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PREFACE

The chemistry of ruthenium is complicated by the fact that the
element can exist in all oxidation states from zero to eight. For
the most pert, the work reported in the literature is concerned with
the study of lower valent ruthenium complexes and other compounds in
acid solution., This dissertetion describes research directed toward
clerification of the chemistry of the upper valence states, especially
in basic solution, a field which heretofore has received relatively
little attention. The studies include determinetion of & crystal
structure, examination of spectrophotometric properties of several
solution species and some of their reactions, measurement of oxida=
tion potentials and investigation of an acid ionization equilibrium,

At the beginning of this investigation; an effort was made to
obtain pure compounds as starting materials for further studies.,
Among other compounds, pure crystalline potassium perruthenate was
obteined. Because this substance possesses a simple crysteal struc-
ture and is & representative upper-valence state compound; an investi-
gation of its crystal structure was undertaken.

As oxidation-reduction potentials in solution offer an excel-
lent meens for interpreting the chemistry of &n element, &n initial
attack was made in this direction. However, efforts toward realizing
equilibrium in systems containing ruthenate, perruthenate and ru-
thenium dioxide, either in electrolytic cells or otherwise,; were un-

successful because of the long-term instability of these systems.



iv

Since the polarograph offered a method for obtaining epproximate
oxidetion potentials in unstable systems where concentrations can-
not be meesured accurately, work was directed along these lines.

In order to clarify the nature of the species present in
solutions of ruthenium tetroxide, its acid ionization constant
was measured.

Some of the non-equilibrium reactions of ruthenium in its
VI, VII, and VIII oxidation stetes were explored by means of
spectrophotometric studies, taking advantage of the intense

characteristic color of these solutions.
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CHAPTER I

A SURVEY OF THE CHEMISTRY OF RUTHENIUM

IN ITS UPPER VALENCE STATES

A, Introduction

Although ruthenium was discoversd over one hundred years ago, it
has remained one of the less familiar elements. The chemistry of its
upper valence states, especially in solution, has received particularly
little study.

Ruthenium is the only element which is known to exist in all
oxidation states from zero to eight. The more common valences which
it sxhibits are III, IV, VI, and VIIX. The lower valent compounds are
found in acid solution; in basic solution they hydrolyze to give pre-
cipitates of ruthenium hydroxide and hydrous ruthenium dioxide. On the
other hand, dissolved ruthenates and perruthenates are stable only in
basic solution; in acid solution they disproportionate to give ruthenium
tetroxide and the hydrous dioxide. Of the upper valent compounds, only
the tetroxide is stable in acid solution,

Ruthenium, in sommon with other heavy Group VIII elements, forms

1)

an extremely large number of complex compounds; as Pauling( states:

The metals of the palladium and platinum groups have
little tendency to form positive ions, but prefer to remain

(1) Pauling, Linus, "The Nature of the Chemical Bond," Second
ed., Cornell University Press, Ithaca, N. Y., 1940, p. 237,



neutral or even become negative; this characteristic is indi-
cated by their position in the electronegativity scale, In
consequence, these eleamenis can form covalent octahedral com-
plexes not only with cyasnide, ammino, hydroxide and related
groups; but also with chlorine, bromine and even iodine atoms.

One would consequently expect the chemical behayior of ruthenium
to be quite complicated, and this is indeed the case. Nevertheless, for
an interpretation of its chemistry, analogies can be drawn to the known
chemistry of other elements which possess properties similar to those
of ruthenium in a given valence state. For example, in acgid solution
ruthenium resembles the transition element iron in its bivalent and
tervalent states. Ruthenium tetroxide is similar to osmium tetroxids
in its chemical behavior and the alkali ruthenates in solution behave
very much like the manganates.

The French treatise, "Praité de Chimie Min&rale,"(z’ has been
used generocusly as & source of information whenever an article in the
literature was unavailable and as a reference work which eritically

summarizes the literature on the chemistry of ruthenium according to

valence state.

B, The Ruthenates and Perruthenates

The ruthenates and perruthenates are the respective salts of
bl

the hypothetical acids H2Ru04 and HRuO4° The perruthenates of sodium

(2) Charonnat, R., “Traite de Chimie Min&ralo," Vol. X1,
Masson and Cie, Paris, 1932, p. 383,
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and potassium are the only selts of heptavalent ruthenium that have ever
been isolatedu(s) They mey be prepared by oxidizing concentrated ruthe~
nate solutions with chlorine until the orange-red color changes to a
dark green. However, & better method and one which avoids contamination
by other ions is to absorb an excess of ruthenium tetroxide in a con-
centrated ruthenate solution and allow the mixture to stand at 0°,
Debray and Joly (4) wers the rirst to isolate greenish-black,
octahedral crystals of potassium perruthenate and find that they are
stable in air, Goniometric measurements by Dufet showed these crystals
to be of tetragonal symmetry and not isomorphous with those of potassium
permanganatoo(s) The perruthenatss are only slightly soluble in water
at room temperature; their dark-green neutral aqueous solutions are
not stable, but disproportionate rapidly to give ruthenium tetroxide

and ruthenium dioxide according to the equation:
2 H0 + 4Ru0: > JRu0, + Ruo, 4 40F"

Excess hydroxide easily reduces perruthenate to ruthenate; with simul-

taneous evolution of oxygono(GB

(3) Debrey, H., and Joly, A., Compt. rend., 106, 1494 (1888).

(4) Debray, H., and Joly, A., loc., cit.

Q
(5) Dufet, M., Bull. Soc. franc. Mineral, 11, 216 (1888).

(6) DObrays Hog and JOIY9 A09 9:20 Qitoa Po 1498,
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In complete analogy to the manganates, the alkali ruthenates may
be prepared in the dry way by fusing the powdered metal or dioxide
with an excess of the appropriate alkali and a strong oxidizing agent
such as alkali nitrate or pez@oxideowD (8) The latter reagent avoids
contemination by other ioms. The color of the melt is grsen, indicat-
ing that the VII oxidation state has been attained; however, dissolu-
tion of the melt gives a deep orange-rsd colorsd solution character-
istic of ruthenate, with evolution of oxygen. An alternative method
for the presparation of purs ruthenates is the absorption of ruthenium
tetroxide in concentrated esqueous alkali;(Q» the tetroxide is re-
duced first torperruthenate and then %o ruthenate with svolution of
oxXygen. Ruthenates are also formed when powdered ruthenium metal or
lowsr valent ruthenium salts are oxidized by permangansate Or hypo-
chlorite in strongly alkaline solutionso(lO)

4 number of alkaline earﬁh and heavy metal ruthenates, slight-
ly soluble in water, have been preparedo(ll) In contrast to the

perruthenates, the alkali ruthenates are very soluble in water and

can bs obtained only by evaporation of concentrated solutions. The

(7) Gutbier, 4., Angew. Chem., 22, 487 (1909).

(8) Krauss, F., Z. enorg. allgem. Chem., 132, 301 (1924),

(€) Howse, J. L., end Mercer, F. No, J. Am. Chem, Soco, 47,
2926 (1s25).

(10) Ruff, 0., and Vidic, E., Z. anorg. allgem. Chem., 136,
49 (1924},

{11) Debray, H., end Joly, A., Compt. rend., 106, 1494 (1888),




ruthenates are very hygroscopic; they decompose on standing in air to

1
ruthenium dioxideo( 2) (13)

The analogy with the mangenates does not
hold as far as structure is concerned, for the ruthenates, eg.,
BaRu04°H20 and KéRu04°H209 erystallize with water of hydrationo(l4)
Concentrated ruthenate solutions have been reported to be unstable,
slowly depositing ruthenium dioxide on standing. However, during
the present work ruthenate solutions as high as 0.1 M-have been
stored for as long @s several months without eny sign of decomposi-
tion. Ruthenates are easily reduced to the hydrous dioxide with
organic reducing agents such as ethyl aleohol. Upon acidification
ruthenates disproportionate to give the tetroxide &and the hydrous
dioxide, (15) (16) (17)

Krauss(le) claimed to have prepered an ammonia complex of

ruthenium (VI) by evaporation of a solution formed from the reaction

(12) Debrey, H., and Joly, A., Compt. rend., 106, 1494 (1888).

(13) Krauss, F., op. cit., p. 308,
(14) Debrey, H., and Joly, 4., 0p. cit., p. 1497.

(15) OGutbier, 4., Leuchs, G. A., and Wiesmenn, H., Z. anorg.
allgem. Chem., 95, 177 (1916).

(16) Gutbier, A., and Ransohoff, F., ibid., 45, 241 (1905).

(17) Wéhler, L., Belz, P., and Metz, L., ibid., 139,
205 (1924).

(18) Krauss, F., ibid., 132, 301 (1924).



of ammonia with & concentrated ruthenate solution. He characterized
the small black crystals &s having the formula RuOp(O0H)3(NH;),. The
salt was slightly soluble in water and dilute sulfuric¢ acid; but
quite soluble in hydrochloric acid. Concentrated hydrochloric acid
reacted with this compound to give a brown aquo salt whose formula
was given as Eiuoz(Hzo)a(NHS);] Cly; the chlorine atoms are ionizable.
Brizard‘lg) however, noted that potassium ruthenate oxidized ammonia
with the formation of nitrosc compounds of ruthenium (III) and (IV),
The question is therefore raised as to whether Krauss really ob-
tained a compound of ruthenium (VI).

Aoyema (20)

prepared microscopic crystals of an acid, character-
ized as HgRuO0pCl, °3H,0, from the reaction of dry chlorine and hydro-
chloric acid with ruthenium tetroxide. The crystals, similar in
appearance to potassium permangenate, were exiremely hygroscopic

and hydrolyzed very rapidly in water and alcohol to give a black
colloidal substance {no doubt the hydrous dioxide). Concentrated
hydrochloric acid decomposed the acid, with evolution of chlorine,

to yleld a compound corresponding to HzRu016o Ammonium chloride

reacted with the acid yielding ruthenium tetroxide and a mixture of

(NB4)gRuClg and (NH4)2Ru015o

(19) Brizerd, L., Ann. chim. et phys., (7}, 21, 311 (1900).

(20) Aoyama, S., Z. anorg. allgem. Chem., 138, 249 (1924).




(21)

Howe apparently prepared the rubidium and cesium salts of
the above oxychloro acid, HpRuO5Cls. These compounds, soluble in
dilute hydrochloric acid, were recrystallized in the cold from this
solution unchenged, even in the presence of alcohol. Water instantly
decomposed these substances, giving & black liquid having the odor of

(23)

ruthenium tetroxide. Neither Krauss(aa’ nor Aoysama wers @ble to

duplicate the preparation of these compounds.

C, The 0Oxides of Ruthenium

In spite of the fact that ruthenium possesses all oxidation
atafes between zero and seight, only two oxides, the dioxide and
tetroxide, have ever been isolated. The latter is by far the more
interesting compound,

The properties of the two oxides are in direct contrest to
one another: Ruthenium dioxide has properties similar to and
behaves chemicelly like manganese dioxide, while ruthenium tetroxide
acts very mach like osmium tetroxide. Whereas the dioxide is stable

in air and can be heated to 600° before a reaction with oxygen

(21) HOWO, J.o Lop io ﬂo Chemo 30099 §§=9 '775 (1901)0

(22) Krauss, F., Z. anorg. allgem, Chem., 117, 111 (1921),

(23) Aoysma, S., ibid., 138, 249 (1924).
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Yo A

(24)

begins, the tetroxide is extremely unstable in the presence of

light and moisture &and is easily reduced to the dioxide by traces of

organic mattero(zs) (26) No melting point has ever been observed for

the dioxide; on the other hend, the tetroxide melts at 2500(27) (28)

The dioxide is very insoluble in water; the crystalline form; ex-
tremely refractory, is not attacked by any acid or mixture of

acidap(zg)

while the hydrous dioxide, when freshly precipitated,
easily dissolvés in hydrochloric acid but is still insoluble in both
nitric and sulfuric acids. The tetroxids, however, is soluble
enough to give a 0,12 M.solution at room temperature;(zo) it is
rapidly reduced to the tervalent and tetravalent states by the
halogen acids.,

Crystalline ruthenium dioxide is obtained only by dry methods

-/
of preparation; for example, by heating the sulfete in air at

(24) Debray, H., and Joly, A., Compt. rend., 106, 1494 (1888).

(25) Joly, 4., ibid., 111, 693 (1891).

(26) Claus, G., Bull. Acad. Sci., St. Petersburg, (3) 1,
100 (1860).

(27) Debray, H., and Joly, A., Compt. rend., 106, 328 (1888).

(28) Krauss, F., Z. anorg. allgem., Chem., 131, 348 (1923).

(29) Joly, A., in Fremy, "Encyclopedie Chimique,"™ Vol. III,
No. 17, Part I, Paris, 1900, p. 218,

(30) Hewy, H., Angew. Chem., 39, 1061 (1926).



600°¢31) (32} or the chloride or chloro-complexes in air or oxygen at

g0, (33) (34) (35)

500=-70 It can also be formed by heating powdered

(36) or by roasting the disulfide or

(37) (38) (39)

ruthenium metal in oxygen at 1000°
hydrous oxide in air at high temperatures. The hydrous
oxide of ruthenium, whose composition corresponds approximately to the

formula RuO(OH)2(40)

is formed when tetravalent species precipitate by
hydrolysis. It may be prepared by neutralizing a solution of ruthe-
nium (IV) chloride with aqueous alkali, or by the air oxidation of

lower valence hydroxides. It is also formed by the reduction of ruthe-

nates and perruthenates in basic media, and from the reduction of

(31) Gutdier, A., and Ransohoff, F., Z. anorg. allgem. Chem.,
45, 241 (1905).

(32) Lunde, G., ibid., 183, 345 (1927).

(33) Aoyema, 8., Science Reports, Tohoku Imp. Univ. I 16,
27 (1927).

(34) Aoyama, 8., Z. anorg. allgem. Chem., 138, 249 (1924).

(35) Wohler, L., Balz, P., and Metz, L., ibid., 139, 205 (1924).
(36) Remy, H., and KBhn, M., ibid., 137, 365 (1924).

(37) Claus, C., Bull. Acad. Sci., St. Petersburg (2), 5,
241 (1847).

(38) Miller, E., and Schwabe, K., Z. Electrochem., 35, 170
(1929).

(39) W¥nler, L., Balz, P., and Metz, L., op. cit., p. 205,

(40) Cheronnat, R., Ann. chim., (10) 16, 5 (1931).
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10
ruthenium tetroxide in solution, either catalyticelly, by sutodecomposi=
tion, or reduction with hydrogen peroxide and many other reducing agents.

The steel-blue crystals of the dioxide possess the rutile type

' 42
structure and the density, based on X-ray deta, is 6.97 go/cco(‘u) (42)

The dioxide can be reduced to the metal by hydrogen(45’ or by carbon
monoxide on heatingo(44) By reaction with & mixture of carbon monoxide
end chlorine it may be converted to the trivalent chloride. Ruthenium
tetroxide is formed when the dioxide is heated in air or oxygen abovs
800%,

Ruthenium tetroxide is usually prepared in the wet manner in an
all-glass apparatus by distillation from an acid solutibn containing a
strong oxidizing agent such as poteassium permangénate Or periodic acidj;
the distillate is collected in an ice-cooled receiver which may contain

(45) (46) (47) (48) (49)

water, aqueous acid or aqueous alkali. The

(41) Goldschmidt, V. M., Barth, T., Holmsen, D., Iunde, G., and
Zachariasen, W., Skrifte Norske Videnkapsacad. Oslo, Met.-Nat. Kl. 1,
16 (1926).

(42) Krauss, F., and Schrader, G., Z. 810Tg. allgem. Chem., 176,
385 (1928).

(43) Sainte-Claire Deville, H., and Debray, H., Ann. chim., (3)
56, 385 (1859).

(44) Remy, H., and Wagner, T., Z. 80OTE. allgem. Chem., 157,
339 (1926).

(45) OCrowell, W., and Yost, Do M., J. Am, Chem. Soc., 50, 374
(1928),

(46) Gutbier, A., Angew. Chem., 22, 487 (1909), p
{47) Howe, J. L., J. Am. Chem. Scg., 23, 775 (1901).

(48) Kreuss, F., Z. anorg. allgem, Chem., 131, 348 (1923).

(49) Ruff, O., and Vidie, E., ibid., 136, 49 (1924).
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801id meterial obtained may be purified by washing with weter, drying
over magnesium perchlorate, and redistilling in vacuo. Two appa;ently
different crystalline forms of the tetroxide are known: reactive
yellow needle-like crystals and an orangs=brown amorphous solid.
Krauss(5o’ believed that these two forms are different crystalline
modifications; however, Remy§51) basing his opinion on the fact that
both solids have identicsl melting points and solubilities in water,
stated that the two crystalline forms are not any more different than
are snow and ice. The boiling point of the tetroxide has never bsen
determined because it decomposes explosively at 108° to
11000(52) (53) (54) (55) 144 solubility in water has been measured
by Remy over the temperature reangs 0° -~ 75°5(56) at room temperature
its solubility is about 21 g./1. Absorption bands in the visible
and near ultra-violet have been observed for the gaseous tetroxide

even at low pressureso(57) (58)

(50) Krauss, F., Z. anorg. allgem., Chem., 131, 348 (1923).

(51) Remy, H., Angew. Chem., 39, 106 {1928).
(58) Krauss, Fo, op. cit., po 350,

(53) Debray, H., and Joly, A., Compt. rend., 106, 328 (1888).

(54) Seint-Claire Deville, H., and Debray, H., ibid., 80, 457
(1875).

(55) Joly, A., in Fremy, "Encyclopedie Chimique;" Vol. 3,
No., 17, Part 1, Paris 1900, p. 218,

(56) Remy, Ho, op. cit., p. 1062

(57) Krasikov, S. E., Filippov, 4. N., and Chernyaev, I. I.,
Ann. secteur platine Inst. chim. gen. (U.S.S.R.), 13, 19 (1936).

(58) Qviller, B., Tidskrift for Kjemi og Bergvesen, 8,
137 (1937).
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Ruthenium tetroxide is reduced to the tstravalent chloride by
hydrochloric acid, to a mixture of the (III) and (IV) bromides by

hydrobromic acid and to the tri-iodide by hydriodic aeido(sg)

The
latter reaction is the basis for a quantitative method of analysis
for ruthenium. The tetroxide is reduced slowly by hydrogen peroxide

to the hydrous dioxide(so)

and to the insoluble disulfide by hydro-
gen sulfide. Potassium ruthenocyanids, isomorphous with the ferro-
cyanide, may be preparsd by adding a mixture of potassium cyenide

(61) When the

and potassium hydroxide to ruthenium tetroxids.
tetroxide is absorbed in aqueocus alkali, either ruthenate or per-
Tuthenate solutions are formed, depending on the alkslinity. Con-
ductivity measurements by Krauss(ez) involved experimental diffi-
culties and the data obtained afford little information as to the

(63) claimed to have

state of the oxide in aqueous solution. Krauss
prepared a salt of ruthenium (VIII), the compound &NH@)aﬂmOSD from
the reaction of ruthenium tetroxide with concentrated ammonia; how-

ever, Trenkner(64) using the same procedurs obtained a compound

which he characterized as RuO(OH)g°2NHs°2H50,

(59) Ruff, O., and Vidic, BE., Z. anorg. allgem., Chem., 136,
49 (1924).

(60) Wonler, L., Balz, P., and Metz, L., ibid., 139, 204 (1924),
(61) Joly, A., op. cit., pP. 222,

(62) Krauss, F., Z. snorg. allgem. Chem,, 131, 348 (1923).

(63) Kreuss, F,, ibid., 119, 217 (1921),

(64) Trenkner, K., Dissertation, "Neus Untersuchungen uber
das Ruthenium,® Erlangen, 1905,



CHAPTER II

THE CRYSTAL STRUCTURE OF POTASSIUM PERRUTHENATE

A, Introduction

Although potassium psrruthenate was first prepared in 1876, its
erystal structure until the present work has not bsen determined. The
original preparation(l) was first reported to be isomorphous with
potassium permanganate; Deville and Debray described the perruthsnate
as black, brilliant orthorhombic octehedra, derived from a prism of
117°, In 1888, Debray and Joly(2) also prepared the perruthenate and
submitted samples for erystallographic observation to Dufet(s) who
reporfed from goniometric measurements that the crystel is tetragonal
with axial ratio ¢/a 2.31086; morsover, the perruthenate was described
as black, tetragonal octehedra, stable in air, and not isomorphous with
potassium permanganate.

Hiortdahl(4) first recognized the similarity of erystal form of
sodium periodate and calcium tungstate (scheelite), as well as of some

periodates of other univalent metals and some tungstates and molybdates

(1) Sainfe-Olaire Deville, H., and Debray, H., Compt. rend., 83,
926 (18786). -

(2) Debray, H., and Joly, 4., ibid., 106, 1494 (1888).

(3) Dufet, M., Bull. Sog. franc. Mineral, 11, 216 (1888).

(4) Hiortdehl, T., Z. Kryst. Min., 12, 411 (1887),
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of other bivalent metals. To these, Barker,(5) from morphologicel dete
publiahed‘in Grotheg(a) edded the campounds potassium perruthenate and
potassium osmiamate, KOsOaN, and discﬁsséd the bearing of such cases of
isomorphiam on valence theory. These crystals are all tetragonal, and
have axial ratios renging from 2,155 to 2.315.*

Since the first determination of the structure of scheelite in
1926,(7’ some thirty other orystals have bsen found to possess this
structure type, e.g., potassium iocdate, sodium perrhenate, iﬁmoniun
pertechnetate, calcium molybdete, lead tungstate, cesium fluorochromate
CsCrOzF, and tetragonal bismuth arsenate. Wykoff(8) points out %hat in
the half-dozen 6asea of complete structure examination among these
compm_mds9 different parameters for the oxygen atoms have been reported
in every case. These parameters are of intersst for the information
they give about the interatomic distances in crystals, thus aiding our

understending of the forces which bind atoms in orystals.

*The original report gave axial ratios of 1.521 to 1.634,
which are related to those quoted above by a fastor of 1ﬂf§: and are
therefore based upon a different but equivalent choice of a-axis cor-
responding to & face-centered rather then a body-centered unit cell.

(5) Bsrker; T. V., J. Chem. Sog., 101, 2487 (1912).

(6) Grothe, P., ™Chemische Krystallographie,® Engelman,
Leipzig, 1908, vol. 2, pp. 175, 393,

(7) Vegard, L., Phil. Mag., 1, 1151 (1926).

(8) Wyckoff, R. W. G., "The Structure of Crystals,® Supplement
to Second Fdition, Reinhold Oorp., New York, 1935, p. 68.



15

B, Preparation of Crystals and X-ray Patterns

Esgsentially pure potassium perruthenete was first prepared by
the method of Debray and Jolyo(g) The starting ruthenium salt, a
mixture of ruthenium ¢richloride and ruthenium tetrachloride, was
fumed several times with concentrated sulfuric acid to eliminate
chlorides. After the addition of potassium permanganate as oxidiz-
ing égents ruthenium tetroxide was distilled from ths sulfuriec acid
solution into 1 M. potassium hydroxide. The solution of the dis-
tillete was orange=colored due to ruthenate ion (which was first
formed) and gradually changed to the dark green color of the per-=
ruthenate as more tetroxide was absorbed., Small black crystals were
deposited on the walls of the receiver; this crystalline material was
washed with ise=cold freshly distilled water, and was finally dried
in vacuo over anhydrous calcium sulfate.

Copper radiation Debye~Scherrer photographs of this preparation,
after grinding to ) 300 mesh in a mortar, were taken in Norelco cemeras
of two sizes;, 5,73 cm, and 1l.4 cm. diameter, respectively. The larger
picture is shown in Fig. 1 and the data taken from it are listed in
Table I. These patterns provided confirmstion of the scheelite strusture
type as described in the next sestion,

The lattice constants for the perruthenate were obtained with

greatest precision from refilections in the back-reflecting region on a

(9) Debray, H., and Joly, A., Compt. rend., 108, 1494 (1888},







TABLE I

INTENSITIES AND INTERPLANAR DISTANCES FOR POTASSIUM
PERRUTHENATE FROM POWDER DIFFRACTION DATA®

Indices Intensity? dops,° dgaie,
101 s 5,145 5,139
112 vs 3,380 3,378
004 wo 3,225 3,241
200 Mo 2,790 2,799
202 ™ 2,567 2,570
114 ™ 2,506 2,507
211 W 2,452 2,456
213 w 2,165 2,164
204 M® 2,113 2,119
220 w 1,976 1,979
116 1.896
222 M 1.892 1,892
215 w 1,799 7,801
303 , 712
206 s 1,708 .709
313 1,707
224 M 1,665 1,690
008 W 1.619 1,630
321 " 1.542 1.541
305 W 1.515 1,518
217 " 1,466 1,490
323 1.461
226 w 1.461 460
208 ,403
400 M 1,400 1.399
109 1,395
316 . .369
402 M 1.369 .368
411 w 1.350 1.350
325 W 1.333 1,331
307 W 1.313 1,315
413 296
332 w 1.292 on
404 ™ 1.2684 1.284
228 1.253
430 M 1.251 -252

219 1o249
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TABLE I

INTENSITIES AND INTERPLANAR DISTANCES FOR POTASSIUM
PERRUTHENATE FROM POWDER DIFFRACTION DATA2? (continued)

b c

Indices Intensity Qops, deale,
101410 231
422 ¥ 1.230 .229
301010 1.046
101018 v 1,043 1,044
514 ,040
521 ™ 1,037 1,037
435 029
505 v 1.028 029
2°0012 2008
300011 AL 1,003 0,9875
440 ¥ 0.9895 0.,9694
516 v 0.9783 0,9786
532 9489
203012 AL 009485 0.9486
602 ' 0.9232 0.9232
446 \Ld 0.8998 0.8990
620 W 0,884 0.8849
536 6.8769
632 AL 08769 8767
1.0015 0.8537
624 L 0.8538 0.8537
448 W 0.8440 0.8443
501010 ¥ 0.8368 0.8370
633 5 .8190
626 | 0.8186 0.8190
402012 0.8120
00016 w 0,8108 0.8103
712 7853
552 we 0.7855 0.7653
30015 0,7853
628 - 0.7 0.7765
640 27762 0,7762

8Tnese data are taken from Fig. 1.

bne symbols in this column have the following meaning: VW = very
weak, W - weak, M - medium, 8 - strong, end V3 - very strong.

@These data have bsen correscted for camsra errors by comparing the
d vslues obtained with the known 4 values of sodium chloride in a photo-
graph of & mixture of the two substances.
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Debye=Scherrer pattern in which sodium chloride was mixed with the
perruthenats in order to provide calibrating lines.

Single crystals of the salt, required for the assignment of
parameters to the oxygen atoms, were obtained in a new preparation by
distilling ruthenium tetroxide into an alkaline solution of potessium
ruthenate, placing the mixture in a refrigerator for several days,
and washing the crop of smell black cerystals as described above.

Several crystals, whose shapss were approximately that of an
elongated tetragonal octahedron, about 0.03 = 0.02 om., were mounted
on glass fibers by using rubbsr cement. The initial orientation of
the crystal on the fiber was made purely from its external shape;
usually the crystal was several degrees off from one of its axes.

Two specimens were mounted in two positions: omns, parallel to
the long axis of the specimen (the & axis of the crystal), and the
other, perpendicular to this lomng direction (perallel to the b axis).
The final adjustments of the crystal to plece the ¢ and b axes
accurately parallel to the rotation axis were guided by meking a series
of X~ray oscillation photographs., Two of thess photographs, esach cover-
ing a range of from 10 to 15°, were taksn 180° apart from sach other on
the same film; by meking one exposure of muich longer duration than the
other, it was possible to ascertain in what direction the crystal was
tipped from its axis. Rocker arms, sst at 90° o each other on the
goniometer head, were used to adjust the position of the crystal. Two

centering screws, also on the goniometer head, served to center the

orystal on iis rotation axis after each rocker arm adjustment. A series
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of these oscillation photographs were made until the ecrystal position
was accurately parallsl to the rotation axis; then before taking a
Weissenberg photograph, a complete (360°) rotation exposure was mads
to insure the exact position of the crystal. The final criteria for
this position is the non-splitting of the layer lines on the rotation
photograph.

The first seriss of Weissenberg photographs were taken with
unfiltered copper X-radiation. The shape of the spots on the photo-
graphs indicated that absorption of radiation by the crystal was son-
siderable and that structure factors derived from the observed in-
tensities were not to be trusted., Calculetions (given in Appendix I)
verified this indication; accordingly, new equatorial Weissenberg
photographs, using unfiltered molybdenum radiation, were taken about
the ¢ and b axes. These photographs are shown in Figs. 2 and 3
and the datea are summerized in Tables II and III,

To facilitate the visual sstimation of intensities of spots,
the multiple film technique of de Lange, Robertson, and Woodward(lo)
was used; thet is, three Kodek non-scresn X-ray films were placed one
behind another in the Weissenberg cemera, interleafed with two sheets
of silver foil, one 2.5 mils thick between the first and second films,
and the other 3.0 mils between the second and third films, All three

films were exposed simultansously; the constant ratio of exposures of

(10) de Lange, J. J., Robertson, J. M., and Woodward, I., Proc.
Roy. Soc. (London), 4 171, 398 (1939).
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TABLE II

CALCULATED AND OBSERVED hk(O STRUCTURE FACTORS
FOR POTASSIUM PERRUTHENATE®

¢
bk0 2%%‘2 Iovs., /rbbao/b Feale.
200 0.179 185 37.2 =33.9
220 0,253 155 40,6 =34.7
400 0.358 38 24.8 *27.5
420 0.400 40 27.2 28,5
240 0,400 45 28.8 =29.9
440 0,508 9 14.9 *12.4
600 0,537 7.5 14.2 =12.9
620 0,568 9.5 16.5 =15.7
260 0.566 7.5 14,7 =14.4
640 0,645 3.4 10.9 =12.2
480 0.645 4.2 12.1 *12.5
800 0,715 2.8 10.8 “11.1
280 0.738 1.7 8,5 = 7.4
820 0,738 1.3 7.4 ¢ 6.8
660 0.780 1.7 807 = 8.1
840 0.800 0.85 6.4 ® 602
480 0,800 0,90 6.5 ¢ 6.4
10-0-0 0,885 0037 4,5 = 4,0
860 0.885 0,30 4.0 T 3.7
680 0.895 00,25 3.6 = 3.2
10°2-0 0,913 0.88 3.8 = 3.8
20:10-0 0.913 0.24 3.6 = 3.5
10-4-0 0,965 0,283 3.6 = 4,0
41040 0.965 0.20 304 * 3.7

amhoso data are taken from Fig. 2.

b - 2 1+ cos® 20
Computed from the equation I pg = S§F/obs x ~Ir 28 0
cGalculated for the final model whose perameters are x = 0.0086,
¥y 0117, z =0802, with separate Debye-Waller temperature corrections
for Ru, K, and 0; sse p. 36 of text.






CALCULATED AND OBSERVED hof STRUCTURE FACTORS

TABLE III

FOR POTASSIUM PERRUTHENATE®

nod

N Iovs. /¥ovs./ b ¥oale.
103 0,146 165 25.4 *80,5
004 0,154 500 45.4 =39,7
300 0,179 260 35 .4 -34.1
203 0,195 14 8.53 = 8,9
105 0.212 2.4 3.78 = 4,7
804 0,236 260 4l1.1 *39.7
301 0,270 6.1 6,7 = 8,8
107 0.284 4.1 5.67 = 6.4
303 0.292 8,5 8,35 = 7.3
206 0.293 1.25 3,23 “ 2.9
oo8 0.309 50 20,8 80,3
305 0,329 12 10.6 212.7
208 0.356 135 37.3 =31.2
400 0.358 70 27,1 *27.3
109 0,358 6.8 8.47 + 9.4
408 0.366 2.3 4.94 - 7.6
307 0,380 8.0 9.45 +11.0
404 0,389 45 22,7 =24.5
2:0-10 0.425 1.20 3.9 “ 4.1
406 0.426 0.50 2,56 + 2.8
1°0°11 0.434 3.3 6.58 < 6.3
309 0.439 4.2 7.44 = 7.2
501 0.448 3.9 7.25 + 6.8
0.0°12 0.463 40 23.9 -35.1
503 0.472 1.3 4.33 4 4,1
408 0.472 28 20.85 +19.4
505 0.486 4.1 7.92 = 8,9
8-0-°12 0,496 15 15.26 “*16.2
3°0°11 0.501 1.9 5.49 = 6.7
1°0013 00508 4.0 7098 = 8-0
507 0.522 2.3 6.3l = 7.3
4°0°10 0.526 0,85 3.8 ¢ 4.7
600 0.538 8.5 12.1 =13.1
602 0.542 0.1 <1.3 = 1.3
604 0.558 10 13.5 *16.9
509 0.566 0.8% 4.0 + 4.5
3:0013 0.568 0.80 3.9 ¢ 401
2°0-14 0.568 0.1 <l.4 ® 0.3
6086 0.584 0.1 <l.4 * 0,5

24



CALCULATED AND OBSERVED hOl STRUCTURE FACTORS
FOR POTASSIUM PERRUTHENATE® (continued)

TABLE IIX

A Tobs. /Fobs .,/b Foalc,
4-0:12 0,584 8.5 12,9 =13.9
1-0-15 0.588 1.7 5.8 = 6.5
5.0°11 0.615 104 5.5 + 506
0°0-16 0.617 7.5 12,7 *14.3
608 0.619 8.5 13.5 =14,3
701 0,626 0.70 3.9 = 4,2
703 0.636 1.3 5.4 = 5,0
3°0°15 0.637 0.42 3.0 + 3.2
2:0°16 0,641 6.0 11.6 =10.8
4°0°14 0,648 0.1 €1.5 * 0.5
705 0,654 0.75 4.2 ?* 3.4
6°0°10 0.660 0.1 <1.5 + 1.0
1-0.17 0,662 0,37 3.0 * 3.3
5:0:13 0.672 0.37 3,0 = 2,9
?07 0.681 0.85 4.6 * 3.5
3°0°l'7 0,708 0.38 3.1 = 3.8
6°00.12 0,708 2.8 8.5 * 7.9
40016 0,713 2.7 8.4 ¢+ 8.9
800 0.715 E2.9 8.7 11,3
709 0.716 0.3¢9 3.2 = 5.8
2:0-18 0.718 0.1 £1.6 = 1.2
8023 0,719 0.1 <£1.6 0
5°0015 0.731 0,20 2,3 - 2,3
804 0,738 2.7 8.6 = 7.7
1-0-19 0.739 0.21 Rod * 8.9
806 0.751 0.1 <1.5 0
7:0011 0,756 0.15 2.1 = 8.5
6.0014 0.760 0.1 £1.7 0o
000020 09"772 2o1 709 = 501
808 0.778 1.8 6.9 + 5.3
3:0-19 0,780 0.18 2,3 = 2.8
400018 0.781 0.1 1.7 = 1.9
20020 0,792 2.3 8.2 + 7.4
5:0°17 0.794 0.23 206 + 3.2
7:0013 0.802 0.1 1.8 * 2.7
901 0.805 0.21 2.6 + 3.0
203 0.812 0.12 1.9 ¢ 2.9
8°0°10 0.812 0.1 £1.8 0
l°0°21 09816 001 108 = log
6:0-18 0.818 l.2 6.2 = 5.3
905 0.827 0.13 2.0 = l.4
907 0.848 0.12 2,0 = 1,3

25



CALCULATED AND OBSERVED hoA STRUCTURE FACTORS

TABLE III

26

FOR POTASSIUM PERRUTHENATE® (concluded)

ain 6

hOI 52 Iobs. /FObSo/ b Fealm
400020 0.850 0.85 5.3 =5,.1
7:0.15 0.852 0.1 1.83 2.4
8.0-12 0.853 0,90 5.5 -8,2
3:0-21 0.853 0.1 1.83 +2.4
5°0°19 0.859 0.1 1.83 *1.9
200022 0.869 0.1 <1.85 =0,5
909 0.876 0.1 <£1.86 *1.7
6-0-18 ©.876 0.1 <1.86 =0.4
1°0°23 0.892 0.1 <£1.88 l“blos
10:0-0 0.894 0.80 5.30 ~4,0
8:0-14 0-895 0.1 £1.88 0
10°0°3 00897 001 ‘loaa 008
'700017 00906 / Ool <1088 -104
10-0-4 0.906 0045 4.01 %4,1
9°°°11 00910 Ool <1089 4‘1o6
4°0°23 0-021 0.1 £1,90 =0,7
100006 0.923 0.1 <1.90 20,3
5°0021 0.925 0.1 £1,90 =1,.8
0<0-84 0.926 0.50 4.85 +3.8
3°0°23 0,927 0.1 ? <1.90 *1.8
6-0-20 0.940 0.40 3.82 *4.2
8-00-18 0,945 0.45 4.06 *4.1
8-0°24 0,945 0.30 3.32 =3,5
10°0-8 0,945 0.4 3,60 3.7
9:0:13 0,948 0.1 <1l.92 =2.0
7:0°19 0.964 0.1 £1.93 =1.5
1-0:85 0.870 0.1 ? <1.93 41.6
10:0-310 0.873 0.1 <1.93 0.7
11-0-1 0.984 0.1 <1.93 =1l.1
11°0°3 0,990 0.1 <1.93 =1.3
9°0:15 0,990 0.l <€1.93 =1.8
4°0°84 0.992 0.22 2.86 *2,7
5:0-83 0,994 0.1 <1.93 =1.6
8:0°18 0.998 0.1 £1.93 0

8These data are taken from Mg. 3.

b 2 rp /8 1 + cos® 20

Computed from the squation Iobso =S /F/obso e

%Caloulated for the final model whose parameters are x = 0,008,
¥y =117, 2z =802, with separate Debys-Waller temperature corrections for
Ru;, K, and C; see p. 36 of text.
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sorresponding spots on the first and second films was 7.5 3 1, and for
the second and third films, 12.5 3 1. These ratios were obtained by
meking carefully timed test sxposures of different duration and com=
vering the sxposure times of spots of esqual intensity on the three

films,

C. Unit Cell; Space Group end Structure Type

The powder pattern of potassium perruthenate was shown to be
closely similar to the pattern of scheelite with the help of nomo-
graphs devised by Frevelo(ll) These ™"nomcgraphs” are plots of the
relative intensities of the strongest linss as a function of the
Bragg angle for the various tetragonal crystel types.

The powder pattern wes successfully indexed on the basis of
a body-centered tetragonel lattice. The interplanar spacing of all
reflections allowed by the selection rules for this lattice type(lz)

(1,80, h v k ¢ £ even) ware calculated by means of the formula

.g, = ______________&_____________,__ ° (1)
n

(11} PFrevel, L. K., Rinn, H. W,, and Anderson, H. C., Ind.
Eng. Chem., Anal. Ed., 18, 83 (1946),

(12) "Internetional Tables for the Determination of Crystal
Structures,® Gebruder Borntraeger, Berlin, 1935, p. 163.
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The calculated d/m values are listed in Table I along with the corres-
ponding observed reflegtions of Fig. 1 and their estimated intensities;

the observed d/n values were calculated from observed scattering

angles 26 by means of the Bragg formula
nA z 2dsinée. (2)

The most precisely observed lattice spacings were used to
estimate the size of the unit cell. These reflections and the derived

8g and ¢, axial lengths are tabulated below.

hkf 8y, 4, G, A.
440 5.6089
620 5.6089
640 5.6083
0°0-18 12,991

The values adopted eres &, = 5.609 2 0.002 4, c; = 12,991 2
0,002 4, based on 8, for sodium ehloride equal to 5.683 A.

The pattern shows the following systematic absences in accord
with the scheelite structurs; hk{ when h ¢+ k o 4 1is odd, correspond-
ing to a body-centered lattice; hkO when h or k is odd; 004 when .2

is not a multiple of 4. Thess absences and no others are required by

the space group ¢ -

ah I 4l/a, which is the space group to which
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scheelite and its isomorphs belong.* The same absences &8rs character-
istic of spage group Gg. =X 41 which differs from the former by the
absence of a center of symmetry. The symmetry and aBSenees in an
X-ray picture can never distinguish betwesen two space groups 80 re-
lated, We have proceeded under the assumption that potassium per-
ruthenate belongs to the same space group as scheelite and its iso-
morphs and the successful assignment of parameters as described in
this chapter confirms the walidity of this assumption.

The symmetry of this space group rsquirss that four molecules
of potassium perruthenate be present in the unit cell, with ruthenium
and potassium occupying the four-fold positions (a) ;nd (b) as listed
in the International Tables (Tabellen)o(ls» The sixteen oxygen atoms
can be placed in two sets of eight-fold positions (¢), (d) or (e), or
in general positions (f). The former are not consistent with observed

intensity date, nor do they lead to & chemically plausible struciure.

*'hese symbols have the following meaning: 06 is the

Schoenflies notation for a particular tetragonal bipyramiagl space
group, The remaining symbols, I 4j/a, refer to the Hermann-Mauguin
notation and give a complete description of the symmetry: I indi-
cates a body-centered lattice; 4; that the principal axis is & four-
fold screw rotation axis parallel to ¢,; /a indicates the presence
of a glide reflection plane, the glide being ﬁ-gog perpendicular to
the sgrew axis.

(13) "International Tables for the Determination of Crystal
Structures,® Gebruder Borntrseger, Berlin, 1935, p. 163,
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D, Determination of the Structurs

To complete the determination of the structure of potassium
perruthenate, it is necessary to svaluate the thrse parsmeters x, y,
and 3 which give the positions of the sixtsen oxygen atoms in the unit
esll. This evaluation is made by comparing structure factors esti-
mated from the observed intensitiss |F|©b3 with those calculated for

various assumed valuss of x, y, and Z.

1, Observed Structure Factors

Eétimations of the relative intensities of reflections were
made by comparing densities of spots on the three negatives exposed
simultansously, as previously described. Before reliable values of
structurs factors cen bs derived from intensity deta, a determination
must be made of whethsr absorption of radiation in the crystal speci-
men has substantially affected the rslative valuss of ths intensities
of the various reflections. Accordingly, an sstimate of the effect
of absorption on various reflsctions was made in a manner described
in Appendix I. The conclusion was reached that relative corresctions
to the observed intensities would not be larger than Z 5 per cent for
hkO and ¢ 7 psr cent for nof . Conssquently, the observed intensities
were used for calculating structure factors without making correctioma
for absorption.

Values of the observed structure factor lF wers obtained by

obs

the following squation, which applies to squatorial reflections:
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I = sz|1.l'|2 (1#@05229)/sin26 ' (3)
obs

where I is the intensity, © is the Bragg angle and S is a proportion-
ality constant usually determined from the data. In this work, S was

to the same scale as

estimated by adjusting the walues of lrlobs

Floalc: this estimation was simultaneous with an estimation of the

temperature factor as described bslow.

2, Caleulated Structure Factors

The general expression for the structure factor as given in
Zachariasen(14) for orystels with a8 center of symmetry at the origin

of coordinates is:

Fﬁu = Z £y cos 2T (hxg < kyg Ny Zq ) (4)

o

where the surmation is carried out over all atoms in the unit cell

and accordingly contains twenty-four terms. In this expression, f;

is the atomic scattering factor of the 1th atom and Xy ¥4 24 arse

parameters, msésured in fractions of the corresponding cell edges,

describing the losation of ths itk atom in the unit. This expression

assumss that all atomes are stationary; actually, they undergoc tempera-

ture motion which has an important effesct on the X-ray intensities.
Accordingly, in order to calculate structure factors for com-

parison with |r|0bs the following information is necessery; (a) atomic

(14) Zacheriasen, W. H., “Theory of X-ray Diffraction in
Crystals,® John Wiley and Sons, Inc., New York, No Y., 1945, p. 99,
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scattering fasctors for potassium, ruthenium, and oxygen, snd (b) cor-
rections for the effect of the temperature motion of the atoms in the
crystal. Each of these factors will be discussed in the ensuing
paragraphs.

8. Atomic scattering factors. The atomic scattering factor f

is the factor with which the‘expression given by J., J. Thomson for the
amplitude of the radiation scattered by one free electron must be mul-
tiplied to obtain the amplitude of the radiation scattered by the
stationary atom under consideration. This scattering factor has been
found sxperimentally to depend not only on the chemical element in-
volved and on the effective interplenar distance or sin 6/A value, but
also to some sxtent on the wave-length and on the state of chemical
combination. In general, these latter effects are not very great
(except when the wave-length of the incident radistion is close to the
K-edge of the atom); for each atom or ion a function of sin /A can be
given which usually represents the scattering power to within about
two unite, This function is obtained from>theoretical express;ons for
the electron distribution in the atom, or empirically from X-ray data
from crystals of known structurs.

Thres independent methods for the calculation of electron dis-
tributions in atoms end ions have been developed. Of these the most
accurate is that based on Hartree’s theory of the self-consistent

fieldo(ls) Values calculated by this method together with interpolated

(15) Hartree, D. R., Proo. Cembridge Phil. Soc., 24, 89,
111 (1928).
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values for light atoms and ions are given in a paper by James and
Brindleyo(15>

The approximate treatment of Thomas(1?) and Fermi(18) leads to
scattering factors which ars usually used for heavy atoms, Peuling
and Sherman(ng have calculated £ values with the use of hydrogen=
like eigenfunctions and suitable screening constants. A compsrison
of the £ values obtained by the different methods suggests that the
values for light atoms and ions obtained directly by Hartree’s method
are accurate to a few tenths of a unit, and that the interpolated
values have & somewhat larger possible error.*

The atomic scattering factors for potasgsium, ruthenium, and
oxygen will to some extent, especially for smell values of sin e/\,
depend on the distribution of electroms in their neighborhood.
Potassium is doubtless singly positively ehafged; the Hartrse values
of £ for K® were taken directly from the Tabsllen.'20) The distribu-

tion of electrons in the psrruthenate ion is, in all likelihood,

*The above three paragraphs have been taken from the
Tabellen and are included here for the sake of completeness.

(16) Jemes, R, W., and Brindley, G. W., Phil, Mag., 12, 81
{1932}, .

(17) Thomas, L. H., Proc. Cambridge Phil. Soc., 23, 542 (1927),

(18) Fermi, B., Z. Physik, 48, 73 (1928).
{18) Pauling, L., and Shermen, J., Zo Krist., 81, 1 (1932).

(20} "Internetional Teblses for the Determination of Crystal
Structures,® Gebruder Borntraeger, Bsrlin, 1935, p. 571,
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intermediate betwsen & purs ionic configuration, RuW(O:)49 and a pure
non-polar distribution Ru=104o Values of £ cerresponding to the inter-
mediate distribution Ru¢5(0°)4 have been used for this work. This
choice is consistent with the positionms of ruthenium and oxygen in the
scale of electronegativiti@so(zl)

Values for 0= were obtainesd by interpolating between the Hertree

(22) The atomic scattering

values for O and OF given in the Tabellen.
factor for Ru®3 was derivsd by modifying the Thomas-Fermi values for

Ru® given in the Tabellen(23) so that the value at sin 8/A = O is 41
{corresponding to 41 electrons) and joins smoothly into the Ru® curve

at sin 8/A = O.4. This bshavior is suggested by the Hartree curves

for %, 8°, and S0, For wvalues of sin 6/A greater than 0.4, the
Thomas-Fermi values for Ru® were employesd. Corrsctions of #0.2 and

=1l.9 for the wave length dependent anomalous scattering by the K-
electrons, obtained from Compton and Allison(24) after Hinl,(25) were
added to the scattering factors of potassium and ruthenium, respectively.

4 plot of the scettering factors for ruthenium, potassium, and oxygen is

given in Fig. 4 .

{21) Pauling, L., "™Nature of the Chemical Bond,® Second Edition,
Cornell University Press, Ithaca, N. Y., 1940, p. 65,

(22) “Intermstional Tables for the Determination of Crystal
Structures,™ Gebruder Bormtraeger, Berlin, 1935, p. 571,

(23) *"International Tables for the Determination of Crystal
Structures," ibid., p. 572,

(24) Compton, A. H., and Allison, S. K., "X-Rays in Theory &nd
Experiment,® Second Edition, Van Nostrand, New York, N. ¥., 1935, p. 315,

(25) HSnl, H., Z. Physik, 84, 1 (1933); Ann. Physik 5, 18, 42
(1933),
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b. Temperature factor. The effect of the thermal motion of

atoms in crystals is to decrease the amplitude of the scattered radia-
tion and is usually taken into comnsiderstion by the use of a tempera-
ture-corrected structure factor, F, obtained my multiplying<§é, the
structure factor without temperature correction, by the Debye-

Waller(as)(27) temperature factor in the equation

F - ¥ oB (51%2)2 o (5)

The B term in the above equation may be related to the Debye character-
istic temperaturs, @ o Using the value for sodium chloride of @ equal
to 281°, the Debye-Waller formula gives B = 1,43 x 10718, Actually
separate temperature corrections should be made for the two ions cor-
responding, according to Waller and Jamesy(za) to B = 1,55 x 10718 for
Na?® and 1.25 x 10716 for C1=, This example illustrates the approxima-
tion involved in using the value of B calculated from the characteristic
temperature &nd & mean atomic mass.

In this work the temperature factor was estimated from the data
by use of the following equation; it is very similar to (5) above, with

the edditional factor S, the seale factor, in order to normalize values

of |F|obs with those of IFlcalea

(26) Debye, P., snn. Physik, 43, 49 (1914).

(27) Waller, I., Z. Physik, 17, 398 (1923); Uppsala Univ.
frsskrift, 1925; Ann., Physik, 83, 153 (1927).

(28) Weller, I., and James, R. W., Proc. Roy. Soc., A 117, 214
(1927),
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Slrloba = II cale °XP - B(r-s-}il—g)z o (8)

Rearranging this equation and teking the logarithm of both sides,

d
logl lovs. . . _ B (sin®e) - logs .M
l FI calec B _,x?
A plot of log H&b{f versus ainz € should give a straight line whose .
cale
slope is equal to = %2?’ and an intercept equal to %. o

The velues of B and S were determined several times by comparing
the |F|0bs values with those calculated for successively closer models,
The final wvelue obtained from hkO deta was B equal to 1.76 x 10”‘16,, and
this figure gave fairly goed agresement for the hkO reflections, However,
satisfactory agreement using this value of B could not be obtained for
the hod reflections.

For these refrlesctions the plot of log[(ll"obs/ll‘l calJf’or para=
meter values near the final ones tended to define two approximately
straight lines characterized by a single intercept but having two dis-
tinctly different slopes. One of these was defined by reflections for
which hOf is evern; the other for which hod is odd. For the even re~
flections, potassium and ruthenium scatter X rays in phase, resulting
in reinforcement, while in odd reflections the scattering is out of
phase, resulting in interference. If different temperaturs factors
are apprcpriate for potessium and ruthenium, similar to those for
sodium chloride discussed above, exactly this behavior is to be ex-

pected. Quantitetively, Fgyey 80d I@dd are given by the following
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equations, except for the contribution of the oxygen atoms, which is

relatively small:

Foven = TR, XD Mﬁu 4+ fg exp Mx (8)

and

1]

Foad 0.707 (fg, exp Mp = fy exp M) , (9)

where fRu. and fK are the atomic scattering factors and exp M the
temperature factor with M being equal tc - %2" (sin® @),

Equations (8) and (9) may be reesrranged to give

even = exp Mp, <4 K exp My
TRu TRy
and
Foada - K
1.414 __04C = exp My, - exp My
Tra TRy

The factor fx /fRu is nearly independent of sin © with the
approximate value 0.45. Hence & plot of wobs /fRu should approxi-
mately define functions expressible as the sum for even hof end
difference for odd hof of two exponentials in sin® ©. The sum of
theae two functions then gives exp lq;u and their difference‘ gives

exp My. This procedure is similar to that by which Waller and

J’ames(ag) analyzed the temperature dependence of sodium chloride

(29) Waller, I., &nd Jemes, R. W., Proc. Roy.
214 (1927).

C., A4 117,
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data. The values of B obtained were 1.6l x 10~18 for ruthenium and
2,28 x 1018 for potassium. Use of these separate values of B sub-
stantially improved the sgreement between celculated and observed
structure factors for nof and slightly increased the agreement for
hkC reflections.

The difference in B values is reasonable inasmuch as potessium,
the lighter atom, should undergo more viclent temperature oscillation
than the heavier ruthenium. The expected B value for oxygen 1s not
easily estimated; although it is & much lighter atom, which would in-
crease the value of B, it is much more strongly bound, which would
tend to decrease B. However, the contribution of oxygen to the
structure factor is relatively smell and the effect of refinements
in its temperature factor is not observeble. Therefore the average

value of B equael to 1,76 x 1016 was employed for oxygen.

3, Determination of Parameters

The four Tuthenium etoms were placed in fourfold positions at
1/4, 0, 7/8; 1/4, 1/2, 1/8; 3/4, 1/2, 3/8; 3/4, 0, 5/8; and the four
potassium atoms at 1/4,. o, 3/8; 1/4, 1/2, 5/8; 3/4, 1/2, 7/8;
3/4, 0, 1/8, these positions corresponding to those listed as (a) and

(b) respectively in the Tabellen.* The sixteen cxygen atoms &are

*The atomic positions listed in the Tabellen for this space
group are based on an origin of coordinates placed at the point of sym-
metry Sq which is the position of the ruthenium atom in the structure.
The center of symmetry is then described by the coordinates 1/4, 0, 7/8,
and corresponding positions, We have chosen to base our working co=
ordinates on an origin at the center of symmetry in order to utilize
real expressions for the structure factor expressions, For the final
reporting of paremeters we have converted our parameters to the system
described in the Tabellen.
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then placed at x y 25 1/4 -y, 3/4 + x, 3/4 - z; 1/2 - x, ¥, 2;
1/4 ¢ y, 1/4 = x, 3/4 - 2, end those related to these by a center of
syrmetry at the origin end & body center translation, which are the
generel positions of the space group corresponding to (f). Inserting
these atomic positions in the general expression given in equetion (4),
simplified expressions for the contribution of potassium, ruthenium,
and oxygen can be derived.

8., Determination of x and y. The hkO deta were employed for

the determination of x and y. Use was made of the fact that pairs of
reflections hkO and khO occur at the seme Bragg angle and therefore
the seme temperature factor and atomic scattering factors apply to
both. Furthermore, the contributions of potassium and ruthenium to
each reflection of & pair are the seme and the differences in |F|obs
are entirely due to oxygen contributions. The difference in the
observed structure factor thgrefore directly gives en inequelity
showing the relative contribution of oxygen to the members of the
pair; the sign of F is in every case determined by the contribution
of ruthenium which is in & known position, &nd it must be taken into
account in interpreting this inequality.

Each inequality is consistent with & restricted portion of
x~y space., In Fig. 5, a map showing the boundaries of these regions
is presented. Only that part of the x-y plane with 0<¢ x€0,.85 and
0¢y{0.25 is included. The remsinder of the plane is related by
symmetry. It is seen that the only region in which the oxygen

contributions are consistent with observed inesqualities is included
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in a rough triengle in the region x from 0 to 0.05 &and y from 0,105 to
0.125. The finel set of paremeters x = 0,006, ¥y = 0,117 was assigned
by computing rhko for several pairs within this triengle and choosing
the one which gave best agreement as indicated by a least squeres
ealculationo(ao) The comparison of IFI and |F| for hkO is

obs cale
presented in Table II.

Having established the x and y perameters, the determination of
the z parameter was carried out by similar methods, using agreement of
the hQZ.intensities as the criterion for improvement., The agreement
obtained between the calculated and observed structure factors for
2 = 0,802 is shown in Table III.

Described with reference to the soordinate system listed in the

Taebellen, the atomic positions are transformed to the following:
Ru at 0, 0, 05 O, %s %3 %9 %9 %3 ‘é’v 0, %3
K at 0, O, %3 0, %o %3 %» i’v 03 “bv 0, %3'

X, %‘*y» %"zs ;s %"Y» '&“z?
¥ %“’xv %"z; ¥ ‘é"'xs 't°zs

4t
5]

0 at X, ¥y 5 X

Mo
3R]

¥, X5 B85 ¥

and those related by the body center translation. In this system the

values of the pareameters ars

x = 0,75, y = 0,117, = 0.927 -

(30) Hughes, B. ®., J. 4m, Chem. Soc., 63, 1737 (1941).
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AND OTHER ABO,COMPOUNDS HAVING THE SCHEELITE STRUCTURE

TABLE IV

INTERATOMIC DISTANCES AND BOND ANGLES IN KRuOg4

44

Interatomic Distances im A,
Bond Angle Sams Group | Neighboring Group
Compound 0-B=0 B=0 4=0 0=0 0-0 A-B
KRuO, 106° 18° | 1.79 | 2.75 2,86 3,11 .97
2,79 3.04 3.40 4,29
k10,'3) | 1040 3oe | 1.80 | 2.76 4.07
2,81 4.29
NaIo, (32) 1.792| 2.573 2,67
2,577
K0s0gN ‘33 1.62 | 3.04 4,00
3,07 4.36
KCrog¥ {34] 1.58 | 2.80 | 2.50 3,07
2.89 2,62

(31) Hyllerass, E., 2. Physik, 39, 308 (1926).

(32) Hazlewood, E. A., %, Krist., (A) 98, 439 (1938).

(33) Jaeger, F. M., and Zanstra, J. B., Rec. Irav. Chim, Pays=
Bas, 51, 1013 (1932).

(34) Ketelaer, J. A. A., and Wegerif, Frl. E., ibid., 57, 1269

(1938).
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E. Discussion of the Structure

A disgremmatic sketch of the potassium perruthenate unit cell is
showmn in Fig, 6. Employing the parameters obtainsd above, interatomiec
distencea and bond angles may be calculated. These data are given in
Table IV, along with those aveilable in the litersture for compounds
ABO4 of similar structure.

\ Four oxygen atoms, at a distance 1.79 A., are coordinated around
the very small central ruthenium ions toc form the corners of a tetragonal
bisphenoid; the latter is wvery close to a regular tetrahedron slightly
compressed in the direction of the e-axis. The Ru-0 distance is essen-
tially equal to the I-0 distance in KIO, and NalO, in which iodine is
also heptavalent. Apparently the effective radii of Ru70 and 17<> ars
the same in thess compounds.

Each potassium ion is surroundsd by eight perruthenate ions, four
at the corners of a sgquare with K-Ru distances of 3,97 A. and the other
four at the corners of a tetrahedron with K-Ru distances of 4.29 A.
Similarly, each perruthenate ion is in turn surrounded by eight potessium
ions with like ccordination. The oxygens, &t the corners of two dis-
similar interpenetrating tetrahedra, form an sightfold coordination group
about each potassium atom, the two K-0 distances being 2,75 A. and 2.79 A.
Evidently the packing is determined by the potassium-oxygen contacts

rather than the oxygen-oxygen contact, since the latter distance is

greater than the sum of the Van der Waals radii for oxygen.
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Hyekoff(ss) gives a caloulated ionic radius of 0.60 A, for Ru4°o
The magnitude of the correction to Ruvo may be sstimated by comparison
with the values listed for Mn%’ and Mn’® which are 0.52 A, and 0.46 A.,
respectively; an ilonic radius of 0.54 is thus estimated for Ru%o It
the Ru-0 bond is purely ionic in chearacter, the expected distance between
these atoms should be the sum of the ionic radii, 1.94 A., using the

value of 1.40 4. given for Ogvim Paulingo(aﬁ)

Since the observed Ru-0
distance is 1.79 4., we may conclude that the bond is not ionic. In
fact, as has been noted previously, the electronegativity of ruthenium
suggests that the bond is largely covalent. No covelent radius for
heptavalent ruthenium is available; however, the single-bond radius,
1.24 A,, derived by Paulingﬂgv) from the distances in metallic ruthenium,
together with that for oxygen, 0.66 A., give the value 1,80 Ao Double
bond character might reduce the expected distence to about 1.80 A.,

which is close to that observed., Whether this agreement is significant

is a question that must await further evidence.

(35) Wykoff, R. W. G., "Crystal Structures,® Interscience
Publishers, Inc., New York, N, Y., Section I, 1948,

(36) Pauling, L., "Nature of the Chemical Bond,® Cornell
University Press, Ithaca, N. Y., Second Edition, 1940, p. 346,

(37) Pauling, L., J. Am. Chem. Sog., 69, 542 (1947),



CHAPTER III

EQUILIBRIUM AND SPECTROPHOTOMETRIC STUDIES

OF UPPER VALENT RUTHENIUM IN BASIC SOLUTION

4o Introduction

In Chapter I it wes stated that, for a study of upper valent
ruthenium chemistry in aqueous solution, analogies would be drawn to
the known chemistry of upper valent manganese. Equilidbrium constants
have been reported for the disproportionation of manganate to yield
permangénate and menganese dioxide; furthermore, potentials have been
mea@sured for the manganate, psrmanganats and permanganate, manganese
dioxide couples, respectively. Similar information for ruthenium
systems would give a clearer picture of upper valent ruthenium
chemistry than is now gensrally known.

It has been reported@l» that perruthenate ion disproportionates
in aqueous medium to give ruthenium tetroxide and ruthenate, along

with deposition of ruthenium hydroxide:
ZKRu04 ——> Ru0gq 2 KoRu0y4 o

The ruthenate which is formed soon dscomposes in the absence of alkali,

It is also stated that excess alkali will react with perruthenate to

(1) Oheronnat, R., "Iraité ds Chimie Minérale,® Vol. XI,
Masson and Cie, Paris, 1932, p., 399,
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yield ruthenate along with evolution of oxygen, & reaction which appears

to be completely analogous in the case of manganese:
2KRuO, o ZKOH — > 2KzRuOy & #0p & Hp0 o

Preliminary tests indicated that ruthenate ion might disproportionate
in a manner similar to mengenate; thersfors & preliminary investigation
was undertaken to determine whether equilibrium data could be obtained
for systems containing ruthenate, perruthenats, and ruthenium dioxide.
Sinee ruthenium solutions are highly colored, spectrophotomeiriec
techniques were frequently employed.

Unfortunatelyp‘equilibrium data could not be obtained for the
disproportionation of ruthenats; however, valusble gualitative informa-
tion, largely derived from spasctromsiric studies to be discussed in a
later section, was obtained which made it clear why equilibrium could
not be attained in these systems. DBecause past work on manganess
systems served as & gulde to the study of upper velent ruthenium
chemistry, & review of the pertinent literature on upper valent
mangenese is being given hers.

Sackur and Taegemerﬁz) investigated the conversion of per=
manganate to menganate in excess alkali and the disproportionation

of manganate in water according to the following reactions:

(2) Sackur, 0., and Teegener, W., 2. Electrochem., 18, 718
(1912}, )
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ZKMnO, ¢ 2KOH —»2KMn0, ¢ 30, < HpO (1)

Fln0y ¢ 2Hp0 =—>= M0, ¢ MnO; o 4KOH (2)
Reaction (1) can be expressed as a pair of electrochemical couples:

2M0,~ ¢ 20 ==—>=2n0," (1a)

20 - 28 =—==Hp0 ° %0, . (1b)

The potential of the oxygen couple in 1 M. potassium hydroxide (1v)
is known to be 0,40 volts. Hence, & measurement of the mengenate=
permanganate potential can be combined with this value to obtain the
equilibrium constent for reaction (1),

Seckur end Taegener employed the following cell and obtained

the value 0,61 volts for the manganate-permanganate couple:s

Pt; KghinOy, KMnO4(y 5y, KOH) “ KOH(0.8 M. )* HEO(5)7 HE(R)

The equilibrium constant for reaction (1) was calculated from these

date to be 2.8 x 102 and the dissociation pressure of oxygen to be

6 x 10*° atmospheres; reaction (1) is therefore irreversible.
Similaerly, reaction (2) may be expressed as the sum of two

couples:

2Mn0,~ === 20, < 2e (2a)
and

2H,0 ¢ Mn0y" —=>=1Mn0p ¢ 40H - 2e (2b)
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The potential of (2a) was obtained above; hemce it was only necessary
to obtain the potential for couple (2b) to caleculate the equilibrium
constent for reaction (2). ¥or this purpose the following cell was

enmployed s

FEs Mgy g)s KoMuly “ g,y ) B8y -

Sackur and Taegener expsrienced considsrable difficulty in obtaining
reproducible potemtials for this cell, probably due to the irreversi-
bility of the menganese dicxide slectrode; moreover, junciion potsntials
were very high (several hundredths of a wolt). They obtained an ap-
proximate potential of 0.50 volt for couple (2b). This potential
yielded the valus 1.4 x 10°% for the equilibrium constent of squation (28)
and & potential of C.54 volts may be calculated from the above values
for the couple MnQ4 , Muls.

Ruby(ap in 1921 assayed the work of Sackur and Taegener; hs con-
cluded that the potential for the menganate-permangsnate couple (0,61
volts) was fairly reliabls, but that the potential of 0.50 for equation
(2b) was only a very rough aprroximation. Ruby investigated dirsctly
the equilibrium given by squation (2), where

g . (Mao,)® (om")*
(M=, = )3

. (3)

After filtering out manganess dioxide, volumetric methods were used

for analysis of the speciss pressnt in solution.

(3) Ruby, C. B., J. Am. Chem. Soc., 43, 294 (1921),
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Experimental errors made in the determination for mengenate and
permangenate incrsased the error in the determination for hydroxyl ion
because of the analytical method employsd. The equilibrium was in-
vestigated from both directions; valuss obtained for the equilibrium
constant, sterting from the mangenate side, varied from 23 to 90, and
gave an average of 54.6; on the other hamd, those obtained from the
opposite direction varied from 16 to 81, with a fortuitously close
average of 51.6. Using the overall average value of 53 for the equi-
librium constant and the potential of 0.81 volts obteined by Sackur
and Taegensr for the manganaste, permanganate couple, Ruby calculasted
a potential of 0.66 volts for the manganats, menganese dioxids couple,
and a potential of 0.85 volts for the permangsnate, manganese dioxide
gouplse,

Several years later, Schlesinger and Siema(4) investigated this
equilibrium problem with a novel approach. Thess authors used a

similar reaction to (2) abova:

3BaMn0, & EHBO)—.‘__——_‘“BG(MHQQ)Q & ZBa(OH)z < M1102 o (4)

(a)
Their method is based on the fact that barium manganate is insoluble;
hence, errors due to decomposition of permanganate or manganate are
avoided, because these ions are in equilibrium with solid barium

manganate and its decomposition in solution is compsnsated by further

(4) Schlesinger, H. I., and Siems, H. B., J. Am. Chem. Sog.,
48, 1965 (1924),



52
reastion of the solid with water. Schlesingsr and Siems employed the
following analytical methods for the measurement of the concentration
of the thrse species in solutiom: (1) barigm was determined by a
sulfate precipitation; the manganate concentration was then calsulated
from the solubility preoduct of barium menganats (measured independent-
ly); (2) permanganate was measursd colorimetricelly; and (3), hydroxyl
ion was determined by conductimstric titration with standard barium
hydroxide after adding sxcess sulfuric acid to the filtered equilibrium
mixturs., Schlesinger and Siems obtained valuss of 10 to 25 for the
equilibrium constant of resaction (2); the averagze of all values was 16,

Andrews and Br@wn(ﬁ) in 1935 investigated the permanganate,
mangansse dioxide couple. They prepsred a mangensse dioxide electrode
by first dipping platinum foil in menganous nitrate and then heating
the foil in nitric and psrchloric acids. This foil served as the

electrode for the permanganate souple in the following eell:

Ptg MnOE(S)B MnQég II K@Hg Eg@(|5>; Hg(l) o

These workers obtained & (IV)=(VII) potential of 0,588 volts from
measured cell potentials reproducible to 1 millivolt. Whethsr or not
the couple is reversible is open to question, despite ths reproduci~
bllity of the potentials and their adhsrence to the Nernst equation,

Employing Schlesinger and Siems® walue of K = 16 for the equilibrium

(5) Andr@wag L, Vog and Br@wng D, Jog gno ﬂo Chem. Soeo;) .;5%7,9
254 (1935).
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discussed above, potentials of 0,564 and 0.600 volts were calculated
for the manganate, permanganate and manganate, manganese dloxide
couples, respsctively.

To summarize, it may bs notsd that a potential for ths man-
ganate, permanganate couple and an equilibrium constant for ths dis-
proportionation of manganats wers obtainsd. These values were then
employed to calculate the potentials for other upper valent manganese

couples.

B, Experimental

Attempts wers made to attain squilibrium from both dirsctions
for the disproportionaticn of ruthenate sccording to the following

sguations
WNaghud, ¢ 2Hp0 —> ENaRuD, ¢ 4NaOH ¢ Bu0, . (5)

Initislly, ths spproach was from the ruthenate sides. Sodium
ruthenate solutions wsrs prepered by distilling ruthenium tetroxids
into carbonate-fres alkaline solutions. To thass solutions, water or
perchloric acid was added, as ths cass might be, to adjust the solution
to ths required pH and iomie strength. The solutions were put inte
flasks, the latter sealsd, and then placed in & thermostst at 25° for
five to seven days. The flasks were opensd in & carbonate-free atmos-
vhers (dry box), the solutions centrifuged to bring down any rmithenium

dioxide and semples wsre taken for analysis.
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Analyses for ruthenate and perruthenate were made in the follow-
ing menner. A samples of the centrifuged reaction mixture was pipetied
into & co0ld solution of potassium iodids in 2 N. hydrochloric acid.
Ruthenium was reduced to the (III) stete and the liberated iodine was
titrated with 0,01 N, sodium thiosulfate, Total ruthenium was first
determined by the thiourea method developed by D@F@rdo(G) In this
method, upper valent ruthenium is reduced to the (IV) state with
aleoholy the resulting hydrous oxide pracipitate is dissolved in con=
centrated hydrochloric acid and ruthenium is reduced to the (III)
state with potessium iodids. The addition of thiourea yields a statle
complex of Ru(IXI) which can be analyzed for spectrophotometrically.
Later, this was supplemsnted by & spectrovhotomsiric method in which
all the ruthenium was brought to the ruthenate (VI) state by pipetting
samples of the centrifuged reaction mixturs into 1 M. sodium hydroxide
containing bromate ion. Readings were taken for ruthenate on the
Beckman spectrophotometer 2t 4650 A. The use of the broad absorption
band of ruthenate ion in this wave length region was first suggested
a8 a possible analytical tool by this auﬁh@rgﬁvp later, Marshall and

i@k&rd(a) developsd the analyticel method in detail. The pH was

(6) DeFord, D, D.,, Dissertation, ®The Chemistry of Ruthenium,¥
University of Kansas, Lawrence, Kensas, 1948,

{7) Silverman, M, D., and Swartout, J. A., Atomic Energy Com-
mission Report No. MonN-432, ®Quarterly Report of the Chemistry
Division, Osk Ridge National Laboratory,™ Sepiember through Novembsr,
1947, p. 105.

(8) Marshell, E. D., and Rickard, R. R., Ind. Eng. Chem.,
Anal. Ed., 22, 795 (1850},
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determined by using a Beckmen pH meter with a high pH blue glass elec-
trode calibreted esgainst standard buffers. It is estimeated that the
pH velues cbtained were accurate to £ 0.03. Hydroxyl ion activity was
calculated from the pH and the dissociation constant of water teken as
10714,

Attempts to approach squilibrium from the perruthenate side
were made in the following menner: Solid potessium perruthenate and
ruthenium dioxide were put intoc carbonate-free alkaline solutions, the
flasks sealed and then placed in & thermostat. Ruthenlum dioxide was
p:epared in a manner similar to that employed bty Schlesinger and
Siemsgg) for mengansss divzide, 1.8., by neutralizing en alkeline
ruthenate solution with carbon dioxide so that ruthenium dioxide forms
by disproportionation; the filtered precipitate was washed with water.
‘Potassium perruthenate was prepared by the method described in the
previous chapter. The reacticn mixtures were harndled and analyzed as
described above.

The results are given in Tedbles ¥ end VI, "nich alsc summarize
the measurements made in attempts to approach equilibrium from either
direction. Two colurms of figures in each table ars listed under the
heading "Titre NagSs0g,™ with subheadings Yasg (Ru04=)" and %as (Ru04=)";
these figures wers calculated by assuming that (a) all of the oxidizing

powef in the centrifuged solution was due to ruthenate, and (b) thet all

() Schlesinger, Ho I., and Siems, H. B., J. Am. Chem. Sog., 46,
1965 (1924). :
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TABLE V

THE ALKALINE DISPROPORTIONATION OF RUTHENATE
(Test for Equilibrium Approached from Ruthenate)

Ionic ne. larity x 104 Titre NapSo03
Sample Strength, | Total Ru  AsD | AsS K
Namber| pE |Molerity®| oH€ |(Thiourea)  |(Ru0z)x10%| (Ru0j)x10% (if eny)
1 |11.00f 0.007 | 10.1 1.61 1.24 0.93 None
13 |11.25] .01 | 17.8 1.82 1.43 1.08 None
14 |10.60 odl 3.26 2,72 2.21 1.66 None
6 [11.20] .108 | 20.7 2.93 2,07 1.55 None
11 |10.35] .037 2,26 3.41 4048 3.38 | 2.4x10"7
12 |10.90] .037 8,00 2.58 3,05 2,39 | 6.1x10710
3 |11.80| .02¢ | 63.5 14.7 10.2 7 .65 None
4 [11.75] 024 | 56.7 14.0 9.8 7 .35 None
5 |12.10| .018 (127 {?soad 10.5 7,85 | 7.9x10°°
8.9
9 |10.95| .20 8.98 31.6 43.8 32.8 None
10 |10.80] .26 6.35 31.3 44.5 33,4 None
8 |11.98] .40 91.9 50.8 87,7 50,8 None
7 |12.20| .21 |180 95,8 128 96,5 | 2.6x1071

8The concentration of added sodium perchlorate.

b;6The figures in these columns have been obtained by essuming that the
entire titre is due to (b) ruthenste; (&) perruthenate.

dTwo widely different analytical results on duplicate samples.

©The values given in this column are activities and not concen-
trations,
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THE ALKALINE DISPROPORTIONATION OF RUTHENATE
(Test for Equilibrium Approached from Perruthenate)
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Conc,, Molerity x 104

Titrgr Nae3s50x

Sanmple Total Ru Ag@ AsD
Number | pH o |(Thiourea) (Ruogz )x10% | (Ruoz)x10%4| K©
5 9,55 0,358 7.0 11.9 8.45 |None
6 9,55 0,358 7.7 12.3 9,685 None
1l 10.05 1.13 7.33 11.3 9,80 |None
2 10,20 1.60 8,11 12.8 8,28 |None
3 10.48 3,04 8.28 12.3 8.90 |None
4 10,50 3,19 7.59 11.0 9.20 [None
7 11.56 3,66 8,75 12.0 9,00 |[None
8 11.83 4,30 10,33 13.9 10.4 None
9 10.62 4.20 4,15 6,13 4.60 [None
10 10.64 4,40 4,43 $5.94 4.45 None
11 |10.38 | 2.42 31.4 5505 41.6 [None
12 10.40 2053 30.4 51.5 38.6 None

8,brphg figures in these columns have been ocbtained by assuming
that the entire titre is due to (a) ruthenate; (b) perruthenate.

sodium perchlorate.

centrations.

CIn each case the lonic strength was adjusted to

0.15 M, with

dThe values given in this column are activities and not con-
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of it was due to perruthenate. The analyses for total ruthenium listed
in a third celumn should give velues falling intermediate bstween thoss
calculated for ruthenate and perruthenate if these were the only
ruthenium speciss in the centrifuged solution., However, this was seldom
the case; in the few experiments where this occurred, equilibrium con-
stants; as shown in the last column of sach table, were calculated by
means of the squation

k o (R0 (oHT)t (6)
(Ru0,=)3

where concentrations are employsd except for OH , for which activity
values were used. The four values obtained show too wide & sprsad to
be of any significence. The following facts are noteworihy:

(1) When the reaction proceeded from ruthenate, asnalysss for
total ruthenium by the thiourea method almost 2lways showed mors
ruthenium presemnt in solutionlﬁham was consistent with the iodometric
titre, This could be accounted for by the presence of colloidal
ruthenium dioxide which was not completely centrifuged out of the
reaction mixturs, This dioxide would dissolve in the hydrochloris
acid-potassium iodide solution and thus contribute both to the iodo-
metric titre and to total ruthenium, though more sitrongly to the latter,

(28) When the reaction proceesded from the perruthenate side of
the equation, lower results for total ruthenium were obtained by the
thiourea method thén were consistent with the iodometric titre on the
assumption that ruthenate and perruthenate were the only species

rresent in solution. This could only be ascccounted for if there were a
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higher valent species of ruthenium present im solution, presumably,
ruthenium tetroxide. This belief that ruthenium tetroxide was present
in the reaction mixture was later verified by spectrophotometric data.
(3) Gas formation was noticed in & number of runs, especially
those at the higher pH values. That this gas was oxygen, formed by the

following side reaction, was confirmed later by spectrophotometric data.
2KRu0y o 2KOH ——> 2K Ru0, < $05 < Hpo o

(4) Greater accuracy in the analyses for the various consti-
tuents is desirable. The thioursea method for total ruthenium is not
infallible &nd reproducibility is not elways sasily obtained. Further-
more, errors made in the determination of ruthenate and totel ruthenium
became additive, since the calculation of the conscentration of jel-n g
ruthenate in solution involved both values. The error in determining
the hydrogen ion concentration by mesens of pH measurements to £ 0.03
gives an error in the OH ccncentration of ~ 7 per cent.

Further work along lines similar to those employed for manganese
systems was not continued for several reasocns., Initially, it appsared
that side reactions occurrsd at rates that would make it impossitle to
attain equilibrium data for the disproportionation of ruthenats. Ths
presence of these side reactions was substantiated by spectrophoto-
metric data reported in the next section. No effort was made %o prepars
an electrode having a surface layer of ruthenium dioxide, as was done in
the case of manganese dioxide, for the ruthenium compound is morse in-

soluble and, in addition, is very refrasctory when preparsd at elevated
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temperatures. Finally, spectrophotometric data revealed the instability
of perruthenate in solution so that no attempt was made to obtain poten-

tials involving this ion by means of thermedynamic cells,

C. Spsectrophotometric Studies of Upper
Valent Ruthenium Systems

l. Ruthenate

Because solutions of upper valent ruthenium are all highly-
colored, 1t appeered likely that spectrophotometric methods could be
employed to edventage in this problem.

Potassium ruthenate solutions werse obtained by absorbing
gaseous ruthenium tetroxide (whose distillation has been described in
the previcus chapter), in a 1 M. solution of potassium hydroxide.
Confirmation of the valence state was assured by icdometric titration
and total ruthenium analyses., The absorption spectrum of ruthenats ion
in 1 M. KOH, stable for at lsast twenty-four hours, was determined with
a Beckman spectrophotometer, using a 1 em. cell and a slit width of
0,02 mm., The first published curve for ths absorption spsctrum of
ruthenate ion in aqueous sclution was presented by this auther in an
earlier reporto(lo) 4 more precise plot for this spectrum is given in

Fig. 7. Two broad absorption peaks are prssent in the visible and near

(10) Silvermen, M. D., and Swartout, J. 4., Atomic Energy Com-
mission Report No. MonN-432, "Quarterly Report of the Chemistry Diwi-
sion, Oak Ridge National Laboratory,® September through November,
1947, p. 105,
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ultra-violet spectrum, & small one with a molar extinction coefficient
of ~1100 at 3700 A. and a broad band with a molar extinction coefficient
of 1735 at 4650 A, Since this sarly curve was published, Marshall and
Rickard(ll) have investigated and verifisd the uss of this broad peak
at 4650 A, as 8 satisfactory analytical method for ruthenium.

Ruthenate solutions srs unstable below pH 12; the absorption
spectrum of such a solution shows the rapid growth of two absorption
peaks in the neighborhood of 3100 A, and 3850 A. The same typs of
spectira is observed for potassium perruthenate solutions at pH 10.65
(Curve III, Fig. 8). It therefore appears that ruthemate dispropor-
tionates to yield ruthenium dioxide and perruthenete which, in turn
(as will be shown in the next section), gives rise to ruthenium
tetroxide. However, at pH€ 10, the ruthenats peak at 4650 A, com-
pletely disappears; & curve similar to that shown in Fig. 7 for pure
ruthenium tetroxide is obtained, with one execspiiom: the ratic of the
peak height at 3100 4. to that at 3850 A. is lowered to~1.5 because
of continuous absorption in the spectrum by solid ruthenium dioxide.

Some additional expsrimental observations might be noted hereo
When ruthenate solutions disproportionate below pH 12, dark greenish-
colored solutions characteristic of perruthenate are obtained., These
solutions are not stable, but decompose further, depositing ruthenium

dioxide and evolving ruthenium tetroxide; the lattser may be detected in

(11) Marshall, E. D., and Rickard, R. R., Anal. Chem., 23,
795 (1950),



very low concentration by its strong ozone-like odor. The rate of
decomposition of these sclutions appears to be strongly dependent on
the pH, increasing rapidly &s the pH is lowered.,

From the spectrophotometric data and experimental observations,

the following reactions appear to teke place:
Nahu0, ¢ 2H0 ——> ZNeRuO, ¢ 4NaOH ¢+ RuOp (7)
NaRuOy ¢ 2Hp0 ——= 3Ru0y + Ru0y < 4NaOH . (8)

2, Ruthenium Tetroxide

The absorption spectrum of ruthenium tetroxide in aqueous
solution has been examined &nd is also shown in Fig. 7. The data are
quite similar to those obtained by other workers for gaseous ruthenium
tetroxide and its solution in carbon tetraehlorideo(lz)(lz) Two ab-
sorption peaks are present, & small broad peak at 3850 A, with a molar
extinction coefficient of 920 and a sharp peak at 3100 A, with a molar
extinction coefficient of 2870. The spectrum chenged very slowly with

time, but this chenge was due to loss of the volatile tetroxide from

solution since the ratio of the pesk heights remained the same. These

(12) Quiller, B., Tidskrift for Kjemi og Bergvesen, 8, 137
(1937).

(13) Krasikov, S. E., Filippov, A. N., and Chernyaev, I. I,
Ann. secteur platine Inst. chim. gen. (U.S.S.R.), 13, 19 (1936).

63
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4
data are in accord with those of Wehner and Hindman(l ) who, in addition,

determined the spectrum of ruthenium tetroxide in 1 M, and 6 M. per-
chloric acid. Aqueous solutions of ruthenium tetroxide, whose concen=
trations were determined by iodometric titration and total ruthenium
analyses, were found tc obey Beer’s law in the approximate concentra-

tion range 0.4 to 8.0 x 10=4, as shown by these data:

Molar Extinction Coefficient

Molarity x 10% 3100 A. B850 A.
7.62 2860 905
3,05 2885 925
1.84 2870 925
0.795 2870 $20
0.381 2860 910

3, Perruthenate

Pure potassium perruthenate was prepared as described in Chapter
II end its identity verified by enalysis and X-ray diffraction. There-~
fore, it was possible to start with a pure compound of the (VII) state.
However, attempts to obtain & spectrum for pure perruthenate ion were
unsuccessful because the spectrum changed rapidly with time. Neutral
solutions of potassium perruthenate decompose over & period of several

minutes. This decomposition is easily observed, for the dull green

(14) Wehner, P., and Hindmen, J. C., Atomic Energy Commission
Report No. ANL-4215, "Quarterly Report of the Chemistry Division,
Argonne National Laboratory,” July through September, 1948.
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solution first formed quickly blackens, and particles of hydrous
ruthenium dioxide are deposited from solution. Moreover, the odor
of ruthenium tetroxide may be dstscted above the solution.

Further attempts to obtein an absorption spectrum were méde
by adjusting the pH of the water with carbonuate-frse potassium
hydroxide before dissolving the perruthenate. Spectrophotometric
observations in these experiments at various pH values is presented
by & plot in Fig. 8, where the nominal molar sxtinction coefficient
is plotted against the wave length in millimicrons. Ourves I, II and
III were taken on a recording Beckman spectrophotometer, while the
other two curves were taken with the stendard instrument, using 8 1 emo
cell with a slit width of 0.03 mm. All spectra were mea&sured within
fifteen minutes after prepering the solutions,

Two absorption peaks ars present in Curves I, II, and IIIX
(lower pH values), the smaller one at 3850 A, and the larger one at
3130 A, The latter is not completely shown on the graph because the
recording instrument was not adjusted to take readings bslow 3200 A;
however, several readings taken below 3200 A, on the standard instru-
ment confirmed this absorption peak. The ratio of these peak heights
is of the order of unity, whereas it may be noted that in the case of
ruthenium tetroxide, whose spectrum has peaks at the closely similar
wave lengths of 3100 A, and 3850 A.,, the ratio of the peak helghts

is 3.1,
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It is believed that the eabsorption at 3130 A. cennot be as-
eribed to perruthenate for this peesk completely disappesrs at pH
10.85, whereas some absorption is still present in the 3850 A. region.
Ruthenium tetroxide may be mainly responsible for the absorption in
this region. The high absorption at 3850 A. for Curves I and II can-
not be due entirely to ruthenium tetroxide, ruthenate, or a combination
of these. 4 possible and likely explanation 1s that perruthenate ion
has a strong absorption peak @t this wave length. Ruthenate ion does
not appear to be present in solution at pH 10 and pH 10,35, as indi-
cated in Curves I and II, but the higher absorption in the 4650 4.
renge in Curve III indicates that ruthenate is starting to form at
pH 10.65.

The curves for higher pH in Fig. 8 indicate that conversion of
perruthenate to ruthenate is favored by raeising the pH of the dia-
solving solution. The diseppearance of the peak at 3130 A, and the
shift of the 3850 A, peak to & much lower one at 3700 A, indicate
that et pH 11.15 practically no ruthenium (VIII) is present and that
most of the perruthenate hes been converted to ruthenate. The low
ratio of peak heights at 4850 A, and 3700 A, suggests that there is a
species that shows weak continuous absorption throughout the spectrum
end this is what would be expected 1if colloidal ruthenium dioxide
is present.

At all pE values investigated the spectrum changed with time,

this chenge being in the direction of continuous absorption
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characteristic of a colloid., The rapidity of this chenge increased with
decreasing pH.

From the spectrophotometric deta, it 1s believed thet, depending
on the pH, two competing reactions take place when solid perruthenate

dissolves in aqueous solution. These are;
4KRuO04 ¢ @&Hp0 —» 3Ru0; ¢ Ru0p < 4KOH (8)
ZRu0y ¢ ZKOH —>= 2KpRu0y < #0, ¢ Hy0 (9)

To summarize, at pH < 10, reaction (8) proceeds so rapidly that
perruthenate ion is present in solution only for a period of minutes
and solid ruthenium dioxide can be visually detected in the solution.
In the pH region 10 to 10.65, this reaction takes place more slowly
over a period of hours and the dioxide is present as a colloid. At
pH ~ 10,65, reaction (9) begins; as the pH is raised above this
figure, the reaction proceeds at a much faster rate and the dark-
green color of the perruthenate gradually turns toc orange, visuel
evidence of ruthenate ion. However, traces of ruthenium dioxide still
appear in the solution upon stending unless the pH is raised above 12,
Either reaction (8) still takes place to & slight extent until pH ~ 12
or, as appears more likely, traces of ruthenium dioxide appear due to
decomposition of ruthensate.

In view of these spectrophotometric data, it is not surprising
that equilibrium data could not be obtained for the disproportionation

of ruthenate.



CHAPTER IV

POLAROGRAPHIC STUDIES - OXIDATION POTENTIALS

FOR THE UPPER VALENCE STATES OF RUTHENIUM

A, Introduction

Unsuccessful attempts to obtain physical msasurements on
ruthenium (VI), (VII), ard (VIII) systems et equilibrium have baen
descridbed in the previous chapter. Spectrophotometric studiss
showed that irreversible side reactions, such as the oxidation of
water ylelding ruthenium dioxide, oecur at rates comparable to the
approach to ths equilibria of interest., Furthermore, the siml-
tansous determination of ruthenate, perruthenate, ruthenium tetroxide
and ruthenium dioxide in their mixtures, by spectrophotometric methods
or others, proved difficult. Consequently, no further attempt was
made to obtain equilibriﬁm data, either by electrolytic cells or other-
wise. Sincs the polarograph offers a method for ovtaining approximete
oxidation potentials in unstable systems where concentrations cennot be
measursed accurately, work was directed along these lines.

The polarographic method is based on %the interpretation of the
current-voltags relations that are cbiained when solutions of electro-
reducible or oxidizable substencss are electrolyzed. One electrods is
made witp a smail area and operated highly polarized; it often consists
of mercury falling dropwise from & very fine bore capillary glass tube.

The other electrode, usually the standard reference saturated calomsl
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electrode, has a large area so that polarization effects are negligibvls.
Automatic instruments are available which register eautomatically the
changes in current observed when the eslectromotive force is applied
betwsen the two slectrodses.

The current is usually plotted as the ordinete versus the applied
potential. A typlical current-voltage curve or polerogrem is reproduced
in Fig. 9 and is seen to be similar to a typical potentiometric tiira-
tion curve. The midpoint of both curves represents the characteristic
potential of the particular oxidation-redustion system illustrated.
However, the conditions under which these curves are cbiained are quite
different. In the polarcgraphic method the ratio of oxidant %o reduc-
tent present at the mioroslectrode interface is altersd bty means ¢f the
slectric current, whersas in the potentiomeiric method the ratio is
changed throughout the entirs solution by adding a titraiing agent., 4L
supporting electrolyte is added to the cell solution in a concentration
about one hundred-fold that of the electroactive materisl so that ths
latter can reasch the electrods surface only by diffusion.

When the reaction occurring at the small electrods is reversiltle,
the potentiel at any point on the wave is given approximately by the

Nernst squation;at 25°

E = E@ = M 108 f};@,@__ (l )
' o 8oxid
where 8.xid and Beq 2F° the activitises of ithe oxidant and reductent,

respectively, as they exist at the elesctrode interface rather thenm in

the body of the solution, g@ is the standard oxzidation potentisl &nd
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E is the observed potentiel. The equation relating E to the current i,
whose derivation mey be found in Kolthoff and Lingane,(l’ is, for a

reduction wave:

E(1) = B, - BX 1n fred ¥oxig . BT 35 _1 (2)
oF Toxid Kpoq  OF g1

In this equation,_goxid and are the activity coefficients of the

E&ed
oxidized and reduced species, and‘id is the asymptotic current approached
&8s the applied potential is increased, the current being then determined
by the rate of diffusion of the species being electrolyzed to the elec-
trode (hence the term diffusion current); Xoxiq 8nd k. 4 are constents
characteristic of the oxidized and reduced species respectively, known

as diffusion current constents, and are related to diffusion cosffi-
cients. The half-wave potential, §%9 is defined as the value of E(1)

at the midpoint of the wave whers i = .%i - The last logarithm term

in equation (2) then becomss zerc sc that

By = B - 2L 1n Ired ¥oxig (3)
nF foxid kred
and at 25°
fTmaa k id
E.L = E . O 00591 log Ied 00X o (4)
5 ° n foxid kred

(1) Kolthoff, I. M., and Lingane, J. J., "Polarogrephy, "
Interscience Publishers, Inc., New York, N, Y., 1941, p. 142,
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Hence at eany point on the wave,

0,0591 1
= = 2 1
Bi) = By %€ T (5)

This fundemental equation of the polarographic wave wes first derived

by Heyrovsky and Ilkovieo(z) It is evident from equation (5) thet a

plot of E(i) versus log iai should produce & straight line with a
slope equal to Qggégl,volts at 25°9 and the potential where the log
term becomes zero should be the half-wave potential. The linearity
of this plot and the slope of thgg volts serve as a test for the
reversibility of the elesirode reaction. In the above equations,
the signs have been adjusted to conform with the polarographic con-
vention, e.g., positive sign denotes oxidizing power reletive to
hydrogen ion (opposite to the Latimer(s» convention usually used for
reporting oxidation potentials).

The most satisfectory indicator microelectrode for polaro-
graphic work is the dropping mercury elecirode because it possesses
the following advantages: (1) its surfacs is reproducible, smooth
and continually renewed; (2) the current assumes a steady value
irmmediately and is reproducible; and (3) the value of the over-

voltage of hydrogen is highest on mercury, about -1.5 volts being

required to discharge hydrogen from neutral solution, so that much

(2) Heyrovsky, J., end Ilkovie, D., Collection Czechoslov.
Chem., Communications, 7, 198 (1935).

(3) Latimer, W, M., "Oxidation Potentials,® Prentice-Hall,
Ins., New York, N, Y., 1938,
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work can be done in acid solutions and at large negative potentials with-
out interference from the evolution of hydrogen.

The dropping mercury elsctrode can be used in neutral potassium
chloride in the approximete rangs 0.0 to =1.5 volts, versus the saturated
calomel elestrode; however, when used as asn anode mercury readily dis-
solves. .For anodic use, & noble metal is indicated. A smooth platinum
electrode has been successful employed both as cathode and anode; it
offers & much lower hydrogen over-voltage, the hydrogen coming off &t
approximately -0.8 volts, but an anodic potentisl to about ¢1.0 volt is
permissible before oxygen is discharged.

Since the potsntials for the upper valence states of ruthenium
are in the anodic region; the platinum electrode was used in this in-
vestigation. Previous workers have shown that reprcducible half-wave
potentials and diffusion currents can be obtained with a solid electrode
such as platinum or carbon, using either manual or sutomatic recording
methods. The effect of different variables on the results obtained
with the automatic recording polersgrarh using solid electrodes has
been studied in some detail by Rogers, Miller, Goodrich and Stehneya(4)
Because s0lid electrcdss have not been often used, some of their con-
clusions are summarized. These workers showed that the size of the
elsctrode does not affect the half-wave potentisels however, smaller

elsctrodes are more suitable for higher concentrations of the reducible

(4) Rogers, L. B., Miller, H, H., Goodrich, R. B., end Stehney,
A. F., Ind. Eng. Chem., 4nal, Ed., 21, 777 (1948).,
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ion and vice versa, They noted that the rate of polarization (rate of
applied voltage) did not affect the half-wave potential, but faster
rates of polarization did produce larger diffusion currents. Although
stirring tended to avoid maxime* in the current voltage curve, it
markedly decreased the reprcducibility of both the half-wave potential
and the diffusion current. In the experiments described below, no
stirring was employed because of thsse effects; an even stronger reason
for avoiding stirring was the fact that it accelerated the;decomposition
of ruthenium solutions; as evidenced by disccloration of the sclutions

and precipitation of the hydrous dioxide.

B, Experimental

1. Procedurs

Two oxidation-reduction couples were investigated: the ruthenate-
perruthenate couple and fhe perruthenate-ruthenium tetroxide couple.
Each was studied in both oxidation end reduction. In a given experiment,
a di}ute solution of the appropriete ruthénium speciss, rathenate, psr=
ruthenate or ruthenium tetroxide; ipn sodium perchlorate as supporting
electrolyte, was placed in the polarograrhic cell., 4 double bridge
whose arms contained scdium perchleorate of the same concentration, and

saturated ammonium chloride; respectively, comnnected this cell to a

*The polarcgraphic maximum is the occurrence of an anomalously
large current in certain voltage regions. This phenomenon will be
discussed in a later section.
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saturated calomel half-cell. In terms of the usual notation used to
describe electrolytic cells, the two polarographic systems may be shown

by the following diasgrams:

Pt: Ru0,”, RuO, , NaClO ” NaC10 " NH,C1
9 4 ? 4 » 4(001 Ee) 4(001 Eo) 4 (sat)
HeOl,, KC1, He; Pt
Pt: RuO0,, Ru0, , NaClO : NaC10 NH C1
PoTTA A %(0.1 M.) ” o Mo)“ 4" (sat)

Hg,Cl,, KO1, Hg; Pt

A Sargent automstic polarograph connected to & Brown recorder was used
in all these experiments. Each wave was studied under & variety of con-
ditions of pH, ruthenium concentration, and sodium perchlorate concen=

tration.

2. Reagenta and Solutions

—
All chemicals used in the investigation were of reagent grade and

all solutions were prepared with water distilled from alkaline potassium
permangenate solutions. Sodium perchlorate was adopted as the supporti-
ing electrolyte after it was found that chloride ion, & more usual
supportiné electrolyte, catalyzed the decomposition of ruthenium sclutions.
The instebility of these solutions, as evidenced by darkening of the solu-
tion and the formation of solid ruthenium dioxide, was & prime source of

difficulty throughout this investigation.
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The ruthenium concentration was adjusted by edding any one or a
combination of the following toc a solution of the desired pH; namely,
solid potassium perruthenate, & concentrated solution of potassium
ruthenate or & concentrated solution of ruthenium tetroxide., The pH
of the mixture was adjusted by adding carbonate-free sodium hydroxide.

To avoid interference dus to cathodic reduction of oxygen, the
polarographic solutions were ds-aerated with tank nitrogen which was
first freed of oxygen by paesing the gas through & series of four wash
bottles, the first three containing an ammoniacal cuprous chloride
solution and strips of copper foil, and the fourthwsshbottle 6 N,
sulfuric acid which removed ammonia from the nitrogen stream. The
acid was renewed from time to time to insure complete removal of

ammonia.

3. Apparatus
The polarographic cell consisted of a 50-ml. beeker containing

the dilute solution of ruthenium in sodium perchlorate. Through one
opening of a two=hole rubber stopper a platinum electrode was inserted
in the solution; the second opening contained a glass bridge filled
with sodium perchlorate which connected the cell solution with a second
solution of sodium perchlorate (of the sams concentration) in another
50-ml. besker. A second glass bridge, filled with a mixture of setu~
reted smmonium chloride and agar, connected this latter solution with
the seturated calomel half-cell containing poteassium chloride. A

platinum contact was used for the calomel electrode. This double-
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bridged system was used in order to avoid contact between ruthenium
solutions and chloride ion. Junction potentials were kept very small
(<1 mv.) by using the same coneentration of sodium perchlorate in both
beakers and the bridge, and saturated ammonium chloride in the second
bridge; the spesific advantages of this latter material have been
demonstrated by Murray and Acreeo(5) The platinum electrodes (-1 mm.
long and 0.03 cmaz) were made by fusing platinum wire inte a soft glass
tube and making contact in the usual way by filling the tube with
mercury. The electrodes were cleaned by dipping them in an alkaline
solution of periodic acid.

In order to correct for potential drop across the cell (;g drop),
the resistance of the cell was measured before each run with a con-
ductivity bridge, Model RC-1B, made by Industrial Instruments, Inc,

The pH was determined with the Beckmen pH meter, Model G, using the
high pH glaas electrode.

All experiments were carried out at rcom temperature, which was

O

24.5° ¢ 0.5°. Closer control of the temperature was not considered

necesseary for the precision desired in this work.

4. Data
The polarographic deta are summarized in Tablss VII through X.
Tables VII and VIII summerize the data obtained in dilute concentrations

of sodium perchlorats (i.e.;, 0.1 M. and 0,04 M.); Tables IX and X

(5) Murray, C. N., and Acree, S. F., J. Res. Nat. Bur.
Standerds, 7, 713 (1931).
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summarize earlier data obtained in 3 M. sodium perchlorate. Under the
column headed ®Solution® ars listed the ruthenium compounds which
served as starting materials. In all cases, after meking up the solu~
tion enough time was allowed to elapse so that other species which are
stable at the predeterminsd pH would be present; e.g., when dissolving
potassium perruthenate in & solution of pH 10,90, enough time was
allowed in order that some of the psrruthenate would bse converted to
ruthenate., Thus, both oxidation and rsduction waves could be run on
the seme system.

In the early part of this investigation, considerable diffi-
culty was experienced in keeping a low IR drop across the two=-bridged
system. For this reason, 3 M. sodium perchlorate was used in the
first bridge, and the earlier data in Tables IX and X were taken at
this concentration of supporting electrclyte. Later, when more ex-
perience was gained with these systems, it was found that dilute con-
centrations of sodium perchlorate could be sffectively utilized.

Tho_!%.values listed in the last two columns of eaéch table are
the observed helf-wave potentials (versus hydrogen) corrected for in-
strumental errors and IR drop. Unless considerable decomposition of
the solution had already occurred, oxidation and reduction were run on
the same system, using the same electrode. It may be noted that in
Tables IX and X, which are earlier data; this occurrence wés often
the reason why only & single wave was obtained: hence one_gé value
is reported. The average helf-wavs potentials obteined are sum-

marized in Table XI.



TABLE VII

POLAROGRAPHIC POTENTIALS FOR THE
RUTHENATE, PERRUTHENATE COUPLE

/Ms 0.1 M. (NaCl0,)

E% in Volts

Run Solution® pH Oxidation Wave Reduction Wave
M=1 KRuO4 12.1 0,607 -
M=8 KRuOy4 11.9 - 0,619
M=9 KRuO4 1.2 607 623
n==10 Ru°4 3 KRu04 ll o 0 0 590 ° 602
M=11 KRuO4 10.8 574 602
M=13 KRuO4 10.8 592 -
M=14 KRu04 10,7 D92 615
M-lﬁ KRII04 10 06 0601 0620
M=17 Kﬂu04 1006 0603 0617
M=18 KRuO4 10.6 .598 808
M=19 RuO4 < KgRuOg4 11.0 0820 .558
M=20 Ru0y4 ¢ KgRuOy4 10.6 0610 636
M=21 RuO4 ¢ KgRuO, 10.8 603 .583
lﬂ=-22 Ru04 ¢ KaRuO‘L lO 05 ] 601 [ 619
M-23 Ru0y ¢ KgRu0y  11.0 594 592

M=24 RuO4 <o KaRuOy4 9.5 - 0 D93
M-25 Ru°4 ¢ KRULO4 9.0 = 620
M=26 RuO4 < KRuO4 11.6 .629 0975

Average «804 .607

M = 0,04 M, (NaG10,)

N=1 KRuOg4 10.8 592 583
N=2 Ru0, o KRuO4 9.0 596 608
N=3 Ru0g4 o KRuOg4 10.7 598 619
N-4 . KRuO4 10.6 599 609
N=5 KRuOy4 10.3 581 609
Average 594 .605

8the compounds listed inm column were the starting materiels; in
elmost all cases both Ru(VI) and Ru(VII) species were present in solu-
tion when the potential was applied. The ruthenium concentration
veried from 104 to 1073.



TABLE VIII

8l

POLAROGRAPHIC POTENTIALS FOR THE
PERRUTHENATE, RUTHENIUM TETROXIDE COUPLE

M= 0,1 M. (NaCl04)

in Volts

Run Solution® pH Oxidation Wave Reduction Wave
M=1 KRuOg4q 12.1 0,973 -

M-2 KRuO4 12,0 0.966 -

M=3 KRuO, 12.0 1.018 -

M-8 KRuO4 11.9 = 1.011
M=10 Ru04 ¢ KRuO4 11.0 = 1.015
M‘ll KRU.O4 10 oB L 1 0025
M-14 KRuO4 10.7 1.005 1.000
M=16 KRuO4 10.6 1.007 1.005
M=17 KRuOg4 10.6 1.024 1.012
M=18 KRuO, 10.6 0,998 0,998
M=19 RuQy4 ¢ KoRuO4 11.0 1,009 1.008
M=20 RuO4 ¢ KgRuO, 10.6 1.002 1.008
M=21 Ru04 ¢ KgRuO4 10.8 0,989 1.034
M=-22 RuOy4 ¢ KgRuO4 10,5 1.002 1.005
M=23 Ru04 ¢ KgRuO4 11.0 1,000 0.997
M=-24 RuOg4 ¢ KgRuO4 9.5 1.016 0 .998
M=25 Ru04 9 mu04 9.0 1.003 0,986
M=26 RuOg4 ¢ KRuO4 11.8 1.008 -

Average 1,001 1,005

/U e 0,04 M. (NaClO4)

N=1 KRuO4 10.8 1.000 1.025
N=2 RuQ4q < EKRuO4 9.0 1.007 1.018
N=3 RuO4 ¢ KRuQ, 10.7 1.002 1,003
N-4 KRuOg4 10.6 0,998 -

N=5 KRuO4 10,3 1,006 1.008
Average 1,003 1.010

8Phe compounds listed in this column were the starting materials;
in almost all cases both Ru(VII) and Ru(VIII) species were present in

golution when the potential was applied.

varied from 10°4 to 10-%.

The ruthenium concentration
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TABLE IX

POLAROGRAPHIC POTENTIALS FOR THE
RUTHENATE, PERRUTHENATE COUPLE

/Ag 3.0 M. (N80104)

i% in Volts

Run Solution® pH Oxidation Wave Reduction Wave
F==9 mu04 1005 had 00619
F-10 KRuOy4 10.9 0,577 -
F=ll mu04 1002 0589 -
=13 KRuO4 10,9 583 -
F-14 KRuO, 10.2 - -600
F-15 KRuO4 10.8 <579 -
¥-17 KRuO,4 10,2 .589 -
P-18 KRuO, 10.5 - -575
l‘-za KRu04 10 02 b ° 577
H-1 RuOg4 11.6 - -634
H-4 RuO, 11.6 - .613
H=5 Ru04 11.3 = 620
I-4 NagRu°4 11.5 D83 o=
1-6 Nagﬂu04 11 0O o= 964
I-9 NagRuOg4 212 -597 -
J=1,8 RuOyg 11.2 2620 -607
I-5 RuO, 11.0 - .606
J"Gp? Ru04 1102 0602 0597
L-1 KRuO, 11.2 .614 -
L«-Z KRuO4 10 o 9 ° 601 -
L-3 KRuO, 10,9 - .625
L-4 KRuO4 10.8 - .579
L‘=59 6 KRuO4 lloo 609 589
Average 595 .800

aThe compounds in thils column were the starting materials; in most
cases the solutions were not stable long enough to run both oxidation
and reduction waves on the same sample. The ruthenium concentration
varied from 104 to 10-3.
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TABIE X

POLAROGRAPHIC POTENTIALS FOR THE
PERRUTHENATE, RUTHENIUM TETROXIDE COUFLE

M= 3.0 M (NaCl0,)

By in Volts
Run Solution® b Oxidetion Wave Reduction Wave
F-9 KRuO,4 10.5 - 0.994
¥-13 KRuO, 10.9 1,007 -
¥-15 KRuO, 10.8 0.983 -
F-16 KRu0, 10.9 0,980 -
-3 RuQgq 12,0 - 0.956
E-2 Rul, 11.3 - 0,997
H=4 RuO‘ 11.6 - 0.987
Ha8 Ruo 11.3 - 0.976
I-2 KRul, 11,0 1.019 .
I-4 NagRuO, 11.8 0,948 -
71 RuOq 11.8 0.958 -
T-5 RuO4 11.0 - 0,986
X-1 NagRuO, - - 1,001
L3 XRu0, 10.9 - 0.998
I=4 KRuOgq 10,8 - 0,968
L8 KRuOj 11,0 0,959 -
Averege 0.978 0.984

&The compounds in this column were the sterting materiels; in most
cases the solutions were not steble long enough to run both oxidation
end reduction waves on the same semple. The ruthenium concentration
varied from 10~¢ to 10-3,



TABLE XI

SUMMARY OF POLAROGRAPHIC POTENTIALS

in Volts
Conec. NaClOg4 Ru(VI), Ru(VII) Ru(VII), Ru(VIII)
0,04 M. 0,60 & 0.02 1.01 2 0,08
0.10 M. 0.61 I 0.02 1,00 ¢ 0.02

3.0 M. 0.60 £ 0,03 0.98 £ 0.03




85

C. Discussion

The half-wave potential_gk observed in these experiments is re-
lated to the thermodynsmic potential E, by equation (3), given earlier
in this chapter. At the half-wave point, the concentration of oxidized
species multiplied by the diffusion current constant onid for that
species is equal to the corresponding product for the reduced species.
Thus the half-wave potential is closely related to the formal potential

j% characteristic of equal concentrations of oxidized and reduced

speclies:

B . B, - 0:099 150 Sreda | (6)
n

° Koxid

end in fact, the two are equal if the ratio krad/koxid is unity.
This hes often been found true when the oxidized and reduced species
are structurslly similar even though differing in charge, as for
example in the case of anw and Uozop(s) and Fe(GN)E R Fe(GN)f 0(7)
In any case the effect of this term onugg is smell. In what follows,
the term involving this ratio will be neglected;, s0 that,lé.vill be
directly interpreted as E;o

Polarographic maxima (mentioned earlier) were observed inter-
mittently during this investigation. This phenomenon wés frequently

noted when oxidetion waves were run on high pH (near 12) solutions

conteining meinly ruthenate. The common practice of introducing

(6) Kreus, K. A., Private Communication.

(7) Kolthoff, I. M., and Lingane, Jo Jo; "Polarography, ®
Interscience Publishers, Inc., New York, N. Y., 1941; p. 436,
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suppressing agents, which are usuelly organic materials, could not be
employed in this work bscause upper valent systems of ruthenium are
easily reduced to ruthenium dioxide. Maxima occurrsd very infrequently
during reduction runs. Kolthoff and Lingane(g) have discussed maxima
in some detail; they state that the height of a maximum of a given
electroreducible substance is greatly dependent upon its concentration,
but that there appsars %o be no simple relation between them. Rogers
and coworksrs (9) algo, in their investigations with silver usinévtho
stationary platinum electrode, could not reach any conclusions regard-
ing the effect of concentration on maxima., The rounded maxima obteined
(similar to those observed in this work) wers, in their belief, pri-
marily due to the time lag in reaching & state of diffusion equilibrium.
In this investigation, whenever large maxima wers obtained the data
were discarded; in ofher-"casea8 the current plateau was evaluated from
the measurements bsyond tﬁé maximum,

It should be noted that the values obtained for the half-wave
potentials for ths ruthgnateaperruthenato and perruthenate=ruthenium
tetroxide couples are independsnt of ths pH of the cell solution.

This is to be expected in the case of the former souple, where the

couple invelves no hydrolysis of either species:

RU.O,;' ¢ @ ;_—*- 111.104g o

(8) Kolthoff, I. M., and Lingane, J. J., *Polarography,®
Interscience Publishers, Inc., New York, N. Y., 1941, p. 124,

(9) Rogers, L, B., Miller, H. H., Goodrich, R. B., and Stehney,
A, F., Ind. Eng. Chem., 4nal. Ed., 21, 777 (1949).




a7
The fasct that this is also noted in the case of the other couple is
verification for the belief thet ruthenium tetroxide is largely present
in solution as a neutral species. The acid ionization constant value

12 for the tetroxide (discussed in the following chapter)

of 1.3 x 10~
substantiates this view.

The reproducibility of the dete 18 in accord with that re-
ported by Rogers and eoworkers<10) for the solid platinum elesctrode.
Although the instrumentsl limits of accuracy were lsss than 2 0,01
volt, the limits of reproducibility of the experimental measurements
were somewhat wider; therefore the potentials are reported in Tgble XI.
as being accurate to # 0,02 volt. However, they are reported to be
acocurate to 2 0.03 volt in 3 M. sodium perchlorates because these
earlier data are believed to be not as reliable for reasons already
discussed,

The two criteria for the resversibility of a polarographic

couple ars: (1) the shape of the wave obtained, so that a plot of

i
1
og ry
0.059/n volts whers n is the number of electrons involved in the

T versus E(i) gives a straight line whose reciprocal slope is

reaction; and (2), that the value for the half-wave potential ob-
tained from & cathodic wave be the same as that obtained from an
anodic wave. Within the limits of experimental error, a large

number of runs satisfy this lattsr condition. Moreover, the first

(10) Rogers, L. B., Miller, H. H., Goodrich, R. B., end Stehney,
A, F., Ind. Eng, Chem., Anal. Bd., 21, 777 (1949).
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criterion is slso fairly well satisfied as shown by the plot in Fig. 10.
Values of 0,051, 0,050, and 0.048 volts are obtained for the reciprocel
slope of the three lines given in this plot. These differ somewhet from
the theoretical slope of 0,059 volts, but are in accord with the ex-
perience of other workers who have studied the solid platinum electrodeo(ll’

The relationship between the standard thermodyneamic potential,Eo

and the formal potential _g; is

E = E o 02:08% 105 fred . (7)
° o n f
oxid

Hence, for the calculation of_E@, some estimation rmat be made for the
activity coefficients of the oxidized and reduced species. For this
purpose, the modified form of the Debye-Huckel limiting law for indivi-

dual ions

- logf = 0509 2V A
1+ 2 /{.

will be employed, since there are no experimental data for ruthenate

and perruthenate solutions which can be used. Using this expression;
the following activity coefficients may be calculated for ruthenste

and perruthenate:
Activity Coefficient
Species AL = 0904 g v AL = 0.1

Ru0,~ 0,845 0,796

RuO,~ 00469 00404

(11) Rogers, L. B., Private Communication,
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The activity coefficient of ruthenium tetroxide is taken aa unity, since
this species is uncharged.
Employing these values for the activity cosfficients at the
appropriate ionic strength, and using the average values of 5; (= gi)

given in Table XX, the following potentials, in volts, ars obtained.

Moot M0l

Coupl B B E B

~ouple o o o o
Ruthenate=perruthenate 0,80 0,59 0.8} 0,59
Perruthenate=ruthenium tetroxide 1.00 1,00 1.00 1.00

These values are in very good agresment with the values of 0,60 and
1.0 volts predicted by Latim@r(lz) for these couples.
With these data we may compute the squilibrium constant, K, for

the following reactions:

K p(0g) atm.

B0, ¢ ZKOH—»2KRu0, & #0p ¢ H0 1.3z 1070 1.7 x 10%°
2Ru0, © ZKOH—»ZKRu0, o $0; < H0 1.4 x10° 2,0 x 10°

: 6 13
Ru0g ¢ ZKOH—>KpRuO, ¢ $0, ¢ Hy0  4.5x 10 2.0 x 10

‘ =7
2K3u04 —> KgRul, ¢ Ru0, 1x10

The values obtainsd for the dissociation pressure of oxygen, 2}02), (when
all other components are at unit activity), indicate that the first three

reactions listed are irreversibls. \

(12) Latimer, W., “Oxidation Potentials,™ Prentice-Hall, Inc.,
New York, N. Y., p.218.
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The value obtained for K in the last reaction indicates that this
reaction will not take place to an appreciable e;tent; this is in accord
with the deductions made from spectrophotometric dete in the last chapter,
end in contrast to previous informeation given in the literature.(ls)
To complete the pisture for all upper valent ruthenium potentials,
a value of the potential for the ruthenate, ruthenium dioxide couple is
needed. Attempts wers made to obtain this potential at various pH and

ruthenate concentrations by polarographic examination of the following

couples
Ru0,” ¢ 2H,0 ¢ 2 —»Ru0; < 40H .

The half-wave potential in reduction showed proper dependence on pH

but not on ruthenate concsntration; furthermore, the shepe of the wave

i

£

d
couple, Oxidation waves could not be obtained because of the in-

were not indicative of a reversidble

and & plot of E(i) versus log T

solubility of ruthenium dioxide., It is therefore concluded that the

ruthenate, ruthenium dioxide couple is irreversible,

(13) Cheronnet, R., ®Traité de Chimie Minfrale," Vol., XI,
Mesaon and Cie, Paris, 1932, p. 399.



CHAPTER V

THE ACID IONIZATION CONSTANT OF RUTHENIUM TETROXIDE

A, Introduction

In the chapter on polarographic studies, a potential was
obtained for the perruthenate=ruthenium tetroxide couple. This
potential was found to be independent of the pH of the solution,
indicating that the (VIII) state is essentially neutral within
the pH limits (9-11) employed. Except for this evidence, the
nature of the species present in ruthenium tetroxide solutions
hes never been ascertained. Using water whose specific cone
ductancs was 2.7 x 10”69 Krauss(l) obtained values of 16.6 to
89,1 x 10~% for the specific conductance of a 0,007 M. solution
of ruthenium tetroxide; the conductivity measurements involved
experimental difficulties and Krauss stated that the data ob-
tained afford little information as to the state of the oxide
in aqueous solution. Krauss(z) claimed to have prepared a salt
of ruthenium (VIII), the compound (NH)pRuOg, from the reaction

of the tetroxide with concentrated ammonia; however, Trenkner(s)

(1) Krauss, F., 2. anorg. sllgem. Chem., 131, 348 (1923).

(2) Krauss, F,, ibid., 119, 217 (1921).

. (3) Trenkner, K., Dissertation, "Neue Untersuchungen
Uber das Ruthenium,® Erlangen, 1905,



characterized the compound he obteined using the same procedure as
one of ruthenium (IV) having the composition RuO(OQH)g - 2NHz ° 2Hp0,
Remg(4) measured the solubility of the tetroxide in water over the
temperature range 0° to 75°. The solubility rises until the melt-
ing point (25°) is reached; it then falls, passes through a mini-
mum at about 40°, and then rises slowly. Remy cleimed this indi-
cates that a chemical reaction occurs between ruthenium tetroxide
and water; however, Ghar@nnat(5) statea that the shape of the
curve (solubility plotted against tempsraturs) corresponds to the
reciprocal miscibility of two liquids having a critical point and
that it does not demonsirate the sxistence of a hydrate,

Hofmann, Ehrhart and Sehneider,(ﬁ) using water whose con-
ductance was 5 x 10°6, obtained & value of 10.9 x 10°% for the
specific conductance of a 0.04 M. solution of osmium tetroxide.

fTschugaeff(v’

succeeded in obtaining a well-defined series of
compounds of the fecllowing typss:
0s04 ° ZKOH, 0804 °RbOH, 0s04 °-CsOH, 20804 °CsOH

(KgHp080g ) (RbHDsO5) {CsHOs05) (GsHOszog)

(4) Remy, H., Angew. Chem., 39, 1061 (1926).

(5) Charonnat, R., "Traité de Chimie Minerale,” Vol. XI,
Masson and Cie, Paris, 1932, p. 397,

(6) Hofmenn, K. A., Ehrhart, 0., and Schneider, 0.,
Ber., 46, 1657 (1913),

(7) Tschugeeff, L., Compt. rend., 167, 162 (1918).
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These compounds, formed by the addition of a very concentrated solu-
tion of the alkali to a saturated solution of osmium tetroxide, ere
clearly crystalline and are orange or brown in color. They are
strongly hydrolyzed in agueous solution and can be titrated with a
mineral acid using methyl orange as an indicator. Tschugaerr(s)
therefore claims that these compounds represent salts corresponding
to different acids formed from the anhydride osmium tetroxide.
Krauss and Wilken(g) have also prepasred salts similer to the abovse
by pouring a solution of the appropriate base over solid osmium
tetroxide. Moreover, addition sslts of the type 0s04:2CsF were
gimilarly prepared; these authors state that the Werner(lo) theory
claiming ruthenium and osmium tetroxide are coordinetely saturated
is not borne out by the above facts., Yost and White(ll) demon-
strated that osmium tetroxide behaves &s a very weak acid in
aqueous solution and measured its ionization constant; they sug-
gested the neme perperosmic aeid(lz) for the acid species. The
following work involves a procedure similer to that used by

these investigators.

(8) Tschugeerf, L., Compt. rend., 167, 162 (1918).

(9) Krauss, F., and Wilken, D., Z. anorg. allgem, Chem.,
145, 151 (1925).

(10) Werner, A., "Neuere Anschauungen auf dem Gebiete der
anorgaenischen Chemis,” Fifth ed., Brunswick, 1923.

(11) Yost, D. M., end White, R. J., J. Am. Chem. Soc., 50,
81 (1928).

(12) Yost, D. M., and White, R. J., log. cit.
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B. Theory

The experimentel method depends on the extraction of ruthenium
tetroxide by an organic solvent, carbon tetrachloride, from both
neutrel end elkaline aqueous phases. The distribution coefficients
obtained can be substituted in the following equation to calculate

the acid constent, Kj, of the tetroxide:

Ky = EKnwiry - r,)//r3(0H°), (1)

where K) i1s defined to be

(H*) (ERu05™) / Eﬂuou‘o (Hgmpsy ; (2)

Ky 1s the ionization constant of water equal to 1,0 x 10°14; ry is
the distribution ratio of RuQ4, organic to neutral aqueous phase;
and rg is the distribution ratio for RuO4, orgenic to alkaline
aqueous phase in which the hydroxide concentration is (0H").
Here, following Yost and Whito,(ls) we have assumed Ru(VIII) to be
partially hydrated with one water per Ru04; other assumptions as
to the degree of hydration would make no essential change in
equation (1). Concentrations are used throughout this treatmént
as representing thermodynamic activities,

This squation ¢an be derived in the following manner. If

ruthenium tetroxide scts as an acid, and assuming one molecule of

(13) Yost, D. M., and White, R. Jo, J. Am. Chem. Soc.,
50, 81 (1928},




water is involved, the following equilibria exist:

. — o=
RuOy4 ¢ Hp0 = HgRulg oo —— H° » HRuO5 .

-_——

From the masa action law, the true ionization constant is
K, = (H"‘")(ERu05°)/(H2Ru05) .

The distribution of ruthenium tetroxide molecules betwsen carbon

tetrachloride and water can bes expreassed by a simple ratio
rg' = (RuOy) orgo//(Ru°4) aq. » 8 constant,

and the hydration in the aqueocus phase by

(HaRu05) aqo/(Ru04) ag. = k, also a

constant, so that

(Ru0y) orgo//ZKRu°4) ag. ¢ (HpRuOg) 8%37 = rwz/(k ¢1l)=zr, .

No essential change in the exprsssion is made if ruthenium
tetroxide is partially hydrated in the organic phase as long asa
it is substantially unionized. We now assume that HpRuO5 is a
very weak acid so that the measured distribution ratio with a

neutral aqueous phase gives the value of ry. Similarly, for

extractions involving an alkaline aqueous phase a part of the acid

will be ionized according to the equation

HgRuO5 ¢ OH- ——> HRuO5~ < Hg0,

96
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(8)

(7)

(8)
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and we can write for the msasursd distribution ratio

rg = (Rulg} org. /531104) ago (Hzau05) ag. ° (HRuO5‘°) aq:7o (9)

Dividing (9) by (8),

Ta/ry = [Ru04)gq, © (gRu0s ) ] [, < (BpRuog), (mmoggq](lo)

from which

(HRuOg=) = Z(-Ru%)&qo < (Hgﬁu%)aq:][(—rw - rs)/x“s]c | (11)

Substituting this result in equetion (4), and combining with

squations (2) end (8),
Ky = Kﬂ[k/(k < le = ((H‘f})(rw = r’g)/rs . (12)
and since Ky = (H®)(0H"), the final result is

Ky = (Kgllry - rg)/(ra)(OH“)o (1)

C. Experimental

Preliminary sxperiments wers conducted as follows. Portions
of a water solution of ruthenium tetroxide wers pipetted into kmown
volumes of mixtures of carbon tetrachloride and water or aqueous
sodium hydroxids, The mixturss wers shaken for ons minute at 259,
end samples were withdrawn from both phases and analyzed for
Ru(VIII) by the iodometric method described in Chapter III. The

hydroxyl ion concentration was determinsd bsfors sxtraction by
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titration of a sample with standard acid. The short extraction time
was necessary to avoid appreciable reduction of ruthenium tetroxide
to lower valent species. The initiel results left much to be desired.

1 for pH values of

Values of K, varied from 1.5 x 10712 0 2 x 10~
12,7 to 11.05; the lattsr value was obtained at the lower pH, It
appe&ared that several factors could bring about this spread in re-
sults. Initislly, the ruthenium tetroxide solution was not freshly
made but had stood in & refrigerator for several weeks prior to its
use; consequently, it was possible that some reduction of the

tetroxide had taken place, i.e., oxidation of water by some reac-

tion such as
= ¢
Ru0; ¢ Hp0 —> Ru0,” ¢ 2H < 40, (13)

Colloidal ruthenium dioxide might be present in the agueous phase
and contribute to its titer giving anomalously strong acid constants.
Secondly, reduction of ruthenium tetroxide to ruthenate might take
place in alkaline solution during the extrastion according to the

squation

Ru0

y ¢ B80H —»Ru0,~ < H0 < $0 (14)

Finally, reduction of the tetroxide in the carbon tetrachloride
layer was noticed in a number of cases (color change, traces of
precipitate upon centrifugation). This sould ocour by means of a

catalytic decomposition,
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Ru04 — Rulg < 0, . (15)
4 g 2

Data from these decomposed samples were not used; however, it is
conceivable that some decomposition (not readily visible) had
sterted in some of the samples analyzed,

| To avoid these possible errors, & number of precautions
were taken. Fresh ruthenium tetroxide was prepared in the usual
meanner, i.e., distillation from a solution of ruthenium sulfate
in sulfuric acid, from which all chloride had been removed by
repeated fuming, using periodic acid es the oxidizing agent. The
tetroxide which distilled was passed through magnesium perchlorate
to remove water and then redistilled in vacuo into smell glass
bulbs. These bulbs of dry, pure tetroxide were used in the later
experiments,

A second series of extractions wes made emplaying the pro-
cedure described above but breaking & bulb of dry ruthenium tetrox-
ide into the reaction mixture instead of pipetting & solution of
the material. The walues obtained for K, in this series of extrac-
tions varied from l.l to 7.8 x 1012, Again, the high values were
obtained with solutions of low alkelinity.

Spectrophotometric observetions showed that the formation of
ruthenate was not ean importent factor; i.e., the rate of reaction
(14) was too slow to interfere with the extraction. Furthermore,
there wes no evidense of reduction in the carbon tetrachloride

layer. Finally, spectrophotometric date showed the ruthenium
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tetroxide concentration in pure water did not‘change quickly with
time, indicating the rate of reaction (13) was too slow to interfere
with the extraction.

On the other hand, solutions in pure water of these dry prep-
arations of ruthenium tetroxide were found to give pH values of
AJ3e5 = 5. From the data presented above showing that ruthenium
tetroxide 1s a very weak acid, it was impossible to ascribe these
low pH values to ionization of HgRuO5. 4n obvious answer to this
question was that traces of a stronger acid, entrained with the
tetroxide during distillation were carried through all the subse-
quent purification steps. However, to clarify the problem com-
pletely further experiments were conducted.

A possible alternative mechanism for the formation of the
high concentration of hydrogen ion is suggested by equation (13).
Under such conditions, the avppearance of hydrogen ion should be
coincident with the reduction of ruthenium tetroxide in solution.
However, this possibility was eliminated by meking pH measurements
immediately after ruthenium tetroxide samples were dissolved in
water; with both a Leeds Micromex recording pH meter and a glass
electrode connected to a vibrating reed electrometer. It was
found that the ecid appsared within five seconds, or as fast as the
tetroxide dissolved. In order to investigate the possibility of a
very fast reaction between ruthenium tetroxide and potassium chlor-
ide from the calomel electrode (which might account for the sudden

appeasrance of hydrogen ion), spectrophotometric techniques were sgain
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employed. The concentration of ruthenium tetroxide in solution did
not chenge appreciably when electrodss were placed in the solution
for fifteen to thirty seconds; however, pH measurements indicated
thet acid was already present. Hence it was concluded that the acid
must have been present when ruthenium tetroxide was dissolved in
solution and that it must have been carried through from the original
preparation, either by entrainment or distillation. 4As corroboration
that it was not formed by reduction of ruthenium tetroxide, no cor-
relation could be obtained between the pH of the solution and the
concentration of ruthenium tetroxide therein when separately dis-
tilled samples of the tetroxide were dissolved. These considerations
suggest that results from soluticns of low alkalinity are probably
unreliable since pH was not measured after the extraction, and it is
here that & smell amcunt of entrained strong acid could mske the
greatest change in the féﬁal pH.

4 third series of extractions was then made, employing only
concentrations of alkall high enough to avoid effects due to acid
present with the ruthenium tetroxide. The hydroxyl ion concentra-
tion was determined by titration of the aqueous phase before ex-
traction: pH measurements bafore and after extraction showed no
change within the sensitivity of the instrument (0.0l in pH). This
series gave reasonably concordant velues of K,, which are reported
in Table XII along with the higher alkalinity measurements of the
previous series. The average of all the values for nsutral extrac~

tions gives & distribution coefficient ry equal to 40.8. This
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DETERMINATION OF THE ACID CONSTANT OF

RUTHENIUM TETROXIDE
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Sample{Ru04 Conc, in Millimoles/Liter Aqueous | Distribution xg“: ldib

No. | In CCl; layer | In Aq. Layer Layer Coefficient®

a 2,04 0.0618 Hz0 42,7

2B 1.89 0,0510 Hs0 37.0

34 2,40 0,0541 Hs0 44,3

“ ] 2067 0 00650 H20 44 ol

, NaOH

5@ 0,496 C.0737 0.0337 N 6,75 1.50
64 0.815 0,113 0.0337 N 7.23 1.38
9B 3.18 0,832 0.01867 N 13.7 1.19
a 5,10 0.130 Hp0 39.2

3 5,20 0,136 Hp0 38.2

4 1,35 0.0317 Ho0 42,6

°] 3,07 0.0520 Hgo0 39.8

11 5,10 0,121 Hy0 42,1

NaOH

5 0,835 0.0716 0.0200 N 11.65 1,35
6 1.87 0,144 0.0185 K 13.0 1:186
7 0,354 0.,0480 0.0408 N 7.4 1.11
10 0,380 0.0570 0.0435 N 6.7 1.20
14 .11 0,108 0,01086 N 19,5 1.03
15 0,419 0,0370 - 0.01066 N 15.4 1,55

8average ry = 40.8.

~ Daverage Ky = 1.3 x 10712,

~ Stendard deviation of K, = Oolﬁrflorlz

-
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figure was used to calculate the K, values (from equation (1) above)
listed in the last column of the table., The average of all these
results gives the value 1.27 x 10~12 for the first ionizetion con=-

atant, K, of perperruthenic acid,

D, Discussion

It is estimeted that the value 1.3 x 1012 obtained for the
ionization constant of perperruthenic scid mey be in error by as
much as 25 per cent. The principal sources of error in the de¥er-
mination are the following: (1) the determination of the end
point of the titretion, especielly since the titer was usually
quite smell, end (2) the possible occurrence of side reactions
such &8s (14) and (15). The staerch-iodine end point is difficult to
see in the presence of ruthenium (III) which is formed by the re-
duction of upper valent species; it is & change in color from a
grayish-blue to @ deep rose. Dilute concentrations of ruthenium
were employed to avoid excessive Ru(III) color, consequently neces-
sitating the use of extremely dilute thiosulfate solutiona. Errors
due to the occurrence of side reactions were discussed in the fore-
going section.

Perperruthenic acid is very slightly stronger then perper-

osmic acid,(l4) whose first ionization constant is 8,0 x 10'13; this

(14) Yost, D. M., and White, R. J., J. Am. Chem. Soc., 50,
8l (1e28).
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is what one would sxpect from the relative places of ruthenium and
osmium in the pericdic tabls. Moreover, the acid ionization con-
stants obtained fall in line with the vaiues noted above for the con-
ductances obtained for these two very weak acide. That no salts of
perperruthenic acid have been obtained, in contrast to the case of
perperosmic acid, may be attributed to the instebility of ruthenium
tetroxide; ruthenium tetroxide will oxidize water, as noted in thse
previous chapter ocn polarograrhic studies.

A theory of the ionization constants of inorganic oxygen
aclds has besen presented by Kossiakoff and Harker,(ls) based on the
assumption thet the free energy changs associated with ionization is
substantially the electrostatic work involved in the transfer of a
proton from the acid to the sclvent. 4 semi-empirical equation was
developed whose parameters were determined from considerations of the
charge distribution &nd structures of the acid and ion, Constants
were calculated for twenty-six acids, and reasonable agrsement with
observed values (2005 in log K) was obtained,

Ten yeers later Ricet, (16) in a critical analysis of the
Kossiakorf-Harker theory, presented arguments showing that while the
charge distribution of the acid is essential to the success of the

Kossiakoff-Harker theory, the detailed structures of acid and ion are

(15) Kossiakoff, A., and Harker, Doy J. Am. Chem. Soc., 60,
2047 (1938).

(16) Ricei, J., ibid., 70, 109 (1948),
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not. He proposed as a simplification the following empirical ex-

pression
PK = 8.0 - m(9.0) ¢ n(4.0) (16)

where K is the acid ionization constant of the species HgMOy,, what-
ever its net or total charge, m is the formal charge of M, and n is
b - 8, the number of non-hydroxyl oxygen atoms.

The acid ionization constent of perperruthenic acid predicted
by the Ricel equation depends upon the degree of hydration assumed

for the acid species. The following are the possibilities:

Formula n m K
Ru(OH)g 0 (4] 8
“RuO(OH)g4 1 1 3
RuOg(0H), 2 2 -2
RuOg(0H) g 3 3 -7

This comparison would appear to offer the possibility of dis-
tinguishing the degree of hydration of the acid species. This con-
clusion is however unsound for the following reasson.* Riceci has
teken the parameter n as the number of non-hydroxyl oxygens. Ir,
however, Kossiakoff and Harker‘’s fundemental assumption that the free

energy of ilonization is essentially an electrostatic work term is

*The following argument and extension of Ricei‘s equation was
proposed by Dr. H. 4, Levy,



108

correct, this paremeter should more generally be described as the
number of oxygen atoms bearing a singly negative formel cherge. The
two numbers are identicsl if all non~hydroxyl oxygen atoms are singly
bonded to the central ruthenium. On the other hend, if one or more
are doubly bonded, these oxygens will bear a zero formal charge, and
to the rather crude approximetion of the theory have no effect in
hindering ionization.

Octavalent ruthenium possesses smple orbitals to make posaible
formation of & number of double bonds., For example, for the structure
of the single-hydrate species there are the following possibilities,
with corresponding velues of_m end n according to the above revised

definition, and of pK.
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Structure

1=}
I
2

=0 Ru*l OH ' *1 1 3

Thus, according to this revised interpretation of Ricel's
equation, any of the hydrates could be predicted to have a K of 8,
and this value is associated with & ruthenium formsl charge of zero.
In view of the position of ruthenium on the electronegativity scsle,
this appears the most likely value.

The observed pK of 12 is much laerger than the highest pre-
dicted value., The discrepancy appears to be a strong indication
that the dissolved species is largely unhydrated, the hydration cone

stent (k in equation (6))being of the order of 10°2 to 10~4.
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SUMMARY

The crystal structure of potassium perruthenate has been deter-
mined to be of the scheelite type, space group th -1 41/a; the unit
cell, containing four molecules of KRuO4, has the dimensions a, = 5.809
2 0,002 &, and o = 12,991 ¢ 0,002 A, The parameters of the oxygen
atoms have been determined by using equatorial Weissenberg photographs.
The atomic positions are Ru at (000), K at (0, 0, #), O at (xyz) and
erystographically equivalent positions with x = °°756’ ¥ = 0olly,
z2 s 00929, accurate to about 0,002, The ruthenium coordination is &
tetrahedron slightly flattened along the g-axis, with a Ru=to=0
distance of 1.79 A.

The disproportionation of ruthenate to perruthenate and
ruthenium dioxide does not reach stable equilibrium. Aqueous per-
ruthenate ion is unstable, decomposing by disproportionation at pH
below 10.85 or by discharging oxygen at pH above 10,65,

Potentials of 0.59 and 1,00 volts have been obtained for the
ruthenate-perruthenate and perruthenate-ruthenium tetroxide couples,
respectively, by polarographic methods using & solid platinum elec~
trode. These potentials have been used to calculate equilibrium
constants for several reactions.

The scid ionization constant of ruthenium tetroxide has been
determined to be 1.3 x lO’lz by 2 method involving the extraction of
the tetroxide from agueous and alkealine solutions with carbon tetra-
chloride. The value obtained is discussed with particular reference

to theories for the ionization constents of inorgenic oxygen acids.
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APPENDIX
ABSORPTION OF RADIATION BY A CRYSTAL

Absorption of radiation by a crystal can be calculated in the
following menner. If a beam of X rays of intensity I, is allowed to
pass through a leyer of material of thickness d, then I is the in-

tensity of the exit beam according to the eguation
I = I, exp(smd) (1)

where# is called the linseer absorption coefficient. The total
sbsorption coefficient for crystal measurements is M = T + 0,
where ‘E is that part of the absorption due to the trensformetion of
the redietion into photoelectrons, and fthat due to scattering.
For ell but the very light elements ¢ is @ small fraction of the
whole absorption,

For a crystual having a simple chemicel compos ition such as
potassium perruthenate,/g is easily calculated by means of the

formule

»

/J': '%‘Z/{a ? (2)

whe::'e/ua is the stomic &bsorption coefficient, or the absorption per
atom; n is the number of molecules in the unit crystal cell and ¥ is
the volume of the crystsl cell in cubic centimeters. The summation is

taken over all the atoms of the molecule., Values of/.(a are given in

the labellen,
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The calculation for & potassium perruthenate crystal using

copper radiation is:

ne4 Mg x 1083 for Ru = 3090

V = (5.609)2 (12.991) = 40,87 x 10733 MUy x 1023 for K = 923

d = 0.0266 cm, Ma * 1023 for 4(0) = 134.4
= 4147.4

Z/ua x 1023

406 cm.

/u = 4.x4147.4 x 1033 _
40,87 x 1023

Using equation (1) above for a typical path length d = 0.0266 ocm.,
estimated from the dimensions of the crystal, the reduction of intensity
of the beam is so great (greater than 99 per cent) that e small variation
in path length would yield lerge relative changes in the intensity of the
transmitted beam.

Consequently, the Weissenberg photograephs were reteken using un-
filtered molybdenum radiation. A similer calculation to that above in-
dicated that the transmitted beam would have an intensity greaster than
25 per cent of that of the incident beam.

An estimation of the relative effect of absorption of molybdenum
rediation on various reflections was made graphically in the following
menner., Large scale drawings of the external shape of the crystal were
made efter measuring the dimensions of the crystal with & tool-meker's
microscope. The direction of the incident and reflected beam were
plotted for @ given reflection. The length of path of the beam through

various parts of the crystal was measured and the corresponding
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absorption factors computed. These were eppropriately averaged to give
an effective absorption fesctor for this reflection.

Graphical estimetes were made in this menner for & number of hkO
and hOI reflections; absorption corrections were neglected when it weas
found that relative 'Flﬁbs values would not be disturbed more then ¢ 5
per cent for hkO or & 7 per cent for hof reflections, corresponding to
errors in IFlobs of 2,5 and 3.5 per cent, respectively.

Some typical values of I/Io 80 estimeted are tabulated below:

nod 105 109 1°0°13 800 10°0°0 3e0°17 60320

I/I, 0.469 0.474 0.484 0,417 0.446 0.447 0,455

(o)

hkO 420 240 640 460 440 600

I/I, 0.315 0,340 00333 0.345 0.337 0.321
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