is farticularly,
attractive, although the first‘can bé ratiOnalizeq more eésily than
the others. A'Cr-OQRu bond éystéﬁ could be kinetically stable because
complexes of both Cr(III) and Bu(III)Jaré slow to disproportionate once
form.ed° The Bond éysﬁem‘could’be fqrmed during the reduction if an
~'oxjgen atoﬁ reactéd as alchargeatranéfer agent. An approximate spectrum

of this speéieé obtained by Cr++ reduction appears in Fig. 5, Curve 4,
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V. TRIVALENT RUTHENIUM

A considerable”hﬁmbér éf solid compéunds of three-valent ruthenium
have been prepexredvol"2 Ih all the compouhdé that have been well
charaéterized the rutheﬁium Behaves as though it were present in the
form of a complex ion. Likéwise, almpst all the obéefvations Qﬁ,the
propertieé of Ru(III) in solution afe ébservétions 6h the behavior of
complex ions.

Until recently the majority of the reports on ‘the aqueous.chemistry
of this oxidation state consisted of reports on the changes of color
.observed when_different ruthenium species were oxidized orlr.edu_cedo
The oxidation state of the ruthenium was not defihitely known for many' 
bof the solutions thét were assumed to contaiﬁ_Ru(III)a Later invésti-l
gations have shown that often this aséumption was in.error°9

In the more recent investigations there haﬁe been attempts'to
determiﬁe exactly what changes were taking place in a\ruthenium species

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

6,7,13

or complexes of Ru(III) and to determine what complexes are

present when some of the characterized ruthenium compounds are

8,9,10 Most of the conclusions from these investigations

~dissolved.
have been ambiguous to some degree, especially those concerning the
uncomplexed or aguo complex éf Ru(III).

It seemed desirable to purify and identify some of the ions of
Ru(III), particularlthhe aquo complex and the siﬁple?rchlor;§e7>_
complexes. These ions could then be used as known starting materials
in the stud&'of the chemistry of three-valent _ruthéniumo

The properties of the futheniuﬁ-system meke it impractical to

purify and identify the species of in@erest by the conventional methods
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of‘crystallization; aneiysis,vand freezing point depreesion° In order
to derermine the formulas of_the ruthenium species in solution, a
method wes devised-that gave the oxidation'state of the ruthenium, the
net charge per ruthenium atom in the species, the gross charge per
species in solutlon, anc fhe number of anions, if any, bonded to the
ruthenium atom. It was necessary to know both the net charge per

atom and the gross charge per species in order to tell if the ruthenium
was polymerrzed, as it 1s in Ru(IV) solutlonso As an example, the
'hypothetlcal complex 1on Ru Cl +h would have a cherge of +4 per species
“and +2 per ruthenlum atom,_ '

| The Ru(III) ions that have been isolated and identified are Ru 5,.

RuCl ,, and probably RuCl

A. Experimental Method

In essence; the clessicel nethod for determinatiOn.of species by
analysis and freezing point lowering yields information as to the
chemicai composition and the degree of dissociation of the epecies;
This information is used to infer the charge on the species in solution
and its chemical formula. Other phenomena that depend upon the charge
of an ion couldvbe utilized'to-get'the same information. One of these
phenomena is the equilibration that occurs between a pair of ions in
soiution and fhe sane ions in an ion exchange resin. This‘equilibration
phenomenon was the one used to determine the‘charge per sPecies.

1. Charge per Species

For a cationic resin such as Dowex-50, it is possible to derive
“the expressions used in the calculation of the charge per species as

follows. Given a general reaction
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”l%m15%f5%m?n%f)" ' y.‘ 0

where A is the species of interest, H+ is a hydrogen ioh, n is thevcharge
of species A and the number of hydrogen ions that exchange with it, and
S and R stand for solution and resin, respect;vely, The equilibrium for

~ this reaction can be expressed as

"] [a] =
[Asﬁl} [HR»,} n

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

This éxpression can be-approximated by

(g™ (g )"

(ag ™) (1, ")"
where‘(Aéfﬁ) and (HS+) are the concentration of A'™ and H' in moles per
litefzof solution, and_(AR+n) and (HR+) are the concentration,oflA+n and
H+'in moles per 1000 grams of air-dried, ion-exchange resin. .

In érder‘ﬁo determine n, the chafge per species, it is necessary
'to have the data from‘two_equilibrations, at different conditions. The
ex?ression for the-equiiibration between the ions‘iﬁ‘solutibn and the
ions in the fesin then bécomes | |

(™ EDT g, |

— -K' = — — ., (L)
g™, (T ARG

ne
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where 1 and 2 stand for the first and second equilibration respectively.
It is posdible to solve for n when all the concentrations are known.
2, Practical Considerations in Determining the Charge per Species

Fao-

One of the practical considerations, whlch 51mp11f1es the experlmental

.procedure and calculatlons, is that it is not necessary to analyze the
resin phase for all its constituents. It is possible to calculate the
composition of the resin if the capacity; in equivalents of charge per
1000 grams resin, is known, and if the concentration of ell but one of .
the ions absorbed by the resin is known. If there are only two cations
in a system it is possible to determine'the change in composition of the

resin phase from differences obtained by aﬁalysis of the solution phase ;

. ....oefore: and after equilibration with the resin.

Since K of Eqg. (3)_is a function of the composition of’thevresin,
it is desifable to keep the composition_of the resin phase nearly constant
in the two equilibration experiments. K 1is a function of composition of
the fesin, because the activity coefficient of an ion in the resin phase

is'a function of the composition of the resin. Since this function is

" “not known, it is not possible to calculate activity coefficient corrections.

2’The composition of the resin can be held nearly constant, which eliminetes
the need of activity corrections, by having a large excess of resin capacity
‘available with respect to the capac1ty required by A ,}and by arranging
conditions in solution so that almost all of spec1es A % will be absorbed
by the resin. This makes (gR ) > (AR & andmeans(AR ) does not
change appreciably from one equ;llbratlon to another.

If the above condition: of (HR+) >§»(AR+H) is mef for both

equilibrations,- then the value of -~ n  that is determined for A'D in
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solution is uneffected by changes in the degree 'of hydrolysis of species
A between the,aqueoué and resin phasééo This may be seen from the
folloWing equation, which allows for a change in the hydrolysis of A:

\

P 2 ¢! . + A +n-x . +
Ag {n-x) HK + xH0 —‘A(‘.OH) + nHg

[acom, ] [Hs+] n

K' = S » ' (5)

TR R

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

form as‘Eq; (2), and n is still the charge on the aqueoué species.
If the degree of complexing of the ruthenium éhanges betwéen‘the
aqueous and resin phases;, then the calculation of n will be in error.
and ‘will be in érror“by‘one unit for each unit of change in the degree
- of complex formation. vFor futheniﬁm the author believés that such a
change in theicomplexes between thé‘aqﬁeoﬁs and fesin phases is ﬁnlikely
because of thé slowness of the equiliﬁration between the ruthenium
.compiexeso Changeé'in.the.degree of polymerizétion of the ruthenium
species between ﬁhe aqueoﬁé aﬁa resin phases would als; affect_the
-calculation of n. This effect can be detected and correcfed.for ifv

the species is equilibrated threg\times with different As+nf

AR+n ratios,
and the value pf HRf is maintaiped approximately conétante |

A fourth consideration is that.the_method_does not need to be very
_precise. since it is only‘necessary to determine n wifhin one whole,uhit,
That is, ions of fractional charge are unknown. It is thiébfinal

consideration which makes it practical to use concentrations instead of

activities{



5. Charge per Atom

The net charge per ruthenium atom in the complex qanvaiéé be detérmined
with the aid of ion exchaﬁge resin. The method used for this determination
is to exchaﬁge the.ruthenium species, which is absofbed én the resin, for
an ion of known charge from a solution of known concentration. . Because
there»ié,a charge Ealance in the solution Before énd after replacement
of the ruthenium species, it is possible to calculate thelcharge.per
futhenium atom in the speciés, as soon as the ruthenium concentration
in gram atoms per liter is knowh-for the final solution. For example,
u'and 0.06 M,Ce(ClOu)g exchanges with

if a solution which is 0.10 M HC1O
a resin containing &an ion of ﬁnknown charge and this final solution is

+0.12 M'in HClOLL and 0.08 gram atoms per liter in A, then the charge per

0.10 + 3 x 0.06 - 0.12
0.08

"+ As long as the hydrogen ion concentration, as well as A, is measured,

= 26

“gtom of A is

: the-charge\per'atom in solution will bé'determined'correétly'even though
‘the -degree of hydrolysis or polymerization of the ruthenium species

- changes between the aqueous and resin phases. As can réédilyibe seen

- from'Eq. (5), for a species of charge n in éolution, n- hydrdgen

\ions are exchanged; fegérdléss of the hydrolysis or the ‘résin. - A change
in the degree of complex formation will affect the calculations. Again

this is considered unlikely, because of* the slowness of the ‘reaction

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

B. ~ Experimental Procedure '

1. Preparation of Ruthenium (III) Species -
Several techniques for the preparation of the rutheniym species
_Were attemptedo These methods_includéd:

(a) Replacement of the chloride in K2 RuCl_ - H20‘by metathesis

>
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with anhydrous HTFA.

(_b)'* Electrolytic reduction of RuoLL in ;{fbﬁ'A and ﬁciol;_,"

(e)» Chemical reduction of Ruoh ianTEA and’HClQu;

In the first method it wee hoped that the chloride-would dissociatev
from the'rutheﬁium and'be”converted to BCl, which could then be removed
from the anhydrous HTFA by volatilization. . This'method wes unsetis-
factory because either K2 RuCl5 ° H20 is too.insoluble in anhydreus
HTFA or if soluble it does notvdissociafe readily to yield chloride ions.

Method (b) was also unsatisfactory because there is considerable

doubt as to the products formed and because there is danger ofvforming

chloride ion as a by-product when perchloric acid is used as a solvent

6,7

!

used this method and prepared

+5

.a ruthenium (III)»species which is not Ru

for the ruﬁheniumf wehner and Hindman
, Rucl™, or .Ru'012+ nor does
it.appear to be a higher chloride complex. The most obyious remaining
cheice is pely@erized Ru(III). This is acceptable because it is known
| that Ru(IV) in solution is polymerized and because Ru(III) complexes are
siow to come:to equilibrium with their environmentQ Therefore it is.
likely that Ru(III) formed by reduction of Ru(IV) would remain polymerlzed
and be held together in the same manner as. Ru(IV)
The third method proved the most satisfactory. VIn_HTEA many
reagents reduce RuOu to Bg(III)o »The most_étfracti?e of these}reducing
agents was mercurous ion, because mercﬁrous ion and its-peoduct ﬁercurie .
ion can be removed from thevRu(IIi)reelution by eleétrolysis;
'Othef-satisfactory reducing egents<are-Fe 5 Sn ~and Ti : ions,
and some metalso' If RuOh is in excess durlng the reaction with 8 redu01ng

_agent Ru(IV) is formed, whlch is very difficult to reduce further at an

appre01able rate, unless the reducing agent is very powerful. Among the
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reducing agents that reduce_Ru(IV) in HTFA at a reasonable rate are
metallic tin and titanous ion.

Even when:RuOh is not in excess.it has been found that the Ru(III)
solution formed during reduction is composed of several species. In
reduction in the presence of chloride ion at least 8 different
ruthenium species were formed. Three were Ru+5, RuCl++, and RuClE*,
‘the fest have not been idéntified, bﬁt two of them at least are known
- to be Ru(IV) species.

It was eétablished that Ru(III) is complexed by HTﬁA Qheq RuOl\L is
chemically reduced in HTFA. When this.fact was discovered further work
in HTFA was discontinued because of the desire to prepare uﬁcomplexed
’ Ru(III). _These complexes with HTFA do not appear to form under all
conditions; ‘Rehn and Wilson8’9’lo‘have.diséolved K2Ru015 * H,0 in
dilute HTEA and found ﬁo evidence for complex formation. It may be
that in the present work the HTFA became attached to the ruthenium
A during the reduction step. |

In-HCth satisfactory reducing agénts were more difficult to find.
The reduction must be fast'and eésentially complete, and‘must not
yield by-products that are likely to interfere with the chargevdeter-
mination expe_rix_nentso Stannous perchlorate proved the most safis-
factory from th¢ standpoint of ease of preparation and completeness

of reaction.- Incompleteness of reaction eliminated Fett and Hg2++.

3

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

of perchloric acid by‘Ti+5

and V++ eliminated the latter two reducing
agents. Slowness of reaction eliminate§ the metallic reducing agents.

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

In practice it was hecessary to add Ru.())‘L slowly<to a-cold, :rapidly
stirred solution'of'stannous ion in perchloric acid. .This technique
prevents excessive formation of Ru(IV). The stock solution of Ru(III)
was oxidized By-HClOu-within a day unlgss‘this solution was stored in a
réfrigerator at about OOC° Under these conditions it would last as

long as one week.

3

occurred when the stannous

3

Satisfactory reaction yielding Rﬁ+
ion was between 0.01 and Oai M; the RuO)+ was aBout‘B X lO- M and the
peréhloric acid was abOut-Oo;_go The RuOl+ solution could be added
‘until the préparation Jjust began to show signs of Ru(IV)rformation
-ralthough an exceés_(lo to 50%) of stannous was usually added to 
| eliminate Ru(lv) and to stabilize the Ru(III) with respect to oxidation
by perchloric acid or oxygeh, i

| To prepare the chlorides RuCl++ and Ru012+, HC1l was added to the
stannous solution before the reduction reaction so that it was initially

about 0.1 M,in»HCl, and about 0.05 M in HC1 after the reduction.

2. Purification of Species

The ruthenium species werewpurified on aﬁ ion-exchange column at
the same time as the net charge per futhenium atom was determined.
The stock solution containing fhevRu(III) species and all other products
.of this reduction feaction was stirred with enough ion-exchange resin to
élmost fill a column. It was necessary to stir the resin-ruthenium
'so;ﬁtion for several hours-in‘order.to‘get the ruthenium into the resin
phase. This was neceésary because the ruthenium would not go ontorthe
resin from this solution rapidly enough so that the solution could be
.added to the toé of a column. On the otﬂer hand, the ruthenium

equilibrated rapidly after this first absorption. After this stirring
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the resin- was separated from the solution and placed ln the golumn
over an amount of thé resin in the hydrogen ion form that corresponded
to about 3%'of'the resin stirred.

The foregoing-evidence of slow egpilibration, combined with the
. fact that the ruthenium that passed through thé ion-exchange columns
without absorbtion is always associated with colloidal stanhic oxide
“{which also goes onto the resln slowly), can be explained if one assumes
" “that the ruthenium is trapped in a colloidal parficle of sfannic oxide.
: This’éolloidal particle appeared to break- up slowly in the preéence of
QOO'to_hOO-mesh resin particles, or rapidly in the presence of colloidal
Dowex;SOo |

A solution of known hyarogen ion and cerous ion concentration was
then used to elute the ruthepium from the resin. Cerous ion was heldvvr
‘50 stfdngly by -the Dowex-50 ion exghange reéin used in the column that
it quantitatively displaced the Ru(III) cations. As cerous ion;was
added to a column it displaced ﬁhese cations into lower regions of th¢
column, énd is said to "push" them. |

As the cations were béing pushedvthey separéted from one another.
The most tightl# held ion being pushed formed a compact band of a pure
species on the‘resip Just ahead of the cerous ion. Other bands of ions
formed in the column with the most loosely held ion furthermost from the
cerous band Since the cerous solutioﬁ‘also contained hydrogen ion and
the column was originally in the H' form, it was possiblé for a very
lbosely held ion to beveluted by the hydrogen ion and never form a

compact band that was pushed.
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"Sa¢ples were collected as the bands were pushed out of'the column.
The uﬁ épectra of thesé‘saﬁplés ﬁere‘meaéured oﬁ a>Cary'recording
specfrdjhdtometer; and a'sample was considered to é§ntaih a pure species
when the épectra of the two adjacent'samples were“identical with that |
_iof thé given saﬁple. THeAspectra Qf\fhe pﬁré sﬁecies‘Ru+5,ARﬁCl++; and
RuC12+'are given in Fig° 4. This methoa df.purifiéafibn héd the o
advantage that the species are concentrated and purified at the same
tine. |

There were two techniques ?hat helped in the,separation of pure
species. The first was.to vibrate the cqlﬁmgiduringffhe eiutiono:_This
kepﬁ the resin tightly packed and prevented sefious_channelinge The
‘second was t; taper the coluﬁn‘so thaf it was iargef ét the toputhan
at the bottom. This permitfed the additiqn to the qolumn of a large
amount of the species"to be separated, and retained the advantage of
a narrow column in that the bands éccupied a largekvértical diStancé
wheﬁ they wére being eluted from the column. -

s

3. Determination of the Charge per Ruthenium Atom

The principle of charge balance between the elutriant and eluagt
solutiqns df the ion-exchange column was'usgaito détermine tﬂe net
charge per ruthenium atom in the complex. The'elutriant solution was
analyzed for-cerous‘and hydrogen ions, and the eluant solution for.
ruthenium, _Hydrogen, tin, and cerous ions. The eluant did not contain
detectable amounts of cerium or tin in the samples used for calculation,
 except in one case where a small amountﬁbf cerous ion was presénf,
;The charge per rutheniUm.atoﬁ'was calculated based on the aSsﬁmptioh

of a charge of +3 per cerous ion, a charge of +1 per hydrogén ion, and
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. on thezassignmeﬁt ofﬁail:£he“cﬁargé'heceséafjlto:balagcehthe‘éhargg'
’ :between the elufriant.énd £he éluan£ sqlutiohé“to tﬁé f;fﬁéniumA |
species. Thé resuits“§f thé experiments'qn the.chafge pér fufhenium
atom are ghownvin Table II; Thé ion-éxchangé resins used”were‘DOWex-

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

Table II

‘ 3 Charge per ruthenium(III) atom in solution

Elution Elutriant composition Eluant solution compbsition Charge
| (M) - - , (M) , per
Number Ce+3 H+ : o HY cet? Ru - Ru atom
Speciés Ru.+3
IV-76-5 0.0420 0.040%.002 0.040+0.002 0.000 0.0436 2.89z%.05
IV-76w6 - 0.0420 - 0.040+.002 -~ 0.040+0.002 0.000 0.0448 2.81+.05
V-50-2 ;9.0672 0.113£.005 '0.120+0.005 0.000 0.0664 2.92%.1 "
V-50-4 0.0672 0.113+.005 0.120+0.005 0.000 0.0670 2.90%x.1
V-50-6 0.0672 0.113%.005 0.120+£.005.  0.000 0.0666 2.91%.1
‘ _ Species4RuC1++

V.22-2 0.0420 0.106 0.148 . 0.000. 0.0430 1.95%.1
v-.22-3 0.0420 fQ.lQé 0.142 © 0.000 0.0484 1.86%.1
V-22-4 0.0420 0.106 - ‘ 0 0.138 0.000  0.0480 1.96%.1
V-22-5 0.0420 0.106 -0 . -0.138 ©0.000 0.0486 1.93%.1
V-22-6 0.0420 0.106 1 0.144 - 0.000 0.0480 1.83x%.1

The results are consistent with a charge of +3 per ruthenium atom

in the first species-and +2. per..ruthenium -atom in the second.
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The eluant solution of elutions IV-76-5 and IV-76-6 actually
~ contained more than a single ruthénium species. The'unidentified
species adhered to the.resin with a greater force than Ru+3, however
ﬁhe low vélues of charge per ruﬁhenium atom indicate that this species
has a charge less than +3 per ruthenium atom. . From spéctral ﬁeasure-
ments it was possible to show-ﬁhat at least T0% 5f ﬁhe ruthenium in
Exferiment IV-76-5 was -Ru+5 ané at least 53% of that in Experiment
IV-76-6 was Ru+5°

The method for determining the charge per atom Qasvchecked-'
with the known ions cupric and chromico A sample of Dowex-50 x 12,
200 to 400 mesh in the cupric form was eqﬁilibrated with a solution
contéining chromic ions. 'The initial and final solutions were analyzed

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

are shown in Table III.

Table II1II

Charge per chromic ion in solution

Experiment Initial Soclution Final Solution Charge per Cr+5
(M) (M) "
Number et T e’ cr’? Tcu'® . atom calculated

"IV-33 . 0.1045 0.000 - 0.027 0.116 .07

The value of 3.07 for charge per atom checké very well with the actual

charge of 5.00{

4. . Charge per Ru Speciés :

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

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

shown in Table IV.

Table IV

7

PhysicaL'constants of air-dried Dowex-SO_ion-exchange_resin

~ in the hydrogen ion form .

Dowex-50 x 12 Dowex-50 x 12 ~Dowex-50W x 8
' 200 to 400 mesh  Colloidal 200 to 400 mesh

Capacity : _ S _ : o
(equivalents/kg) 3.52 3,42 _ 3.86

Wt. resin per ml |

column volume 0.555 g _ 0.389 -

¢ Void volume per : - ' o
ml of column volume 0.472 0.655 -

Density of resin 1.18 - -

In order to soive Eq. (4) for the charge per species in the following
quantities were measured for each equilibration: total A present in gram
“atoms, IA; ‘initial hydrogen ion concentration, in moles,per‘liter,'before

equilibration, (HS+) total volume of solution preéent in ml, V;

/initial’
weight of air—driéd ion-exchange resin in grams, W; and the gram atoms of
A per liter of'solﬁtion after equilibration, (Asfn). It was also necessary
to know the capacity (C).of the air-dried resin'in'equivalénts of chargg
per 1000 érams of resin.

From these measurements it is possible to derive the degired values

as follows:
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~ measured

‘ m = (As+n) V

N

W

@ =0 - n ™

. n (AR+n) W

'(H e
initial Ly

S

~
f=s]
on
+
A
L]

The quantities (A +n) and (AR+?) can b€ expressed in gram atoms

S
instead of moles because the units cancel in the calculation. - The
value of (HR+), however, depends on the ﬁdles of species A in the resin,
and therefore a knowledge of the degree of polymerization is'required.
Because (AR+n)'would always be chosen to be small with respect to (HR+),
thé value of (HR+) actually would not be changed appreciably by the
degree of polymerization. Because the value of n  determines the
concentration of H' as well as the power to which it is taken, ‘n must.
be determined by successive approximations.

In order to test tﬁe method, the charge per species‘of Cr(III) in a
solution of chromic nitrate was determined by thié batch-equilibrafion
method. The results are presented in_Table V.,_The experimental
conditions employed were not ideal; there were two major.faultgo First,
only a small ffaction of the chromic.ion_went iﬁto fhe‘resin during the
?first equilibration in 1 M perchloric acid. This léd to a'large error
in the détermination of the chromic ion concentration on the resin .-
estimated at 15% error. The second fault was that after the second

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

form. This is bad because little is known about ionic/activities in
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the resin phase, except that the activity coefficient of an ion is a
function of the composition of the resin. This means that a "concentrafion"
equilibrium constantychanges witﬁ changing resin compdsition° When these
two difficulties are taken iﬁto account the célculated charge of 3.16

per chromic ion can be considered to be Qithin satisfacfory‘agreement

with ﬁhe known value of 3.

Table V : N

Charge per chromic ion in solution

Dowex-50W x 12, 200 to 400 mesh

Equilib- Total Cr'™ Initial V W Total capacity  (Cr.'™) Calc.
ration _ . HS+ : , (milliequivalents final
Number (mg-atoms) (M) (m1) (g) of charge) _ (M) n
Iv-38-1 0.131 1.00 100  0.1501 0.529 © 1.125x
| - 107
| | _ } 5.16
Iv-38-2 - 0,131 . 0.100 1000 0.1477 0.520 ©3,52x%
o , A 10 ‘ u

"The determination of the chargé per ruthénium species can be consistent
with ‘the charge per ruthenium atom oﬁly.if the'chargé pér species is an
integral multiplé of tﬂéfcharge per ruthenium atom. _This integer is the
number of ruthenium atoms in the species.

The results of the determination of the charge per species of ruthenium
are summarized in Téble VI. The ion-exchange resin used was Dowex—SdW x 12

 in the first set of experiments, and Dowex-50W x 8 in the rest.

-



Table VI

Charge per ruthenium species

in solution

" Potal Ru "

Capacity

"~ Calc.

Equilibration “Initial -V W (Bﬁfn)
- | , - ot N - of re§in (g;am
Number " (mg-a:toms) S (ml),.- - (e) (‘,’_*e‘lul_‘“) : atoms .
’ (M) S - A . per liter)

L S ‘ Species Ru+5 | '
IV-77-1 0.0131 1,035 4.5  0.1738  0.611 2,68 x 107
W-77-2 0.0116 0.517 18 0.1738 0.611 k.91 x 1077 [ 27
Voho1 0.0200" 1.010 15 0.2256 0.868 4. 155x10™ }__208
V-h-2 0.01800 0.5065 20  0.2256  0.868 7.42 x 1077
L : ' Species R_uCl+2 _ A R
V-27-1 0.0121 .0.705 14,2 0.2275 0.875 6.47 x 1o"h }_,1‘7«
v-27-2 . 0.00885 0.235 27.2 - 0.2275 0.875 1.63 x 10" J. '
V-29-1 0.0242 '0;750 20 3.12k  12.0 he35 x lo‘h }- i.Y‘

0.0242 0.375 )

o V-29-2

ho 3.124

- 12.0

1.56 x 10~

-'[-'T—
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These results indicate one species with a +3 charge, and another'ef
_charge +2, to within the experimental_uncertainty,- | |
The results from the charge per ruthenium-species eXperiments would
be‘more'difficdit'to.ihterpret if the ruthenium ehanged its charge per
species in going from the aqueousvte the.resin phase. ‘When this effect
was discuesed~éarlier (under Practical Considerations in ﬁetermining the
Charge per Species), it‘wes coﬁsidered unlikely_thet changes in’complexing,
other than hydrplysis, or in polymerization would take place'in this
systeﬁ because ruthenium.is SO slow to'change its species‘in‘aéueous
vsolutionoe Theoretically the reeults from four different stirring
experiﬁents en-thé same aqueous species would teil if there Qere a
change in;species between:tﬁe‘aqueeus and}reSin phasesoi Because of the
stmilarity ofjconditiots actualiy empioyed in the equilibratidns, it
was not possible to eliminate rigqrously_the possibility of'ehenge in
. the species except for RuCl » where dlmerlzatlon of the ruthenium
species cQuld be eliminated.
Both Ru(iII)’species were checked fef impurities ovag(IV) by
the iodide method'(diSCUSeed in the section on Selution Pfepafation and .
Analytical Methods). |
| ‘The only ruthenluﬁ ion with a charge of +3 pef atom, +3 per species,

+3

and an’ ox1dat10n state of. +3 is Ru: In addltlon the perchloric acid

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

\

+5

RuClOu++o. In the pushing'experiments on Ru ~ with the cationfexchange
resin thehoniy bands obser&ed were Ru+5tand some tightly held species
which may have been Ru(IV) | | |

Since there is no ev1dence for the formation of a complex between

+5

Ru “ and HClOu in high HClOu concentration, then the second species of
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fable VI cannot be RuCth+23 This secoed speeies must be Rulef, because
the only other anion present is chloride an@nthe species‘has a charge of
+2 per species, +2 per ruthenium ateml and an_oxidaﬁion stete of +3 fof
the ruthenium. '

These results,egree with the ionsihypothesized by A. S. Wi;son for
the ions present when H2RuCl5 * H20 ie allowed.todiesociate in HTFA.
The spectrqm of RuCl++_agrees with that obtained by Wilson, but there

. , 5 , ,

is a discrepancy in the spectrum of Ru+ - Impurities in his sample
could have led to this result.

C. Identification of Ru012+

It was found that the method described for_determining‘the charge
per_ruthenium'etom was impractical for RuClefo The acid concentration
(~0.1M) necessaéy in the preparation of the species, and to prevent
hydrelysis end (or)-oxidation of the ruthenium, also prevented the
formation of a compacﬁ band in the pqshing experiment. This compact
band could not be formed becapse ef thevrelatively higﬁ efficiency of
0.1 g hydrogen ion for e;ution of this singly charged species, which
‘meapt ﬁhat.it‘was elute@ in the nQrmal manner‘rather than beinglpushed.
This high efficiency of elution coupled with the impracticality of

preparing solufions of pure‘RuCl * approaching 0.1 M in concentration

2
made the determination of the charge per ruthenium atom so difficult
that it wes not attempted.

Determination of the. charge per‘rﬁthenium species by the previously
_ deecriped method was still feasible; however, it was decidedvte obtain
. this eharge information in”a d;fferent,weyo - The new experimental
- procedure was_a.s'fqllows° First the resin in an ion exchange column
weé weshed with a solution_thap cgnta;pedmtheetwaeationS'H+ end,RﬁCl2+'

]
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as well as other ruthenium species unpii the ‘optical absorption in the
‘“eluant ariSing'from.RuC12+ beCame,cénstént;E Then a'solutisn'COntaining
dnlyfhydrdgen’ion was added to thé'tOp:of the cdlumﬁ as an elutriant.
The H+ in this solution equilibrated with the'ruthenium in the resin;
neaf‘the:top of the column and as more solution was added to the column
tﬁe equilibrated solution passed'through‘the’cdiumn and was collected.
Once the solution reached equilibrium with the treatéd resin it did
'ﬁdﬁ affect the compritién of any additioﬁél'resinvthat was'fﬁrther'
down in the column. Just sufficient elutriant was édded to flush out
the void volume of the cblUmn.and to give two samples for analysis.

- ThevflUShing was requifed'bébausé‘fhefériginal stock solution contained
"éeverai'futhenium species. At least one of fhese was é neutral or
anionicAspeciésﬂandiwould‘have givén erroneous ruthenium-analyseé if
it had not béen waShgd.froﬁ the vbid spaceé'in the columﬁ beféré
COilecfihg"ﬁhe firsf;sémﬁlea' S - .’

YThé COmposition‘ofjﬁhe“elutriéht.was'chahged by increasing the
v'concentratiéntof the-hydrogen ion. A:éémple of this solution ﬁas
_collected and its composition was compared with that of the Tirst
‘sample collected. Since the composition of the resin ab the bottom

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

R e o o |
78 ‘1 - K{..; = ‘.S‘ ‘2, L - = (5)
(ag™)y (a5, -

The ruthenium stock*éblution also'contained ruthéniﬁm“sbecieg of
charge higher than that of RuC12+a It was nécesséry to ‘ad just conditions
Je) tﬁat there was no danger that these species would ‘be eluted from the

. , + . . " . ° . N N B
column while the Ru012 samples were being collected. This was accomplished
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by using minimal amounts of solution to equilibrate the column initially

w1th RuCl2 B and to eluté the RuCl2

- As was previously noted the ruthenium (III) spec1es prepared in the

'reductlon of RuOu by stannous ion do not easily equlllbrate w1th ion-

exchange resino The Ru(III) in thls solution could be converted to a

form that would equlllbrate rapldly with Dowex 50 x 8 200 to hOO mesh,

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

about 24 hou:s; This converted solution was run through an ion-exchange

.column until the spectrum of‘the eluant solution was constant from'

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

equilibrium with the RuCl2

The results of the experiment are shown in Table VII.

Table VII

+ ' , -
and the hydrogen ion in this solution.

Chargeper‘RuClz+ species

Equilibration Charge

- , : per

Number \ Elutriant solution Eluant solution Species

Iv-31-1. 0.05 M HC10 0.050 M HC1O, ; 2,48 x IO")+ MRu~
=k . - }.0,92

IV-31-2 - 0.200 M HC10, O, 200 M HC10) ; 8.87 x 10”7 M Ru

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

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

,compleXing anion present is chloride. Other possible species could be

Ru c1* or any analogous.polymeric +1 ‘species. Such a. formulation is

5

perhaps less likely .than RuCl2 5

because the polymer might be expected

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

&

Ru012+“in this thesis.
There .is a certain amoﬁnt of ambiguity in the interpretatioh ofh
the results, Bécause»the molar extinction coefficients'do nét remain
in ekact agreement from one sampié,to the next. 'Tﬁis lack of agfee—
'_ment is slight,.and may be.caused by a cﬁange in the isomeric raﬁio
of the cis-trans form of Ru012+; Anotheripoésibility would be the

presence of species such as Ru(OH)2+, Ru(OH)(Cl)+, or RuCl The

+
3 |
last-named ion_is a complex of Ru(IV) and cannot be present in an
appreciable amount as judged from the iodide test. It is unlikely
that hydrolyzed species of Ru(III) exist in 0.2 M'HCth; however, they
may exist in 0.05 M acid. ' This species also agrees with the Ru.612+
spécies proposed by A. S. Wilson as one of the speciés presént in a

solution of H2Ru016 > H.0 in HTFA which has had time to dissociate.

2

D. Spectra of Species

The molar extinction coefficients of the three ruthenium species

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

Molar -extinction coefficients

mp ' Ru’> © Ruc1*? Ru012+
450 ~ 0 ' - o0.2MHE"  o0.05ME
Lok : 29 .31 ' T80 79
393 - 30 31 130 - 120
382 - . 29 3l 242 _ 22U
371 28 .57 ‘ 400 Loo
5615 , 26 : 116 . 550 550
351 25 : 236 . 660 : 660
340 27 ho2 | 750 750
330° 32 571 880 865
320 37 662 : 1000 - 980
310 40 : - 656 1050 1040
300 45 549 .- 1060 1070
290 , 57 435 970 ' 1040
280 93 - 382 760 855
270 215 : 366 590 720
260 575 2 ‘ 670 8k
250 1150 . 560 , 840 1100
240 . . 1830 - 1140 1370 -

. 230 2230 2100 . 2400
220 - 2260 ' ; ’ . o
210 S .1850 . A
315 o 677 +

2240 2320

E. Additional Chemistry of Ru(III)
- -1. Oxidation State ' ' .

' One of the mosf striking characteristics of the aguo of trifluoro—
acetate complexes of three-#alent ruthenium ié their lack of cblor in
confrast to the other oxidation states of ruthenium and“the other comﬁlexés
of Ru(III)° The colorless species formed in the ﬁitration of ruthehium
tetroxide with fefrbus trifluoroacetate in HTFA had an oxidation state
of 5605 + .05 as determined by fhe stoichiometry of the reactiqnf (See

Figs. 7 and 8 in Section VI.)
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Fig. 4. Spectra of Ru™>, RuCI¥, and RuCl,” in HC10, .
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- .- Oxidometric titration of this colorléss speciés in HTFA by Ruou or
by qeric'ibn indicated a s?ectrophotometric énd potentiometric end point
aftef a 1.21 + }OS-eleqtron oxidation. _(Sge Figs. T and 8) . In per-
chloric acid ceric oxidation ovauCl++.yielded an end point after a
lnoi_electron oxidation'of the ruthenium.

_The'spectfa-of,the Ru(IV) obtaihed in all_thgse titrations agreed
with the spectra reported by Wehnef and Hindman for Ru(IV) in perchléric

. 6,7

. acid to within the rather large variabilities they encountered.

2. Reaction of RuCl' ' with Ceric Per¢hloratem

A brief investigation of the rate of oxidation of RuCl+f by ceric

ion in perch;oric acid yielded some interestiﬁg ?esults. The first .
experiments, which were potgntioﬁetric titrations in 0.5 M HClOu
indicated that a slow reaction was taking placé after each additioniof '
.ceric ion. The potenﬁial driftlindicated that an o#idizinglreagent
was disappearing. It_wés noted that the nearer the RuCl+2 - Ru(IV)
titration approachea the end point the faster>was the disappearance

- of this oxidizing agent. In two identical spectrophotometricAsfudies
in 0.5 E‘HCIO£ ip was observed that the half time for the spectréi
‘changes at 450 mu was roughly twice as long as at 270 mp. Fﬁrther, i€
. was observed thaﬁ.the reaction for the formatidn of Ru(IV) was as much
‘as tenfold slower in 5 M HClOu than;in 0.5 M. A study of the
potentiometric drifts during this reéction in 5 M HClOu showed a.répid
increasevin the potential recorded for about 30 seconds, followed by a
slow decrease over a period of aboﬁp 30 minutes. The decrease:

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

reaction in 5 M HCth indicated that the ceric ion reacted rapidly,
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almost instantaneously, and that at least some of the'early;product was 
Ruou (identified by its characteristic vibrational spéctrum at ~ 380 mu).
The change in the spectrum, followed as a function of time, indicated
"~ that there must be at least two unknown species formed during the latér
slow stages of the reaction. The spéCies-that.are-foﬁmed during the
‘oxidation in 5 M HClOu differéd to an appreciable extent drom those
formed in 0.5 M,HClOuo ~Chloride ipn was released ‘during the reaction”
in either écidic.solutiong, as shown by the addition of silver nitrate.

.A summary of the results in the two acidic media show that the -
‘rates; prdducts,»and potentials afg different in the differént acid
* concentrations used. The RuCl®' and initial Céfu coﬁcentrations wefe
the same in these rate studies, so that the observed variatiéns muét
"depend on the acid medium.

i Further‘Study of this reaction probably would be fruitléss because
"of its complexity. The observed formation of Ruou in the presence 6f
e‘xce‘ss.Ru.Cl++ was surprising, and was interpreted to indicate that' |
" -monomeric Ru(IV) is unstable in the system and either'disproportiogétes
6r'reécts very rapidly with ceric ion. In the rapid reaction of Ru(IV)
to RuOu it is necessary to suppose that the rate of reaction of Ce+h:2
with RﬁClT+ is slower than the corresfonding rate with Ru(IV) or that
the Ru{IV) species initially formed disproportionates rapidly. A fﬁfther
surprise was the slowness of the rate of reaction of Ruog with_RuCl++°
A possible reason for the slow oxidation of RuCl++”would be that a

forbidden electronic rearrangement is required.-

5o> Other species

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

was a complex of ruthenium with trifluoroacetate ion. This complex was

4
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‘first detécted Wﬁen ah-anionic,'neutral,.qnd (or) singly charged
ruthenium‘(III) species was not held up appreciably by a'Dowex-SO 
.ion-exchange column. The species'passed‘direétly'through the .column
without being absorbed from a solution that was less than l‘g in
HTFA. This observation was substantiated by several other experiments,
in which the Ru(III) had been prepared in'different Qays, This.
ruthenium (III) trifluorcacetate complex was préparéd by réduction
- of Ruoﬁain'HTEA by mercurous ion or stannous ionf Solutions of
similar appearanée could also. be prepared by reduction with ferrous
ion as the reducing agent. After long standing, all thesé solutions
are a pale-greeﬁo ‘The spéctrum of the aged solutionvformed-by
mercurous reductioﬁ is showh in Fig. 5, Curve 5. Both HTEA'and
perchloriC'acidﬁﬁefevused aé elutriants for the HTFA cqmplexed
ruthenium with no appreciable. difference in the behavior of the
columns. By comparison with this result of no hold;up, it takes about
20 cc of 5 M HClOu toﬁelute any‘ferfic ion from a column of tﬁe éame
"éize and type of resin whose void volume is about 1.5 ml.

The.épecies formed by,mercﬁrbus»réduction in HTFA was.assumed tQ.VV
. be a triflgofogcetate'complex because;reductiqn under similar_conditions
of hydrpgen and mercurous-ion in perchlorinacid yeilded uncomplexed

Ru+5°

’ The speétra of several "Ru(III)" solutions that have been formed
by reduction of RuOu iniHTEA aré'plotted in Fig. 5. The differences in
~ the calculated average molar extinction:coefficients are beyond the |

possible experimental errors. This indicates that more than one

species of:Ru(III) is. formed. Attempts to correct for the traces of
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Ru(IV) that are often present do not change the interpretation.
“requiring severalvRu(III)-species° |
,Séparatidn and purification of é neutral,ruthenium chloride
-species was- attempted,_utlllzlng cationic and anionic exchange re51ns.
A ruthenium-contalnlng species was 1solated that was not held .up by
either resin.. This species wasg present in a solutiqn prepared by
refluxing‘a.solution of 0.02 M ruthenium chloride in 0.3 M HC1 in
thezprésence_of mefallic mercury fprth hours. The spectrumvof this
. neutrai‘species appears in‘Figu 6f
The plot of the absorptipn of the "neutral” ruthepium chloride
is not in germs of e , but ;rather in optical denéity, because_of
the uncertainty of the’ruthenium analysis in this.sample. This
analysis shows a conceﬁtfation of 2.5 1,55 x’lO"LL gram atoms per
liter of ruthenium. Since the sample was run in a 1 cm,céllrthe 16283
. 1is 1.0 + .2 % th°
Pfeliminéry studies of the higher chloride complexes of Ru(III)
- in HC1 show the existence of twofspecies which are in rapid equilibfium
with each other. These.spépies appear to be identical with "RuCl6;5”

and "RuCl. ° H20=" as reported by Rhen and Wilson}e These ions are

5
prepared by dissolving KQRuClSL53H20 in. various concentrations of HCl.
" The KI2RuCl5 ° H20 was not analyzed but was prepared by the method_

- used by Wilson,g9 i.e., reduction by metallic mercury in dilute HCl.

-The  x-ray powder patterns were not identical for the "H2RuC15 . HEO"

prepared at different times, but under similar conditions. These

patterns showed.thapathe compound could not be KuRu2Cllo *+ 0 H2O.

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

-of KéRuCl ° H2Oe .One of these anions shows a peak in its spectrum at

>
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The spectra of various Rufll)species in HTFA.

- Curve 1. was obtained by stannous trifluoroacetate

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

\
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Fig. 6. Spectrum of a neutral Ru(III) species in 0.3M HCI.
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about 295 mu wi£h 6295,befween,l.5 and 2.7 x 105;- The location of the
peak is dependgnt upon. the HC1 concentratién and it shifts from 300 my
-ﬁo 200 my with a cﬁange from.lz to 1'M Hle Exgépt for this éhift
the specieé_appears’to be resistant to change with-changiné solution .

" conditions.. It has not been shqwn_that this species is three~va1ént
ruthenium, sincé there is a'traée of Ru(1IV) present in the KQRuCl5 . H20
preparation. |

Several other species were observed, buﬁ ngt identified, during
the pushing experiments on Ru+5'and RuCl+2; In the experiments in which

the solutions used for pushing the Ru 3 were of low acidity, a species

r

' _Qas'observed that has a peak at 288 mu with an - 6288', greater than
1350, assuming a:mbnomer ruthenium species. This speciés is held more
strongly by the résin than is Ru+3, and is helavabout as stfongly as
cerous ion. It is probaﬁly”a'hydrolzed-.and.dimerized Ru(III) spécies,
‘or a mixed oxidation state of Ru(III) and Ru(IV). ;It converts to Ru(iV)_
. oﬁ exposure to airs This SPécies is not converted: rapidly to Ru‘f5 by
" the addition of_eXéess‘HClOu, It is oxidized to Ru(IV) fairly'rapidly
by fhe-perchloric acid, however, | »
During the purification of RuCl+v+ there were a miﬁimum of six
additional speciés being pushed as'puré bands, as wellvgs a band of'Ru012+,
which was not pushed,'but eluted. Three of these épecies are probably
VRu+3,-RuCl+2, and the preViéuély>menﬁioned hYdrolyzed species. The
remainder must be other Ru(III) or Ru(1V) species.. There were addifidnal

ruthenium species present in the original stock solution, which were

held too'tightly to be pushed.
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4. Rate of reaction of Ru(III) with HCth

Some workers have reported that perchloric acid oxidized Ru(III),

6,7,8,10,13

while others report inert behavior. In the course of the

v : /
experiments at this laboratory the following observations were made. .

Perchloric daid in 0.10 g‘congentration reacted within 2 days with
freshly reduced Ru(III) stock solutions unless the solutions were

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

stfonly dependent upon temperature. A solution of purified Ru+5 in-

| 0.1 M HQth could be kept at room temperature exposed to light for
as long as 2 weeks. This reaction between Ru+3 and HCth appeared to

. be autocatalytice The ruthenium chloride species such as Rucl™ reacted

more rapidly with HC10, than did rRut?, Chloride ion is formed in the
reaction between Ru+5 and HCth, and may be responsible for the auto-

catalysis. Ru(IV) catalyzes the reaction. Oxidation of Ru(III) does
not stop at Ru(IV); there is evidence for the slow -formation of Ruog’

5_-proceeds rpaidly in both high (6 M)

Finally, the oxidation of Ru'
and low ( < 0.01 M) concentrations of perchloric acid. ‘The increase
in rate in low acid concentration is probably dge éo the rapid rate
of oxidation of hydroiyzed Ru(III).

3

In summary it appears that reactions of Ru+__with perchloric acid
are catalyzed by chloride and (or) Ru(IV). This reaction may be

_retarded by low temperatures and modérate péichlofic acld concentration.

A
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VI. TETRAVALENT RUTHENIUM»

' The observations in this laboratory on the behavior“ofiﬁuncomplexed"
Ru(IV) in both HTFA and HC10), are in basic agreement with those of
Wéhner'and Hindman,6’7 and Swanson and Wilson}e- Evidence for the

formation of polymers and intermediate oxidation states is confirmed.

A. Preparation of Ru(IV) and Other Relatad Species
Several methoda of preparation of Ru(IV) wére‘used duriﬁg the
coufse of the investigation. bThese metho&é includea: |
(a) Electrolytic'reauction of Ruou, and electrolytic oxidation
of Ru(III) in HTFA. ’
(b) Chemical reduction of Ruog by ferrous ion, meréurous_ion,L

and hydroger peroxide in both HTFA and HCth.

(¢) Oxidation of Ru(III) by Ru0, , Ce+5, MnO,,, and HC1O, in

HTFA and Hclol+°

None of these reactions was investigated in great detail, but it
is»known_that the produpts formed are dependent upon tha conditions af
the réactions? Some of the variables that seem to affect the properties
af the‘Ru(IV)'product‘are rate of mixing and concentration of reagenﬁs;
reducing or oxidizing_agent‘employed,‘and temperature of the solutionvb
duriﬁg reaction. |

9

B. Oxidation States of.Species Formed

Comparisons of'spectral and potentiometric data gave strong in-
dications of the formation of species that were not Ru(IV), but which
apparently had oxidation states near to +4. These species’ have

approximate oxidation numbers of (5ﬁ5)_and (4.2). The (3.5) species
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will be discussed later. -Wehner and Hindman report evidence for the
ruthenium that can be interpreted as indicating the formation of a

6,1 .The work -

species having oxidation numbers between 4.2 and L4.5.
in this labqfatory confirms their observations on this intermediate
oxidation state.

When 100 ml of 2.73 x 10'5

Ag-Rubh was titrated potentiometr;cally
with ~ 0.5 g'fefrous trifluofoacetate in 1M HTFA, either a gold or a
‘platinum electrode showed two end points near the;+h oxidation state
whose difference corresponded to a change of 0.28 in the oxidation
nuﬁber’df £he ruthéniumn The éame effect was observed in 4 M per-
chloric acid wheﬁ 100 ml of 1.17T M Ruoh was ﬁitrated with 0.17 M
‘férrous perchlorate, except that the correéponding change in the
oxidation state was 0.38. The actual oxidation states of these two
épeciés were,nof‘knoﬁn(accurately from the experiments because of
uncertainty in the‘ferrous concentrgtion,in the titration in HTFA,

. and because of the poé;ibilify of oxidation byvperchloric acia in
‘:the I'IClOLL experimgﬁts, as well as an uﬁknown loss of RuOh_by
‘volatilization in both ekperiments° It was aééumed that the lower
oxidation state was Ru(IV) in each case, in analogy ﬁo‘the findings

6,7

' of Wehner and Hindman forvelectrolytic réduéfion of RuOu.
A plot of the'potentiél_data is shqyn in Figcll,(Section VII). The
behavior of the eléctrodes, etc., is discussed in the sectién‘on
potentials of fhe‘Rﬁ(IY)fRﬁOh coupleo.b |

'Okidation'of'Ru(Illj in 1 M HTFA élso showed evidence forjfhe
formatidn‘df a sbecies with an oxidation state of approximéteiy 4.2

5

to b.h. Two spectrophoﬁoﬁetric titrations of 20.3 ml of 6.61 x 10~ M
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- ferrous trifluoroacetate by ~ 1.6 x 107 M RuO, in 1 M HIFA shoved a 1.18
| change in oxidation state in going from Ru(I;;) to this higher oxidation
state. .Figs. 7 and 8 show plots.of the data from these titrations.
Likewise spectrophotometric titration of 1.15 x 1077 M Ru(iII) by 5.05 x
i0-5 M ceric perchlorate in 1 g HTEA indicafedzthe same change qf 1.18
in the oxidation state of the.rutheﬁiumw Spectr¢photometric and.
pofentiometric titratiéns of 0.0216 M titanous ion by 2.31‘x 10'3.§
Rﬁbu in 1 M HTFA showed evidencé for the formation of ruthenium species
with oxidation states of 2.0 to 2.1, 3.0, 3.4 to 3.5, and 4.2 to 4.3,
Fig. 9, and also Figs. lé and 13 are plots of the data which indicate'
these oxidaﬁion states.

Oﬁ the contrary, a potentiometrié titration of‘8.6,x lQ-3 M
Rule+ by 9.54 x lO"3 M cericvperchloraté in O;S g.perchloric acid-
showed an end point after a 1:01 change in oxidation state of the
ruthenium. Thié reaction was not a simple electron transfer. The
reaction has been discussed in more detail in the sectién on Reaction
'of‘RuCl++ with Ceric Ion. |

Another possible interpretation of these results;.which'ﬁould
explain‘an average oxidation number of h.e; but -does not involve
' intefmediate oxidation states, would be to assume that a mixtgre of
different'products was formed, say with part of the ruthenium in the
+$ or +6 oxidation state. The only evidence that would discourage '
such an interpretation is that one wduld have to assume that these
higher oxidation states are‘formed in about the same ratio to the
Ru(iv), under a variety of réaction conditions. Further, it has not
been possible to prepare solutions by.these methods iﬁ which the average

\

oxidation’state of the ruthenium approaches +5 or +6.
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C. ‘Properties of Ru(IV) and Ru(4.2) in Solution

s

1. Spectra

The spectrum of Ru(iV)'species obtained in solution was not constant
from one preparafion to'the_next,'but v§riéd appréciably° The Ru(IV)
spectfa obtained are considered fo égree.with thoée~obtained 5y
Wehner and Hindmén.ér In Fig. 10, Curves 1 and 2 shoﬁ two-typical.speétra
obtaiﬁed for Ru(IV). - Curve 1 shows fhe speétrum of the Ru(IV)

3

prepared by the dxidation of Ru+ by ceric perchlorate. Curve 2 shows
the_épecﬁrum‘optained'by the reduction of Ru_OLL in HTﬁA By ferrous tri- -
fluoroacetate. Curve -3 1is a\spectrumvof'Ru(3°5)e The spectrum of the
Ru(L4.2) species is vefy similaf to that of Ru(IV). The major differences.
are that the absorption'of Ru(4.2) is somewhat higher iﬁ the' region
above 500 mp and there is no eQidence for a plateau at 300 mp. |
2. Polymers ‘ i

The Ru(IV),and (or) Ru(4.2) species in solution were partially if
not completely polymef.iz_edo The size bf the polymers“was tb some extent
determined by the method of prepargtion and rate of reaétionito theﬁRu(IV)
state. Some of the pélymers were of éollbidal size'as evidenced by thé
apﬁearance of é Tyndall beam in solutions of Ru(IV). Although some
solutions of RQ(IV) did not appear to cdﬁtain'colioidal rufhenium,
all the solutions containing,Ru(hoz) were-colioidal° Ultrafiltration
ﬁSing "Visking" éausagevmembranesh'femdved the larger colloids, but
did hct appreciably change the shape of the spectra of tﬁe Ru(IV) or
Ru(h,Q)”solutidn;G fhe-ruthenium species in a solution of Ru(IV)-ciuné
tenaciously to-DOwex—SO'ion;éxchange resin. Elution of thié material
from a column of ionfexchanée fé;i%lagihgvcerous ion as the elutriant

indicated the existence of more than one species of Ru(IV), since
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some of the Ru(IV) could be removed, from the column while some could
not. |

A solution of Ru(IV) in 1 M HTFA was ultracentrifuged in an attempt
to determine the molecular Qeight of the species present. This solution
was prepareévby adding 3.24 cc of 0.50h M Fe't solution to 100 cc of
2.73 x 1of?»g RuOho Even though ferrous ion is in excess only a small
‘amount of the Ru(IV) was reducéd to Ru(III)o*. The molecular weight of
: theylighﬁest polymer in this solution was 1000 within the limits of
+1000 or ~-500. This result would indicate a polymeric épecies
:cqn§i§ping of about eight ruthenium atoms, which are probably held
togetﬁér by oxide or hydroxide bridges. The rate of settling was

observed using the light absorption method because the solutions were

too dilute to use any of the effects involving ref:action of light.

" 3.  Chemistry

The chemistry of unééﬁplexed Ru(IV).in solﬁtion is'Characterized
by its inertness to cheﬁical attack by reducing égentso:_Thisﬁinertness
. appeared to be a sideveffect of £he polymerization_of the ion since it
was pdssiblé to rg&ucé Ruoh to Rg(iii) quite easily,_providéd,an excess
of the reduéing agent>was preéent iﬁ a solution at all timeéjénd the
solution was stirred te insurg that the local excesses of RuQu.disperséd
‘ ?apidlyn ‘If:theéepprovisions were ndt_fulfilled a species quRg(IV)
would form.which was not easily reduced by thg same reducing agents '

which had been satisfactory earlier. This effect appears to be kinetdé

~

* ' : o
We would like to thank Dr. H. K. Schachman of the Virus Laboratory
for his help in determining the molecular weight of this ruthenium

species.
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as the reductioA of\Ru(IV) to Ru(III) in HTFA would evenﬁually succeed.

This slow rate of reaction was only an inconvenience in HTEA, but

.makes the reduction of Ru(IV)limpractiéal in HC10) due to;ﬁhe relatiQely

rapid rate of oxidation of hu(III) by HC10,, égpeéially since this
reaction appears fo be catélyzed by Ru(1V).

Ruthénium‘(IV), in acidic solution reacted rapidly with strong
oxidizing agents such as periodate and persulfate to form Ruou. It
also reacted rapidly with anionié reducing agents which‘complex the
ruthenium, for example iodide iono] |

D. Ruthenium (3.5)

The presence of a ruthenium species different from Ru(III) or Ru(IV)
?és‘béeﬁ observed in feactions in which the average oxidation state of
,ﬁfﬁhe ruthenium would be expected té be between 3 and 4. Its éxact
”oxidationiétate is véry uncertain, but there is some evidence sﬁpporting
thé valué'Bose This evidence is from the spectrophotometric titration
of titanous ion with RuOu in 1 M HTFA. The spectrum of the Ru(3.5):
obtained in this titration is shown in Fig. lO, Curve 3. The character-
istics that distinguish ﬁhé spectrum of.Ru(B.?) from Rﬁ(IV) are a peék‘
at 5&0 to 350 my and a relative inteﬁsificatiqn of the peak'at 460 mu
compared with the Ru(IV) peak in this region. |

Spectral eyideﬁcé_for the formation of this species has been
observed in solutions prepared in the following ways (the methods giving
high yields are starred):

(a) Reduction of Ru.Oh in HTFA solution by excess ferrous trifluoro-
'zacetate, and excess mercurous trifluoroacetate;
(b) Reduction of Ru(IV) in HTFA solution by excess ferrous tri-

fluoroacetate and metallic mercury;
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Fig. 10. Curve 1, Spectrum of Ru(IV) in HTFA,
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Curve 3, Spectrum of Ru(3.5)in HTFA.
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(c) Boiling a solution prepared by adding Ruog to an excess of
| x R _ . .
H202 in HTFA; ‘ ‘ . |
(d) Oxidation of Ru(III) in a solution.of HIFA by ceric per-
% * '
chlorate, Ruou, and Mn02; /

(e) Oxidation of Ru'~

in 0.55 M perchlorio acid by ceric ionj;
- (f) Possibly,~oxidation of Ru+5 by O2 or HCth in 0.01 M‘HClOu
'solution, . | »

It is not possible to completeiy eliminate the possibility that’
this species is a rutheniuM(IV) ohloride; however, it is known that the
total‘chlofide was less than 1% of the total ruthenium, and there was
no evidence;supporting ruthenium(III) chlorides'or ruthenium(IV) chlorides
in thé/initial or final soiutions.

The only preparations of this Ru(3.5) species that gave.good»yieldsi-
" were in HTFA. Since it was known that HTFA complexes Ru(III), and the
oxidation state of this species was in doubt, no‘further~observations
of its chemistry were made. It may be poesible to purify and identify:
this species by using the same ion-exchange techniques as employed.for

Ru+-5

and RuC1l'', -

The most obvious-interpretation of this 3.5 species would be a
dimer of two ruthenium atoms, with one in the +3 oxidation state and the
othen in the +4. The dimer would probably be held together by oxide or |
hydroxide bridges.v An analogous interpretation for the 4.2 ox1dation
state could be a polymerlc species containing four atoms of Ru(Iv) and
one atom of Ru(V), or nine atoms of Ru(IV)’and one atom of Ru(VI). If

the average ox1dation number were higher than k.2 the ratio of Ru(IV)

to Ru(VI) atoms would be decreased. -




-67-

VII. Potenﬁiels

Very little has been publieued on the ruthenium-couples in such
common complexiug media as hydrochloric, sulfuric, or nitric acids,
~ let alone the relatively noncomplexing media of trifluoroacetic or
perchloric:acide; | |

. Latimer has estimated the potentials in HC1l solutions based on

the reported chemical reacfione.l8 His estimates for the potentials
of intereéfvage /

. g - \,__ / __.. L ,
" Ru .-Of%S vRu+2.v‘-O.5O RuClS_ -1.5 ) 5 = =1.75. RuOA°, -1.25 FUQA

-1.5

. More recently Backhouse and Dwyer have measured the potentlals
: of the Ru(II)-Ru(III) and Ru(III)-Ru(IV) couples.l9 They report the

couples in l M HCl -to be

-0.08 -0.88

- Ru(II) Ru(III) Ru(1v).

The“lefter velﬁe is in.aéreement with the report that Cl, oxiuizes Ru(III)
quantltatlvely to Ru(IV) Using the data of Backhouse and Dwyer one
can calculate the chloride-ion and hydrogen-ion dependence of the Ru(III)-
Ru(IV) cell, assumlng that concentratlon equals act1v1ty. The reaction
appears to be H 4+ 2017 + Ru(III = Ru(IV) + e, although the only un-
certalnty is that chlorlde ion is on the left-hand side of the eqpatlon

for O°5 to 6 M HClo The Ru(II)-Ru(III) couple seems to be 1ndependent

*

To obtaln a potentlal for the Ru(III)-Ru(IV) reaction the authors attempted
to extrapolate the measured potentials to zero chloride concentration. Their
~interpolation is open to question since they have estimated the Ru(III)-Ru(IV)
couple by extrapolation to zero chlorlde concentratlon, even though the
couple 1nvolves chloride ion.
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of HC1l concentration between 1.5 and 6.8 MaHCL,,although the authors
- somehow éohcluded that there was 'a chloride dependence. -

Wehner and Hindman:méasured the zero current potentials during the
electrolysis of Ruoh,.Ru(IV), and Bu(III) in acidic peféhlorate solutians;é
Their potential data, if inﬁerpreted assuming rapid équilibration of all
ruthenium species, indicate species of‘+8, +4.3, 4&.0, +3.5 to 3.6, and -
+3 o*idation staﬁes. The Ru(III) that they-prépared is nbt Ru+3, nor
is it a simple'chloride complex; according to theirzreported spectral
information. I£ may be a polymer of Ru(III), especially és it is known
that the complexes“of Ru(III) are slow to break up and that the Ru(IV)
species being reduced is polymeriZed. Thé reported pptentiais from

Wehner and Hindman in 1 M HClOu are
/ ’ . -

- (2) - (7)
© Ru(III) - Ru(3.5) —— Ru(Iv)—22% gy(y.3)—=232 RO,
.-0}501_ v -0.65  (from reduction of Ru(IV))
-0.82 .1.12  (from oxidation of Ru(III))

(The value of the saturated calomei §lectrode'is assumed‘to be —0.2h‘volt,
vrather than the Value of -0.29 Volt assumed by'Wehner and Hindman.6)
Obviously the Ru(III)—Rq(IV) electrode was irreversible in their experi-
“@ents. ‘ . |
- Niedrach and Tevebaugh, using polarographic‘teChniques?_confirmed
Wehner and Hinamanfs observations'thatkthereAwaé a two—stepAre@uctidn
. 13

between Ru(IV) and RQ(III) in acidic perchlorate solutions. Niedrach

and Tevebaugh répont that these steps are irreversible. They further
report a réversiblg wave at more positive potential§ corresponding to

the formation of Ru(II). They carried out a potentiometric titration
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‘of Ru(III) by ceric ion in perchloric acid but reported only the potential
at the midpoint, so that it is not known whether they observed two steps

- by this method. Their results are

- Ru(III)

Ru(II) Ru(1v)

+0.10 ;0.65 (polarogrannic)
| -0.85 (fotentlometric'titrations).

It is obvious in reading the reports by these workers‘that the
rutnenlum system does not behave 1deally, and 1t 1s doubtful that the
reactlons studled were well characterlzedo. ) |

It was hOped that formulas of ' uncomplexed” rutheniun species
vfresent in acidic perchlorate solutlons could be determlned by calculatlons
based upon the shapes of the potentlal curves obtalned dur;ng the titration
~of one ruthenium species to anothere It would be possible:to determine
degree of polymerlzatlon, change in degree of complex formatlon, etc.,
'from these curves. It was unfortunate that 1n practlce no conditions
were found that would yleld potentlal data of the quality needed for
these calculatlons°

Some of the difficulties encountered uere‘that shiny'goldﬂand shlny
platinum eleotrodes; in the same sblutlon;’often gave pOtentials that
differed by O.Ql>volte In addition, the potentials being measured
in a potentlometric titration, shouedla-tendency to drift for relatively
" long periods of timelafter each'aadition of titrating agent. This drift
could be lnterpreted as indicating a slow reaction of the titrating
agent; a slow equilibration of the'products formed, or a slow
' eduilioration of the electrodes with'the'solution,’ On top of these

difficulties was the one presented by the fact that many of the reactions
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' .
could be made to proceed in only one,direétion, e.g., Ru(III) + RuOh
gives Ru(IV), RuO, + F¢f+(ex) giveé Ru(III), but Ru(Iv) + Fe't gives

- no reaction. It is obvious‘that_the potentials are aﬁ_best qualitative.

" A. Standard-Cell Potentials
The potentials were meésured'in the cells described esrlier in
Section II°. In all céses the pdtehtials were measuredbagainst a
Beckman saturated calomel electrode. The value of thévcélomél potential
plus sélt bfi@ges was detefmined from the Ei/2 in ? ferrous-ferric
titration. In 1 M'HTEA the megsuféd Elfelis -O.h?ho UsingvSwift'é

. _ » ‘ , ‘ o .
value for the formal potential for the Fe++ - Fe+ * couple of -0.732,
. , .

L
the value of -0.258 for the calomel and salt bridges versus the normal

in 1 M HClO 15 and assuming this value to hdld in HTFA, one obtains

hydrogen electrode. 'Simiiarly in 0.1 M HClOu the El/é Fe't . re™tt

is Qo.503 and in 4 g Hclou it is ;oQu97; It appears that a value -of
-0.24 + QOB for the caiomél Qould be satisfactory for pefchloric acid
solﬁtionso Théﬂsatﬁrated éalomel‘elec%roae will be referred to as the
. S.C.E. gnd the normal hydroéen electrode as £he N.H.E. El/elneans the

voltage obtained at the half-way point of the titration.

- B. Potentiometric Titrations

. - L
1. Ruthenium Tetroxide - Ru(IV) Potential

Two titrationglof,RuO-vtp_Ru(IV)_under different acid conditions

N
gave essentially the same results. The first titratign in which ~ 0.5 M
- ferrous trifluoroacetate was added to 100 ml of 2.75 x 10-5 M RuOhvin

1 M HTFA, showed two potential breaks. The second potential bréak at
2.48 ml of ferrous solution indicates an average oxidation state of

3.49 for the ruthenium. No confidence is placed in this value because
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of uncertainty in the ferrous concentration and unknown volatility
loéses of Ruouo .The spectrum of the reduced sdlution $howed“only the
presence‘of Ru(‘IV)° Excess ferrous ion did not reducé this Ru(IV)
rapidly. On the basis of the spectral measurement and Wehner and
,Hiqdman;s results qn electrolytic feductioq it was assumed that the
second potential‘break corresponded to Ru(IV)o‘ Then the,first
pqtgntigl break was at an oxidation number of u,28. The potentiometric

titration data are plotted in Fig. 11 and the E results are summarized

1/2

. in Table IXGI
The results of‘the second titration‘in which 0.17 M ferrous per-

chlorate was added to 100 ml of 1.17 x 1072

”M RuOl+ in b M perchloric

. acid are alsp shown in Fig. 11 and Table IX. In this titration the

. stoichiometry at,the second potential break indicated‘a 5.9—eléctroﬁ

reduction, while tﬁéVSPectral data indicated the presence of only

‘-RQ(IV)o' Vqlat;lization 6f sbme.RuOu would lead to a result ofAthis
‘typéo If the second break is, as assumed, at oxidatipn number 4,00,

then the oxidation number of the first break is #.58, The pqssibility

of a third potenﬁiql break at 2.54 ﬁl of ferrous solution_was_indicafed

by the data, but may be spurious.-

The electrode.béhaviOr during the titratiéns was poor at first.
There were considerable slow dfift; lack of agreement between electrodes;
and even in one case a rise of potential, indicating more oxidizing
agent after each aédition of reducing agent. On the other hand, in the
region between Ru(l.3) and Ru(4.0) there was almost no drift, and the

potentials used for each electrode were in close agreement;
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. Table IX

Potentials of the Ru0, - Ru(IV) System

| | Value of 8.C.E.  Ei/2 By ve
- Cell ' Solvent + junctions measured N'H’Eﬂ
Ru(4.28) - RuO, 1 M HIFA 0.26 .07 -1.33

Ru(4.38) - RwO, ~  k M HC1O, 0.2k -1.126 -1.33
Ru(4.00) - Ru(4.28) 1 M HTFA 0.26 -0.88 ~1.1k

Rﬁ(h.oq) - Ru(h.58). 4 M HC10 0.2k -0.86 ~  -1.10

- L

. For the 4 M perchloric acid solution the potentials vs the N.H.E. were
corrected to 1 MLH+ by assuming that four hydrogen ions were consumed in the

‘redﬁction of RuObr to Ru(4.38), and none between Ru(4.38) and Ru(4.0).

2. Ru(III) - Ru(IV) Potential

| The potential measurements taken iﬁ the Ru(III) - Ru(IV) region are
dnly,of QualitatiQe value. The reéasons ére that the system‘is irreversible,
the products forméd are not alwayé the same from one titfation to another;
and the actual’speCies reacting are not known.

Evidence of irreVeréibiiipy was shbwn by the fact théﬁvfefrous ion
in éxcess reduced RuOh rapidly to Ru(III), but reacted 6nl& slowly with
Ru(IV). That different products were formed waslshown‘by/the fact that

. {
the spectrum Qf the species fQ?med during the oxidation of Ru(III)lto
Ru(IV) were different if the reaction conditions were changed slightlyo
 Also in reactions where HTFA was the acid medium the degree of com-
plexing of the Ru(III) and Ru(IV) species by trifluoroacetate was not

known. There was spectral and possibly slight poténtial evidence for

the formation of a species of oxidation state 3.5. In the titration
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of RuCL™ with Ce™ there vas evidence for the initial formation of RO,
even though there was:a'large excess of Rule+, This demonstrated that

. : o 4 -
the reaction was not simply Ruc1™ —> RuCl e, Also in the

+3.

by Ruou in f{ClOLL there was evidence for the formation

of an "inert" Ru(III) as well as a reactive Ru(III) This evidence was

+5

titration of Ti
thet Ti reacted 1nit1ally with RuOLL to produce Ru(II), the ruthenium

must have passed through 5 reactive Ru(III) state. As more Ruou was

added 1t oxidized the Ru(II) to an Ru(III) species that would not
completely rereduce to Ru(II) even when there was stlll an excess of
:Tiii., A summatry of the Ru(III)—Ru(IV) potentlometrlc titration results

is shown in Table X. The reactions have been assumed to be ac1djv 
"independent. A plot of the potentiometric titration of 71*2 with Rw,

in 1 M HTFA in the Ru(IIi);Eu(IV) region is shown in Fig. 12. Ihere

were ierge drifts in the potentials being measured at certein pqintst
Fig..12, Cufve‘l sﬁows the locationbof the last potential.measured, i.e.,
aboﬁtv8'min_after‘each addition.of'ferrous solution. Curve 2 shows: the
'vestimaﬁed final poteﬁtial based upon extrapolatien of the measured
potentials to infinite‘vtime° Curve 3 represents a theoretical curve

for a menomerémohomer, one'elecfren:oXidation>of'Ru+§ to’Ru+u. .

No good potenfipmetric evidenee was obtained during this inveétigation,

for a Ru(3.5) speeies in HClOu, however, no great effort was made to find

it.
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Table X .
Potentials in the Ru(III) - Ru(IV) region
Solvent Oxidizing = - Ru(III) species, -~ ' Probable | Reasoned
» Agent : : -
ge ;Ztﬁggparation | reaction El/2 vs El/z.vs
'/ . SaCnEo. . 'N‘o.HoEc
1 M HIFA cett Ruoh"addea to Fe't —> Ru(ITI) Ru(III)—>Ru(4.2)  -0.82+.01  -1.08+.03
:'i+5 + Ru0), —> Ru(II) ~ Ru(III)—>Ru(3.5)  -0.77+.01  -1.03+.02
1 M HTFA RuO, { o , | : } _Ru(5.5)—‘:>Ru(u;25) - -0.8L4+.02 ' '-1,103»_,02
o ‘ . : or _ _ _
“RU(II) + RuO, —> Ru(III) Ru(III)—>Ru(4.25) -0.82+.01  -1.08+.02
B PR
Ti'” + Ru0, —> Ru(II) .
. 1MHCIO, RO, { S R } © Ru(III)—> Ru(IV)?  -0.75+.05  -.99+.07
' - Ru(II) + Ru0, —> Ru(ILI) S o |
0.5 M HC10, cett Rttt RuCl™ —> 7 —> Ru(IV) -.75+.01 -1.03+.03
0.5 M HC10, et muct™ s agt | RuCl™ —> 7 —> Ru(Iv) -.78+.01 -1.02

+AgCl

-
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3. Ru(II) - Ru(III) Potentlal

The information obtalned on the Ru(II) -Ru(III) couple is also not
very definitive. 1In the potentlometrlc titration of titanous trlfluoro-
acetate w1th Ru.Ol+ in HTFA the potentiai appeared to be -O.QO"volt”vs-the
N.H. Eo, however, the ferric ion tltratlon of Ru(II) prepared in the same
- manner indicated a potentlal of -0.10 volt.

kThe behavior of the electrode during the titration of titanaus with
Raoh was one ef the best obaerved in any of the futhenigm systems. The
‘electrode responded rapidly to changevin the cemposition of the solution

and-maintained a steady.reading after each change. Analysis Of.the shape
of phe'potential curve indicated that'the'reaction>was monomer Ru(II)
geihg‘to monomer Ru(III). It tells nothing aboap trifluoroacetate
complexes; however. This potentiometric titfatien;is shown in Fig. 13;

The'titfation of titanous perchlorate with'RuOu‘in acid perchlorate

'solution did not yield quantitative information that could be used to °
calculate anything about the species reacting. The results indicated
that the Ru(II)-Ru(III) couple was sufficiently negative 80 ﬁhat Ti+5
rwould'reduce fhe ruﬁhenium quantitatively to Ru(II). This fesult was
obtained from spectral data that showed that the amount of Ru(II)
presentvip a solution did th'chanée,.although a considerable portion
of the Ti+5 was being oxidized by perchloric acid. An additional
result, which was‘surprising, was that the reactioa of Ruou with Ru(II)
in perchloric acid apparently yielded a Ru(III) species thap was inert
to reduction by titanous ior_1° This was shown by .the fact that the

average molar extinction coefficient of the ruthenium decreased after

each addition of RuOh solution even when there was a large excess of
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Ti+5-present. The potential and spectral data obtained during this
titration'conflicted with each other and indicated the presence of some
7 unknqwn oxidizing agent, perhaps one of the earlier'producté of the: '
perchlorate reduction. “The potential chosen for the Ru(II)-Ru(III)
couple in perchloric acid is -0.2 voit vs N.H.E. |

'y diagramnmatic summary of the potentials obtained is shown in
Table XI. The intermediate oxidatién sta@es.shown do not necessarily
exist, bﬁt it is felt that this int?fp;etation fits the data soméwhat

better than one assumihg several speécies of Ru(Iv).

Table XI
Potentials of ruthenium in acidic solution*
1 M HTFA; S.C.E. + junction = -0.26

-0.15 + .05

| Ru(II ) Ru(III)"l'-05

Ru(3.5) — Ru(IV)"—}—'}ﬁRu(l;.e):.l.';5_5Ruo)+

-1.10

-1.07"

1M HClOu; S.C.E. + junction = -0.24

Ru(11) 2L -1 pu(111) 0.9+ 07 p1y)zi39 gu(y.38) "—J”—%Ruou

*The estimated limits of error are + 0.02 volt unless indiéafed otherwise.

These results are conéidered to agree with those obtained by Wehner
- and Hindman in the oxidation of Ru(III). They do not agree with those of

Niedrach and Tevebaugh, however. ,‘ . -
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