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ABSTRACT

By the use of modern methods a study was made of some
nitroso and nitro compounds of ruthenium. The production of
ruthenium in high yield in uranium and plutonium fission has
focused attention on the chemistry of rutheniume. The anionic
nitroso and nitro complexes of ruthenium had not been studied
for about sixty yearse

Analytical methods were developed for the determination
of ruthenium and potassium in the same sample; and for nitrogen
and halide in the same szmple.

The chloro, bromo, and iodo szlts of the complex series,
Kg[Ru(NO)X5] , and the chloro and bromo szlts of the simple
series, Ru(NO)Xz, were prepared and analyzed. Analyses of the
bromo and iodo salits of the series, Kg[&a(NO)X5] , and the
bromo salt of the series, Ru(NO)Xz, had not been previously
reportede In the same series an unsuccessful attempt was made
to isolate Ru(NO)Ig, Ru(NO)(NOz),, and Hy[Ru(NO)Elg] -~the
parent acid of these compoundse

Three nitro compounds of probable formulas,

K, [Ru(0g) g 1 «Hp0, Kp[Ru(NO) (0H) (NOg),} , and KglRu(NOg)s)
were prepared and enalyzed. The first two compounds had been
previously reported but were poorly characterized.
Kg[Ru(NOz)s} is a new compound which has not been mentioned
in the literaturee.

Instrumental and radioactive tracer studies were made

to aid in the characterization of these compounds and the
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elucidation of their pronertiese

The relative stability of the ruthenium compounds in
aqueous solution was determined by measuring the molecular
conductivity at 25 ¥0.19 Ce as a function of aging time at
room temperature. The number of ions yielded by the salts
was confirmed by measuring the molecular conductivity of
freshly prepared aqueous solutions at 25%0.1° C. at a dilution
of 1024 liters.

The reaction of sodium hydroxide with boiling aqueous
solutions of Ru(NO)Clz, Ky [Ru(NO)Clg] , and Kp[Ru(NO)(OH) (NOg),)
was studied by potentiometric titratione The first two com—
pounds gave a precipltate of"ruthenium nitroso hydroxide",
whereas o precipitate was obtained from the third compound.

All of the nitroso and nitro complexes prepared were
"finger-printed" by taking X-ray diffraction powder patternse.

Dr. Allen B. Scott of Oregon State College made magnetic
measurements on representative compounds and found them all
to be diamagnetic.

Radioactive ruthenium~106 was used as an indicator to
demonstrate that no exchange of ruthenium occurs between
Ko[Ru(N0)C1ls] end RuCly in HC1; or between K, [Ru(N0)Clg] and
Ru(SO4)X in HgoS0ye

The tracer method was used to make a preliminary invest-
igation of the extractability of ruthenium by hexone from a
hydrocnloric acid solution of ruthenium chloride and from &

nitric acid solution of "ruthenium nitroso nitrate".
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A considerable body of éxperimental evidence was adduced
to show that NO probably coordinates as a positive group in

the anionic ruthenium nitroso complexese
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Part I
HISTORICAL BACKGRCUND

Ruthenium, the rarest of the pletinum metals, was dis~
covered by Co Claus in 1844 (44). Crude native platinum cone~
tains from Oe5-2.0% ruthenium, and it was from platinum re-
sidues that Claus extracted pure rutheniume

The element was first reported by G.W. Osann in 1827,
but the compounds obtained by him were very impure and did
not establish with certainty the existence of the elemente
It was Osann who gave the element the name ruthenium which is
derived from Ruthenia, meaning Russiae.

Ae. The Nitroso Halides and Nitrate of Ruthenium

Claus, in his investigation of the chemistry of ruthen~-
ium, prepared a series of chloro compounds, which he consid~
ered to be analogous to the chloro compounds of four~valent
platinum (6,7,8,9)e By reacting ruthenium chloride with
aqua regia and treating the solution with potassium chloride
Claus obtained a well=-crystallized, raspberry colored com-
pound which he characterized by analysis as KéERuClG} s the
analogue of potassium chloroplatinate. Claus also reported
a series of halides of the type, RuXy, where X represents
chloride, bromide, or iodide.

After a lapse of about thirty years A. Joly became in~
terested in these compounds and undertook a systematic study
of them (25,26). The credit for revealing the true nature

of this series of compounds belongs to Joly. It was he who

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



showed that a nitric oxide molecule was present and that
Claus'? KgERuCler was actually Kg[Ru(NO)Cl5] » and the type,
RuXg, Wwas Ru(NO)Xze

Claus?' error was his failure to make a direct halogen
determination. In analyzing Eg[Ru(NO)Cls)] he reduced the
salt with hydrogen and obtained a residue of potassium chlo~
ride and ruthenium metales The difference in weight between
the original salt and the residue was considered to represent
chlorine. Ruthenium was obtained and weighed by washing po~
tassium chloride from the residue, and the difference in
weight between the residue and ruthenium metal was taken as
potassium chloride. Since the difference in weight of a
chlorine atom and nitric oxide molecule is small, Claust' anal-
ytical data appeared to fit Kg[RuClé] s and his mischaracter-
ization of the salt was not apparent.

Joly's method of anslysis was also to reduce the salt
with hydrogen to obtain & residue of potassium chloride and
ruthenium metales But hydrogen chloride formed during the
reduction was absorbed in an alkaline solution, and after
acidification with nitric acid the chlorine lost on ignition
was determined by precipitation as silver chloride. Ruthenium
in the residue was determined by removing potassium chloride
by washing with water, drying, heating again in hydrogen, and
weighing as metallic rutheniumes The wash water was evap-
orated to obtain potassium chloride. Nitrogen was determined

directly, as if the compound were an organic materiale. Prob-
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ably the Dumas method was usede.

Joly's characterization of this salt as Kg[Ru(NO)Clél
was verified by J. L. Howe (22), whose method of analysis
was similar to that of Joly except nitric oxide was deter-
mined by difference.

By a similar approach Joly showed that Claus' ruthenium

tetrachloride, RuCly, was nitroso chloride, Ru(NO)Cl3ze

The best discussion of Joly's work on the nitroso com-
plexes of ruthenium is his summary in Fremy's "Encyclopedie
Chimique™ (28)s Joly gave complete analytical data for Ru-
(NO)ClB.SHgo,_Ru(NO)Cl3.H20, and thmJ(NO)Cls] » The bromo
and iodo complexes of the series, Ru(NC)Xz and Kg[Ru(NO)XEﬂ
were prepared by Joly, but no analytical datg were reported
on these compoundse.

When Ru(NO)Clz is treated with a base, a poorly char~
acterized substance, which is referred to as ruthenium nitroso
hydroxide, Ru(NO)(0H)3)precipitates. This brown colored base
is formelly the parent substance of the simple nitroso salts,
Ru(NO)Xz, and the complex salts, Mg[Ru(NO)X5] o It dissolves
readily in acids to give, presumably, salts of the type Ru-
(NO)X3, and the complex acids, Hz[Ru(NO)X5] o The substance,
Ru(NC) (NOz)3, has not been isolated but may be present in the
bright red solution obtained by dissolving Ru(NO)(OH)z in
nitric acid (26,45)« Ruthenium nitroso hydroxide dissolves in
strong alkalies to give products of unknown compositione

Apparently the nitroso halides of ruthenium have received
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little attention since 1900. The best known salt of the se~
ries is K5[Ru(NO)Clg] « In 1894 Howe investigated the chem-
istry of this salt (22)« He found that an aqueous solution of
the salt is very stable. Conductivity studies indicate that
the salt ionizes to give three ions. When a solution is heat~
ed with strong alkalies, a black precipitate, usually formu-
lated as Ru(NO)(OH)S, slowly precipitates. On heating with
excess ammonia, complex nitrosoammines are formede. Hydrogen
sulfide apparently precipitates the ruthenium quantitatively
from a cold solution, but precipitation is incomplete from a
hot solutione Sulfur dioxide gives & dark green product of
unknown composition. DPotassium thiocyanate, when heated,
yvields a dark blue solution. Potassium ferrocyanide gives an
intense brown color. Silver and mercury (I) nitrates give
reddish and light yellow precipitates respectively. Potassium
cyanide decolorizes the raspberry~colored solution.

The solubility cof Kz[Ru(NO)Cl5] is 12 parts per 100 parts
of water at 25°C. and 80 parts per 100 at 60°C. The rubidium
and cesium salts are difficultly soluble.

Re Charannot in 1931 prepared the chloro and iodo nitroso
complexes of the series Mz[Ru(NO)X5} (3)e No analyses were
reported. The compounds were used by him as starting materials
for the preparation of oxalato complexes of the type,

K, [Ru (mO)X(C50,),]
In 1938 Cambi and Malatesta vprepared K [Ru(NO)Cls] and

used it to prepare dialkyldithiocarbamates of the type,
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Ru(NO)(SzCNRZ)S, where R represents the methyl or ethyl radical
(2)

No study of the nitroso halides of ruthenium hss been re~
ported since the work of Howee

Bs The Nitrites of Ruthenium

We Gibbs in 1862 reacted potassium nitrite with ruthenium
chloride and obtained an orange compound which he described as
a "docuble nitrite" (13,14). Further work was done on the ruthe~
nium nitrites from 1884 to 1894 by A. Joly and his coworkers
(29,30)« Joly prepared a ruthenium nitrite, apparently the
same compound that Gibbs had reported, by adding a solution of
ruthenium chloride to a hot solution of potassium nitrite, un~
til the precipitate which first forms had just dissolved. The
orange~red easily soluble salt obtained from the solution was
characterized by analysis as 4 KNOZ.Ruz(NOz)e and has been re-
ferred to in the literature as Ké[Ru(NOz)S] .

When ruthenium chloride is added to an excess of potassium
nitrite, a yellow, difficultly soluble compound, which Joly
formulated as 8KN03.Ru205(N202)(N203), is precipitated. The
properties of this compound have not been studied.

Ds De. Deford in his criticzl survey of ruthenium chem~
istry points out that the formulation proposed by Joly and his
coworkers for both of these nitro compounds is undoubtedly in
error (10). The published analytical results do not correspond
well with simple formulas and further investigation is nec~
essary to clarify the structure and properties of these com~

poundse

!
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Part I1
THE PRCBLEM

The object of this investigation was to prepare, char-
acterize by analysis, and study by modern methods including
radioactive tracer techniques, the nitroso ruthenium complexes
of the types Kg[Ru(NC)Xg]and Ru(NO)Xz, and the complex nitrite
obtained when ruthenium chloride is treated with hot poftassium
nitrite solutione The complex nitrites might well belong to
the Kg[Ru(NO)Xé]class of compoundse

Since these compounds have received little attention since
1900 the time is ripe for a careful examination of the ruthen-
ium~nitric oxide system of compounds to expand our fundamental
knowledge of both ruthenium:zand nitric oxide chemistrye.

Ruthenium is produced in high yield in uranium fission,
and for this reason interest in the chemistry of ruthenium
has recently revivede.

Nitric oxide compounds are of interest due to the pe-
culiz r structural problems which they present. Compounds are
known in which the nitric oxide molecule apparently co-
ordinates as a negetive radical, a neutral molecule, and as a
positive radical. No study has been made of the stirength of
the metal nitriec oxide bond in nitroso complexes using isotope
exchange techniques. The availability of radioactive ruthenium
of very desirable radiation cheracteristics makes the ruthe-

nium~nitric oxide system of compounds a good system in which

to initiate such a study.
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Part IIT
ANALYTICAL METHODS

A. Ruthenium and Potassium

The work of Gilchrist and Wichers (15) on the separation
and estimation of the platinum metals provided a basis for the
development of a reliable gravimetric method for the quantita-
tive determination of rutheniume

In the method of Gilchrist and Wichers, osmium was first
removed by distillation as the tetroxide from a nitric acid
solution. The solution remaining from the osmium distillation
was repeatedly evaporated with hydrochloric acid until oxides
of pitrogen were no longer evolved. The residue from the last
evaporation was dissolved in sulfuric acid and evaporated to
fumes of sulfur trioxide. The sulfuric acid solution was trans~
ferred to an all glasé distilling apparatus and a 10% sodium
bromate solution added to oxidize ruthenium to the volatile
tetroxide., The solution was distilled for two and one-half
hours and the ruthenium tetroxide was collected in a train of
three receivers which contained 6 M hydrochloric acid sat-
urated with sulfur dioxide. After the completion of the
distillation, the absorbing solution was evaporated to a moist
residue, digested with concentrated hydrochloric acid, di-
luted, heated to boiling, and treated with a filtered solu-
tion of 10% sodium bicarbonate until a precipitate formed.
Bromcresol purple indicator was then introduced and the bi-

carbonate solution added until the indicator changed from
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vellow to blue. After boiling for five minutes to coagulate
the precipitate, the solution was filtered and the precipitate
washed with ammonium sulfate. The filter and precipitate were
then transferred to a porcelain crucible and carefully dried
and ignited. After ignition in air, the residue was strongly
ignited in a hydrogen atmosphere and allowed to cool in hy-
drogen. The metallic ruthenium residue was thoroughly leach-
ed with water and again ignited in air and in hydrogen. After
cooling in hydrogen, the residue was weighed as metallic ru~
thenium.

The method of Gilchrist and Wichers described above is
lengthy, but the results are reliable. Ayres and Young (1)
made a study of the method of Gilchrist and Wichers, as well
as several "short cut"™ methods which have been proposed, for
the quantitative determination of rutheniume. Of the methods
studied the distillation of ruthenium as the tetroxide, pre-~
cipitation of hydrous oxides, and reduction to metallic ru~
thenium with hydrogen was the only method which gave satis-
factory resultse The "short cut'" methods which Ayres and
Young investigated included:

ls Precipitation of ruthenium by active metals. It
was found that the precipitated ruthenium alisorbed the re-~
ducing metal giving high resultse

2e¢ Precipitation of ruthenium as a sulfide and con-
version to an oxidee In this method the exact composition

of the precipitate 1s unknown and sulfur is retained by the
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oxides

3¢ Precipitation of hydrous ruthenium dioxide from a
faintly alkaline solution, ignition in air, and reduction with
hydrogen. The hydrous dioxide is difficult to coagulate and
filter, and there is a possibility of coprecipitation.

. 4o Precipitation of ruthenium with thionalide gave re-

sults which were 10% low,

5« Reduction of ruthenium IV to ruthenium III with
stannous chloride gave low resultse

In view of the report of Ayres and Young on quantitative
methods for ruthenium it was decided to develop a method for
ruthenium determination based on the procedure of Gilchrist
and Wicherse The first change made was the use of perchloric
acid instead of sulfuric acid-sodium bromate to volatdlize
ruthenium as the tetroxide from a ruthenium solution. Since
Hoffman and Lundell (21) reported that perchloric acid will
oxidize ruthenium compounds to the volatile tetroxide, this
method has been generally recognized as the best and most ra-
pid method of obtaining ruthenium tetroxide. The perchloric
acid distillation requires only fifteen to twenty minutes
compared to two to three hours for other distillation meth ods.
Thiers, Graydon, and Beamish {42) have shown by use of tracer
radioactive ruthenium that ruthenium is quantitatively re-~
moved from the distilling flask by perchloric acid. Al-
though this change introduces the unpleasantness and dan-
ger of handling perchloric acid, it 1s more than justified

by the time saved in distillation, the assurance that
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10

ruthenium is completely removed, and by the fact that po-
tassium can be determined as potassium perchlorate in the
residuee.

The second time-saving change was to absorb the ruth-
enium tetroxide in 6M sodium hydroxide rather than a hy=-
drochloric acid solution saturated with sulfur dioxide.
When ruthenium tetroxide is aBsorbed in sodium hydroxide an
orange solution of "sodium ruthenate" is formed. Addition
of alcohol reduces the ruthenate ion to hydrous ruthenium
oxides, and boiling for five minutes coagulates the pre~-
cipitate. This step eliminates the necessity of evaporating
a large volume of solution, digesting with hydrochlorie
acid, and titrating with sodium bicarbonate.

The ©precipitated oxides of ruthenium are separated
from the sodium hydroxide solution by centrifugation and
washed with water until the precipitate no longer settles
when centrifuged. A 1% ammonium chloride solution is added
and the mixture boiled until the oxides of ruthenium co-
agulate again. In early determinations, the ruthenium
oxides were collected on ashless filter paper and washed with
2+5% ammonium chloride. When the precipitate and paper
were ignited in air, unless the greatest precautions were
taken, severe deflagrations often occurred, and the re~
sults of the determination were lowe To overcome this
difficulty the ruthenium oxides were collected in a Selas

crucible. After washing, ignition in air, and reduction
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11

and cooling in a stream of hydrogen in a Rose crucible, the
metallic ruthenium was washed by pouring hot water through the
Selas crucible and the ignition and reduction steps repeated.
The ruthenium metal was cooled to room temperature in a hy-
drogen atmosphere, placed in a desiccator for 30 minutes, and
weighed as metallic rutheniume.

The accuracy of the ruthenium determinatioh was estab-
lished by analyzing KQLRu(NO)Cl5] as a standard. This com~
pound is the best known of the nitroso halides of ruthenium

and has been analyzed for ruthenium by Claus, Joly, and Howe

(6,28,22)
Ky [Ru (N0) C15)
%Ru Calculated: 26.26 Average

Found: 26.05, 26,31 26.18

Values from literature:

Claus: 25.95 26.54 26625
Joly: 26.14, 26,12, 26,08 26415
26425, 26.14
Howe: 26465 25.99 26432

The results show that the percent ruthenium found ex~
perimentally is slightly lower than calculatede In general
the results of the ruthenium analyses had a tendency to be a
little low. The determination proved difficult to run, but
with some experience the precision obtained improved; any
deviatioms from calculated percentages were usually on the

low sidee

Procedure: Set up the apparatus as shown in Figure le
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Figure 1

Apparatus for Ruthenium Distillation

8 0z. glass bottle containing conce H5S0,
8 o0z. glass bottle containing glass wool

All~-glass ruthenium still (similar to Scientific
Glass Apparatus Co., stidl No J 1306)

Receiving Flask containing NaCH

Receiving Flask containing NaOH
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Place 200 ml. of 6N sodium hydroxide in flask D and 50 ml. in
flask Ee

Raise ruthenium still, C, from the receiving train. Pour
4 ml. of 70% perchloric acid into the ruthenium stille Weigh
a sample which is equivalent to approximately 100 milligrams of
metallic ruthenium. Dissolve the sample in the minimm vol~-
ume of water and add solution to ruthenium still, Cs (If the
sample is a potassium salt a white precipitate of potassium
perchlorate will form.) Lower still into receiving flaskse

Turn on air and adjust flow to obtain one bubble every
three to four seconds. Warm still, C, gently with a micro
burner until the potassium perchlorate dissolves, and the
solution begins to boil. Heat strongly with micro burner.
After all the water has distilled over ruthenium tetroxide
starts to distill. Continue heating strongly until the re~
sidue in still, C, is colorless and perchloric acid distills
up the neck of the stille Increase the air flow slightly and
remove the burnere. Allow to cool and disconnect receiving
flasks. Tupmn off air. Save residue in still, C, for po~
tassium determinatione

Pour the contents of receiving flask, D, into an un-
etchhed 400 ml. beaker. Wash down the delivery tubes and
rinse flask, De Add rinse water to the ruthenate solution
in the beaker. If the sodium hydroxide in flask, E, has
become colored add its contents to the ruthenate solutione

Allow the ruthenate solution to come to room temperature.
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The solution should be dark-colored and strongly basic. If

the color is light orange there is a possibility of incomplete

reduction. Add 6M sodium hydroxide if necessary. Heat the
solution and add 4 to 5 ml. of alcohol with stirringe. The
solution becomes black almost immediately due to the for-
mation of hydrous ruthenium oxides. Boil the solution for
five minutes to coagulate the precipitate. Cool to room tem~
perature, and let solution stand 2 to 4 hours. Separate hy-
drous ruthenium oxides by centrifugation. Wash precipitate
with water until it becomes colloidal. Add 5 mle of 1%
ammonium chloride and boil until the precipitate coagulates.
Cool and centrifuge. Transfer the precipitate to a previously
ignited and weighed Selas crucible, using a 2.5% solution of
ammonium chloride to aid in the transfer. Police the centri=-
fuge tube with a small piece of ashless filter paper and put
the paper in the crucible. Wash the contents of the Selas
crucible twice with water. DPlace the Selas crucible in a
five centimeter Rose crucible and heat with an infra red
lamp until the paper is charred. Ignite the precipitate in
air, heating slowly with a Bunsen burner snd then strongly
with a Meker burner. Coole

To purify the hydrogen from a cylinder of electrolytiec
hydrogen use a "DEOXO" catalytic purifier. (The Deoxo pur~
ifier is designed to remove oxygen with less than one part
per million oxygen remaining)e. Pass the purifie@ hydrogen

through a drying tube conteining anhydrone to remove water
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15

Vapore

Ignite the stream of hydrogen from a Rose delivery tube
and regulate stream so that a flame about one-~half an inch
long is producede. Insert the delivery tube through the open-
ing in the 1id of the Rose crucible. The flame goes oute
Pass hydrogen through the crucible for five minutes and re~
light the hydrogen by placing a Bunsen burner with a smell
flame under the crucible. The hydrogen will burn as it e~
merges from under the 1lid of the crucible. Gradually increase
the size of the flame until the crucible is &t red heat.
Replace the Bunsen burner with a Meker burner and ignite the
crucible at red heat for thirty minutes. Remove the burner
and allow the crucible to cool for ten minutes. Momentarily
break the stream of hydrogen to put out the hydrogen flame.
Cool in hydrogen to room temperature. Wash the metallic
ruthenium thoroughly with hot water. Repeat the ignition in
air and reduction with hydrogen. After cooling the pre-~
cipitate to room temperature in hydrogen, place the crucible
in a desiccator for thirty minutes. Weigh as metallic ruthe-
niume

Potassium: After the distillation of ruthenium tetroxide
from a potassium salt of ruthenium, the perchloric acid re~-
sidue, when cooled, always contained solid potassium per-
chlorate. Potassium was determined by evaporating this re-
sidue to dryness, dissolving in the minimum amount of hot

water, and precipitating potassium perchlorate by the addi-~
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tion of n~butyl alcohol. G. Fo Smith (31) found this to be

an effective method for separating potassium perchlorate from
sodium perchloratee. The separated potassium perchlorate must
be heated to 350°C, before weighing to expel occluded water.

The n~butyl alecohol method was tried and compared with
the results obtained by omitting the n-butyl alcohol treatment
and merely evaporating the residue in the distilling flask to
dryness. The results were the same in both cases. The pre-
cipitate obtained by evaporation to dryness was shown by a
flame test to be free of sodiume Therefore the n-butyl alcohol
separation precedure was omitteda

Potassium in Kg[Ru(NO)I5J could not be determined by this
method. The white so0lid obtained by evaporating the perchloric
acid residue was not potassium perchlorate, but probably po-
tassium iodate or periodate as shown by the fact that the per-~
centage potassium was high and the precipitate was easily
soluble in water,

When the standard szalt, KgERu(NO)Clé] s was analyzed to
develop the ruthenium determination, potassium was not de-~
termined. At a later date one potassium determination was run
on the standard to check the accuracy of the method.

Kz [Ru(N0)C1g)

% K Calculated 20.2
Found 20.0
Although the experimental . percent potassium was low, this is

not the general trend of the results. In most cases the po~
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tassium analysis gave high results as illustrated by the fol~

lowing dats:

K [Ru (NO) Bxs]
% K Calculated 12.8
Found 13,0, 13.1
K5 [Ru (NO) (OH) (NO3) 4]
% K Calculated 19.0
Found 19.6, 19.3, 19.1

Procedure: Add 25 ml. of water to the distilling flask
and heat until the potassium perchlorate dissolves. Decant
the solution into a 250 ml. beaker. Rinse the distilling
flask several times with water and combine all the rinsingse.
Evaporate the solution on a hot plate to a volume of about
10 ml. Transfer the solution to a weighed 50 mle. beaker which
has been dried to.constant weight at 350° C. Evaporate to
dryness under an infra red lampe. Heat the beaker briefly at
1200 ¢, and then dry to constant weight at 350° C. Cool in

a desiccator and weigh as potassium perchlorate.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

Be Nitrogen and Halogens

The first method attempted to determine nitrogen was the
Friedrick method for N-N, NO and NOs linkages (5)s In this
method the sample is refluxed with constant-boiling hydroiodic
acid to reduce the nitrogen—containing group and excess hydro-
iodic acid is removed by distillation. Potassium sulfate and
sulfuric acid are added to the concentrate and the mixture is
heated on a digester until most of the water has been removed.
The mixture is cooled, water is added, and then the mixture is
distilled. The purpose of this operation is to remove with
steam the liberated iodine. The digest is then cooled, mer-
curic oxide is added, and the Kjeldahlization and distillation
are completd4d in the usual manner.

The results of the Friedrick method were unsatisfactorye.
Potassium nitrate contains 13.96% nitrogen and only 3.4% nitro-
gen was found by tais method. KZERu(NO)C15] contains 3.62%
nitrogen and only a trace could be detected by the Friedrick
methode.

The next method tried, and the one which was developed
into a satisfactory analytical method for nitrogen in ruthe-
nium nitroso and nitro complexes, was Devarda's method for
nitrogen in simple nitrates and nitric acid which was reported
in 1894 (1l). 1In this method the nitrate radiczl is reduced
to ammonia in 20% potassium hydroxide by an alloy containing
50% copper, 45% aluminum, and 5% zinc. This alloy is available

commercially under the name "Devarda's Metal"s The ammonia is
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distilled from the reduction flask and collected in standard
excess sulfuric acid which is back-titrated with standard so-
dium hydroxide in the usual Kjeldahl method, or the ammonia
may be collected in boric acid and titrated directly with
standard hydrochloric acid as in the Winkler modification of
the Kjeldahl methode.

Devarda's method gave satisfactory results for nitrogen
in potassium nitrate and KZERu(NO)015] ~-the ruthenium com-~
plex which was selected as a standarde.

K110z Calculated 13.96%
Found 13.75%, 13.81%

- K, [Ru(NO)C1g)

Calculated 3.62%

Found 3463, 3456, 3¢51, 3.42,
- 504:7%

All nitrogen determinations were slightly lows

The halogen in complexé&s of the type, Kj[Ru(N0)Xs)
and Ru(NO)Xg sy was determined by acidifying the residue
from the nitrogen determination and precipitating the halide
as a silver salt by adding silver nitrate. In the case of
chloride and bromide, nitric acid was added tq\the potassium
hydroxide residue until the hydroxides of éluminum.and zine
which formed had Just redissolved, and then silver chloride
or silver bromide was precipitated and handled in the usuzl
manners

The nitrogen~halogen precedure had to be modified for

compounds containing the iodide ion, since nitric acid oxi-
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dized the iodide ion to iodine causing the results to be 1lowe
For Kz[Ru(NO)I5] the initial reduction of the nitroso group
was carried out in a saturated solution of sodium hydroxide,
and the residue was acidified with perchloric acid instead of
nitric acide Sodium hydroxide was used since sodium per-
chlorate is soluble whereas potassium perchlorate would pre~
cipitate and interfere. Perchloric acid was chosen since sil-
ver perchlorate is soluble and would not precipitate under the:
conditions of the determination.

A blank was run on both the nitrogen and hslide deter-
minations. The blank on the nitrogen determination was the
same order of magnitude as an indicator blank. The halide
determinations were blanked by adding a known weight of pure,
dry sodium chloride to the mixture of reagents and determining
the weight of silver chloride obtained. The weight obtained
was 6.2 milligrams more than the calculated weight, and this
correction was applied in all halide determinations.

The results for the standard compound are as follows:

Ky [Ra(NO)C1lg)  4c1  calculated: 45.8

Found: 45.5, 45.6, 45.6
All halide determinations were slightly lowe
Procedure: Set up a nitrogen apparatus as shown in Figure
2. Use a 50 ml. separatory funnel, 500 ml. three-neék round
bottom flask, Kjeldahl trap, water-cooled condenser, adapter,
and a 250 ml. Erlermeyer flaske.

Put 50 ml. of 3% boric acid in receiving flask, De
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Figure 2

Apparatus for Nitrogen Determination
Separatory Funnel
500 ml., 3 neck, round bottom flask
250 ml. Erlenmeyer flask
Nitrogen trap
Water Codbled condenser

Adapter
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Introduce into reaction flask, C, by means of neck, B, the
weighed sample, 50 mie of water, 2 mi. of alcohol, and one
gram of reagent grade Devarda's Alloy. Seal all rubber stop=-
per connections. Start the flow of water through the con~
denser. Introduce into flask, C, by means of separatory fun-
nel, A, 20 ml. of freshly prepared 20% reagent grade potas-
sium hydroxide solution. Rinse separatory, A, with a few
milliliters of water and quickly close the stop cock. Gently
warm flask, C, until hydrogen is rapidly evolved. Let the
reaction proceed for several hours until hydrogen is no longer
formed. Heat flask, C, until the reaction mixture boils and
one~half its contents has distilled into the 3% boric acid.
Remove stopper from neck, B, and introduce a steady stréam of”
compressed air, which has been purified by bubbling through
concentrated sulfuric acid and glass wools Flush the system
with air for five minutes. Lower flask, D, and remove flame
from flask, C. Rinse the adapter and interior of the con-~
denser into flask, D. Titrate the ammonium borate solution
in flask, D, with standard hydrochloric acid, using 2 drops
of methyl red and 2 drops of bromecresol green as an indicator.
To determine the halide, transfer the liquid portion of
the residue from flask, C, to an unetched 400 ml. beaker.
This is best done by decanting the solution into a 50 ml.
centrifuge tube, centrifuging, and decanting the clear cen~
trifugate into the beaker, Rinse the flask several times with
10 ml. portions of water, centrifuge, and add the rinse

water to the beaker. During the transfer of the solution
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most of the copper from the alloy and ruthenium produced by
thé reaction will remain in the flask with only a small por-
tion in the centrifuge tubes Slowly add concentrated nitric
acid to the solution until the hydroxides of aluminum and zinec
wnich form redissolve. The remaining steps should be carried
out in subdued light. Add 0.1 N silver nitrate slowly with
stirring until a 10% excess has been added. Heat almost to
boiling and stir for 1 to 2 minutes. Test for complete pre-~
cipitation. Allow the solution to stand for 2 to 4 hourse.
Collect the precipitate in a weighed sintered glass crucible
which has been dried at 140° ¢. iash the precipitate with
small portions of 0.0l N nitric acid until a few milliliters
of the wasnings collected in a test tube give no turbidity
when tested with 1 drop of 0.1 N hydrochloric acid. Wash the
precipitate with 1 or 2 portions of water to remove the ni-
tric acid. Dry to constant weight at 140° c,
C. Hydrogen

Hydrogen was determined directly by igniting the sample
in a stream of air and absorbing the water evolved in mag-
nesium perchlorate (31). The combustion tube contained a
mixture of lead oxide and lead dioxideé to retain the oxides
of nitrogen emitted when the sample decomposed.

The apparatus uéed is shown in Figmere 3. Bottle, A,
contains concentrated sulfuric acid and bottle, B, (not
shown) glass wool. The sulfuric acid removes most of the

water from the air which is forced through the trsin and also
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Figure 3

Apparatus for Hydrogen Determination

8 0ze bottle containing conc. HpSO04

8 0ze bottle containing glass wool (not shown)
Drying tube containing anhydrone

Pyrex combustion tube

Porcelain boat

Mixture of PbO, Pb0g, and glass wool

G,H,& I U-tubes containing anhydrone
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indicates the rate of flow of the air. Drying tube, C,
contains magnesium perchlorate which removes the traces of
water in the air stream. Tube, D, is a pyrex or quartz
combustion tube, and E is a porcelain boate F is a mix~-
ture of lead oxide and lead dioxide intermixed with glass
wool. TU~tubes, G, H, and I, contain magnesium perchloratee.
Hydrogen, when present in small amounts, in inorganic
complexes is very difficult to determine with any degree of
accuracye. The determination was undertaken to attempt to
distinguish between co~ordinated aquo and hydroxy groups in
complexes of the type Kg[Ru(NO) (OH) (NOg)s) and Kg[Ru(NO)"
(HZO)(N02)4] e These compounds have molecular weights of 411
and 412 respectively and differ by only one hydrogen atom.
It is very doubtful that these compounds can be distinguish-~
ed by ordinary analytical methods.
In 1927 J. L. Howe (23) made & study of complexes of
the type Mp[Ru(0H)C1ls) ana Mg[Ru(Hp0)Clg] , where M represents
an alkali metal. Hydrogen was determined by the combustion

methode The analytical results repermted are as follows:

% H Calculated Found
s [Ru (0H) C15) 0.27 0.31, 0.25
Rbs [Ru (0H) C15) 0.22 0429
Csy |Ru(0H)C1s) 0.18 0466, 0439
Kz [Ru (H50) C1s5) 0.53 0,69, 0453, 0.78
0477, 0478

The results reported by Howe were erratic and the per=
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cent hydrogen found usually much higher than the calculated
amountse.

In view of the uncertainty of hydrogen determinations
the values obtained in the present work were not used to
distinguish between co-~ordinated aguo and hydroxy group, but
merely as a~ very rough indication.of the hydrogen content
of the compoundse

Procedure: With U~tubes, G and H, disconnected heat the
central part of tube, D, with an empty boat, E, in place with
a Meker burner until the system is thoroughly drye. Pass air
through A, B, G, and D for 10 minutes at the rate of 2 or 3
bubbles per seconde. Then connect G and H and continue to
pass air through the hot tube for 10 minutes. Stop the air
flow, close G and H and place G and H in the balance cases
After 15 minutes open U~tubes, G and H, momentarily and weigh
tube G using H as a tare. Repeat the above steps until con-
stant weight is obtained.

Dry the system, connect U~-tubes, G and H, and remove
drying tube, C, from combustion tube, D, a nd introduce an
empty boat which has been handled exactly as the boat con-
taining the sample. Connect C and D as quickly as possiblee.
Heat the empty boat, cool, weigh U~tube, G, as before, and
record the gain in weight as the "boat blank". (Usually
about 0.8 mZe)

Repeat the process and introduce the boat containing

the sample. Gradually heat the sample until it decomposes
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and then heat strongly with a Meker burner. Heat the oxides
of lead to about 3500C. Brush the combustion tube with a
flame until all visible water droplets have passed into U=~
tube, Ge Cool, disconnect G and H, and weigh as before.

The efficiency of lead oxide and lead dioxide for trap-
ping oxides of nitrogen was determined by passing dry oxides
of nitrogen, formed by reducing nitric acid with arsenious
anhydride, into tube, D, and duplicating the experimental
procedure. The oxide 8f nitrogen blank obtained was neglim=

gibleo
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Part IV

PREPARATIONS AND ANALYSES

A. Nitroso Compounds

The starting material for the preparation of all com~
pounds was commercial ruthenium chloride which was obtained
from the American Platinum Workse. Commercial ruthenium chlo~
ride is a mixture of ruthenium (III) and ruthenium (IV) chlo~
rides and is reported to be free of osmium and other platinum
metals. In all preparations the materials used were of CeP.

or reagent grades

Potassium Nitroso Pentachlororuthenate®, KZERu(NO)Cl5] e

When commercial ruthenium chloride is dissolved in con~
centrated nitric acid and tne dark opaque solution refluxed
for four to six days, the solution becomes bright red and
transparent. The composition of the bright red solution is
unknown, but it is probable that a nitroso group has been
attached to the ruthenium. When concentrated hydrochlorie
acid is repeatedly added and the solution evaporated until
oxides of nitrogen are no longer evolved, the probable com—
position of the solution is Hg[Ru(NO)Clg] ~~the parent acid
of Ks[Ru(NO)Cls] and Ru(NO)Clze When potassium chloride is

added and the solution concentrated, crystals of Kg[Ru(NO)Cl5]

*In nitroso compounds of ruthenium since the oxidation
states of the NO group and ruthenium are debatable a system
of nomenclature is used which does not commit as to whether
NO is No¥, NO, or NO™ or to the oxidation state of rutheniume
If the NO is NOY then the proper name for this compound ac-
cording to the Modified I.U.C. system is potassium penta-
chloronitrosyliumruthenate (II)e
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precipitate. This is the method used by Howe, Joly, and
Werner and Smirnoff for the preparation of this salt (22,

25, 46)s A modification of this method was introduced to
shorten the initial reflux times If the nitric acid solution
of commercial ruthenium chloride is saturated with oxides of
nitrogen, formed by reducing nitric acid with arsenic (III)
oxide, the reflux time for introducing the nitroso group is

reduced from four to six days to two to four hourse

Kzﬁau(NO)Clé] was also prepared from ruthenium nitro
complexes by the method of Joly (28)¢ In this method an aque-
ous solution of ruthenium chloride is heated to 80° C., and
potassium nitrite is added until the solution becomes yellow
or orange. YWhen hydrochloric acid is added and the solution

warmed, the color gradually changes to raspberry. Crystals

of K5 [Ru(NO)Clg] and potassium chloride precipitate when the
solution is concentrated. The mixture can be separated by
recrystallization, potassium chloride being the more soluble
compounde.

Joly's potassium nitrite method has the advantage of
being much gquicker than the nitric acid method, but the pure
product is more difficult to isolate and the yield is lowere
The compound which was analyzed was prepared by the nitric
acid methode The salt prepared by the potassium nitrite
method gave the same K~ray diffraction pattern as that made

by the nitric acid methode
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Analytical Data:

K, [Ru (NO)C1ls] prepared by nitric acid methode

Calculated Found Average
X(%) 2062 20.0
Ru (%) 26426 26,05, 26431 26418
N (%) 3462 B3256, 351, 3s42,
3663, 3.47 3051
C1(%) 45.8 45.5, 4546, 45.6 4546

Data from literature:

ae Claus (6) {Claus characterized the compound as Kg[RuCle] )

Ru (%) 25.84 26.25 (two determinations)
4 C1L(%) 36.18 35,083 (by difference)
2 KC1(%) 37,98 38672 (by difference)

bs As Joly (28)

Ru (%) 26420 26,15 (five determinations)
3 C1({%) 27453 26.54 (one)

2 XC1(%) 38,51 38.77 (three)

N (%) Be62 3645 (omne)

c. Howe, (22)

Ru (%) 26420 26.32 (two)
3 C1(%) 27453 27.02 (two)
2 KC1(%) 38451 38441 {one)
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Although this compound has been analyzed by Claus,
Joly, and Howe, the only direct comparisons that can be
drawn between their data and the present experimental data
are with respect to the percentages of ruthenium and nitrogen
since the methods of analyzing the complex and reporting the
results differe In all cases the average percent ruthenium

Talls between 26.15% and 26.32%, and the percent nitrogen
between 3.42% and 3.63%.

Procedure for Nitric Acid Method: Dissolve one gram
of commercial ruthenium chloride in 100 ml. of concentrated
nitric acide. Saturate this solution with oxides of nitrogen
formed by reacting 25 grams of arsenic (ITI) oxide with 20
mle of 12N nitric acide Transfer the solution to a 250 ml.
round bottom flask which is fitted through a ground glass
joint to a water-cooled condenser. Reflux gently until the
dark opaque solution becomes bright red and transparent.
Filter or centrifuge to remove a black insoluble residue which
sometimes forms. Add an equal volume of concentrated hydro~
chloric acid and evaporate to about 10 ml. Repeat until
oxides of nitrogen are no longer given off. Add 1 gram of”
potassium chloride dissolved in 3.0 mle of water to the'1l0 mle
hydrochloric acid solution. Cool slowly to room temperature
and then in refrigerator. Collect the precipitate by suction
filtration. Evaporate the filtrute to half its volume, add
O¢5 grams potassium chloride dissolved in 1.5 ml. of water,

cool, collect a second crop. Wash the precipitate with sat~
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urated potassium chloride, alcohol, ether, and carefully with
cold water. Cold water will dissolve all of the potassium
chloride and only a small amount of Ko[Ru(NO)Cls] . Dry at
1109¢c.,

Procedure for Potassium Nitrite Method: Dissolve 2.0

grams of commercial ruthenium chloride in water and heat to
809Cs, Add a saturated solution of potassium nitrite in small
portions until the resulting solution is orange or yellow.

Add concentrated hydrochloric acid dropwise until the solution
has a pH of 1.0, Heat slowly until oxides of nitrogen are

no longer evolved. Concentrate the solution by evaporation

to about one~half its volume. Coole. Wash the precipitate as
in the nitric acid method.

Potassium Nitroso Pentabromoruthenate, KétRu(NO)Brs].

The bromide of the series, Ké[Ru(NO)Xs] was prepared from
the corresponding chloride by repeatedly boiling in hydro~
bromic acid toAreplace the chloride ion by the bromide ion.
The compound was purified by recrystallization from hydro~

bromic acide

Analytical Data: (No analysis reported in literature)

Kg [Ru{N0) Brs)

Calculated Found Average
K(%) 12.83 13,0, 13.1 13.1
Ru({%) 16468 16457, 16449 16453
N(%) 2630 229, 2.27 2.28
Br (%) 85657 6563, 6562 6563

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

Procedures Dissolve 2.0 grams of Kg[Ru(NO)Cl5] in 50 mle
of hydrobromic acid and evaporate to about 5 mls. Remove the
dark colored crystals by filtration, dissolve again in hydro~
bromic acid, and evaporate to a small volume. Repeat twice
more. Stop the last evaporation at a volume of 20 mle Cool
slowly. Collect the precipitate by filtration and wash ﬁith
aleohol and then cold water. Dry at 110° Ca

Potassium Nitroso Pentaiodoruthenate, K?[Ru(NO)Is] °

This salt was prepared by repeatedly treating Kz[Ru(N0)§15]
with hydroiodic acid and evaporating the solution until crye-
tallization occurred. The product contained the easily solue~
ble KBERu(NO)Is] and a black insoluble powder which is believ~
ed to be Ru(NO)Ize. Pure K,[Ru(NO)Is] was obtained by treating

the mixture with water, filtering, adding hydroiodic acid to

the filtrate and concentratinge

Analytical Data: (No analysis reported in literature)

K5 [Ru(N0) Ig)

‘Caleulated Found Average
k(%) 9026 . ~—
R (%) 12,04 12,07, 12,04 12.06
N (%) 1.66 1.69, 1.68 1.69
I(%) 7501 7447, 74.9 7448

Procedure: Dissolve l.5 grams of Kg[Ru(NO)Clé] in 30
mle of hydroiodic acid and evaporate until crystals forme.
Dissolve the precipitate in 30 mds of hydroiodic acid and

evaporate. Repeat evaporation in presence of hydroiodic
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acide Collect the precipitate in a sintered glass crucible,
and pour 30 ml. of water through the crucible.s Add 10 mle of
hydroiodic acid to the filtrate, evaporate to 20 ml., and coole
Separate the precipitate by filtration. Repeat until a pre~
cipitate is obtained which is completely soluble in waters
Wash with alcohol, ether, and cold water. Dry at 110° C.

Ruthenium Nitroso Chloride-~Ru(NO)Clz, H50.

The first member of the simple salts of the series,
Ru(NO)Xz, was prepared& by the method of Joly (25, 26). Com~
mercial ruthenium chloride was refluxed with nitric acid until
the nitroso group was introduced, excess nitric acid was re-~
moved by evaporation in the presence of hydrochloric acid,
and the hydrochloric acid solution finally evaporated to a
moist residue which probably cohtains the unstable acid,

H, [Ru(N0)C15] o The residue was dried over caleium chloride
until visible moisture was removed. When heated at 110° c.

hydrochloric acid fumes were rapidly evolved and the brick-

red powder which formed slowly reached constant weight. A-

nalysis showed the powder to be Ru(NO)ClzeHs50.

Analytical Data:

Ru (NO) C1z*H20
Calculated Found Average Joly (28)
Ru (%) 39470 39460, 39,80 39,70 39,72
N(%) 5047 531, 5.41
Se42 5.38 5.55
C1(%) 41.6 414, 4143 41.4 41442
Ho0(%) 7.03 —-— -- 7426
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Procedure: Dissolve 2.0 grams of commerdial ruthenium
chloride in 200 ml. of concentrated nitric acid and reflux
until the solution becomes bright rede Filter. Add an equal
volume of hydrochloric acid and evaporate to a moist residuee.
Add hydrochloric acid and evaporste againe Repeat until
oxides of nitrogen are no longer given offe Dry the moist
residue over calcium chloride until no visible moisture re-
mains. Dry carefully at 110° ¢. until hydrochloric acid fumes
are no longer expelled. Continue to dry at 110 degrees or at
any temperature up to 140 degrees until constant weight is
reached. Handle as an extremely hydroscopic compounde

Ruthenium Nitroso Bromide-~Ru(NO)Brsze

When ruthenium nitroso chloride was dissolved in hydro-
bromic acid and the solution evaporated almost to dryness a
dark colored powder formed. After several evaporeations in
the presence of hydrobromic acid, the product was dried to

constant weight at 140° ¢. and shown by analysis to be

Ru (NO) Bra.

Analyticel Data: (No analysis reported in literature)

Ru (NO)Brg
Calculated Found Average
Ru(%) 27036 27449 -
N(%) 3677 3.61, 3460 3.61
Br (%) 6445 64el, 6446 6445

Procedure: Dissolve 1.0 grems of Ru(NO)ClB-Hzo in

25 ml. hydrobromic acid and evaporste almost to drynesse
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Add 25 mle of hydrobromic acid and again evaporate. Repeat
twice more. Dry the moist residue by heating carefully with
an infra red lamp. Dry to constant weight at 140° ¢. Handle

as a hydroscopic compounde.

Attempt to prepare Ruthenium Nitroso Iodide, Ru (NO)I3;

When ruthenium nitroso chloride was dissolved in hydro=-
iodic acid and the solution evaporated, a coal~black powder
was obtained. When dried at 1100 g,, the powder appeared
to decompose by losing iodine. Unlike the chloride and bro-
mide of the series, Ru(NO)ng the iodide is quite unstable.
Another preparation was attempted in which the product was
dried in a desiccator over calcium chloride. BEven under this
mild drying condition the product was not Ru(NC)Iz as shown
by the fact that the desiccator product contained about 34%
ruthenium compared to a calculated 19.8% ruthenium for Ru (NO)
Iz,

Attempt to isolate Hg[Ru(N0)C1g]

An attempt was made to isolate Hy [Ru(NO)Clg) ~~the par-
ent acid of the series of compounds, Kg[Ru(NO)XS] and Ru(NO)Zz.
This acid probably exists in the solution from which Ké[Ruv
(N0)015] can be precipitated by adding potassium chloride.

A solution of Hp[Ru(N0)C1ls) was prepared as previously de-

scribed in the preparation of Kg[Ru(NO)Cl5] « The acid solu~

tion was evaporated to dryness in a vacuum desiccator over
sodium hydroxide and celcium chloride. The residue was taken

up in water and the evaporation repeated in order to remove
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~ excess hydrochloric acide After three such evaporations the
residue was again dissolved in water and evaporated over
anhydrone until most of the water was removed. The produc’t
was then allowed to stand over calcium chloride until con-
stant weight was reached. The desiccator product was analyzed

for nitrogen and chlorine:

Found
N (%) 4e33, 4422
Cl(%) 43464, 43,68

Atomic ratio, Cl to N: 3.94 to 1.00

The ratio of Cl to N of 3.94 to 1.00 indicated that the
desiccator produqt was partially decomposed Hg[Ru(NO)Cl5] ’
and was probably a mixture of Hg[Ru(NO)Clsj «XHo0 and
Ru (NO)Clz.XH50e Other observations which lead to the same
conclusion are:

l. The desiccator product dissolved readily in water
giving a strongly acid solution. Ru(NO)ClB is only slightly
soluble in cold water, but dissolves readily in an acid solu~
tione

2e¢ An aqueous solution of the desiccator product gave
precipitates with cesium, silver, and mercury (I} ions which
were similar to the precipitates that a solution of
Kz[Ru(NO)Clsl gave, but in no case was precipitation of ruthe-
nium complete as it was from the latter solutione.

Ss Vhen heated to 1400 C. the desiccator praduct liber-

ated a considerable amount of hydrochloric acid fumes. The
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1400 C. product was several shades darker than the desiccator

product and was shown by analysis to be Ru(NO)Clze.Hs50e

Calculated for Ru(NO)Clg.Hg0 Found
N(%) 5e47 5436, 5+43
Cl({%) 41l.56 41.82, 41.71

Attempt to isolate Ruthenium Nitroso Nitrate,

Ru(NO) (NCz)

The bright red sclution obtained when ruthenium chloride
was refluxed with nitric acid was believed by Joly and Werner
to contain ruthenium nitroso nitrate (26, 45). However, all
attempts by Joly to isolate this compound failed.

In the present investigation of the nitroso compounds
of ruthenium an attempt was made to isolate a nitroso nitrate.
Commere&ial ruthenium chloride was refluxed with concentrated
nitric acid until a bright red solution was obtained. The
solution was evaporated to a small volume, nitric acid added,
and the evaporation was repeateds This process was continued
urtil a solution was obtained which gave a negative test for
the chloride ion when silver nitrate was added. The chloride~
free solution was evaporated under an infra red lamp until a
moist residue was obtained. When the moist residue was placed
in a desiccator over sodium hydroxide and calcium chloride &
red glassy material formed. The red glass dissolved readily
in water to give a bright red agueous solution. Aliquots of
this solution were analyze& for nitrogen and ruthenium, and

the atomic ratio of nitrogen to ruthenium was found to be
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568 to 1.00. The high nitrogen content suggested that excess
nitric acid might be presents The product was dissolved in
water and evaporated to a red glass over ascarite and anhydronee
This process was repeated several times and finally the re~
sidue was placed in a desiccator for about six weeks. The a-
tomic ratio of nitrogen to ruthenium was again determined and
found to be 5.67 to 1.00, showing that excess nitrate ion, if"
present, had not been removede.

A portion of the "ruthenium nitroso nitrate" solution was
titrated with sodium hydroxide to see if free nitric acid
could be detected. As base was added the solution rapidly de~
composed and precipitated a brown gelatinous precipitate which
is referred to in the literature as ruthenium nitroso hydro-
xide. Other members of the series, Kg[Ru(NO)X5] and Ru(NO)Xg,
give a similar precipitate with sodium hydroxide, but the pre-
cipitate forms slowly even when the solutions are boilede.

Ruthenium nitroso chloride is stable at temperatures up
to 140 degrees. When ruthenium nitroso nitrate was heated to
110 degrees the red glass quickly became dark colored and
finally turned black before constant weight was reached. The
black residue contained 14.2% nitrogen compared to a calcu-~
lated value of 17.6% for Ru(NO) (NOz)=z.

From the work done on this substance it appesrs thet
the isolation of a ruthenium nitroso nitrate is probably im-~
possible, and that the existence of the species, Ru(NO)(NOg)S,

in soclution is very doubtful.
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- Be Nitro Compounds

In 1889 A. Joly reported the preparation and analysis of
two nitro compounds of ruthenium (29, 30)« By treating ruthe~
nium chloride with excess potassium nitrite, Joly obtained a
yellow difficultly soluble salt which he characterized as
BKNOZ.RuZOS(NEOZ)(NQOB). In the present investigation this
compound was prepared and recharacterized as K4[Bu(N02)6].H20.

Joly prepared an easily soluble orange nitro compound
which he characterized as 4KN02.Ru3(N02)6. This compound has
been referred to in the literature as Kg[Ru(N02)5] « The
present work on this compound indicates that a better formu-
lation for this compound is Kg[Ru(NO)(OH)(Noz)é}‘

In addition to recharacterizing the two nitro compounds
repcrted by Joly, another member of the series has been iso~
lated. When Kztﬁu(NO)(OH)(NOZ)él is treated with a 10% solu~-
tion of potassium hydroxide at 0 to 10° C. the nitroso group

probably converts to a nitro group forming Kg[Ru(NOz)s] .

Potassium Hexanitroruthenate (IT) -~K4fRu(N02)6] +Hs0
When ruthenium chloride is added to a boiling solution
of potassium nitrite, and the potassium nitrite is present
in large excess, a yellow crystalline powder slowly precipi-~
tates from the solution. The yellow powder is sparingly solu-—

ble and can be readily freed of chloride ion by washing with

watere.
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Analytical Data:

K4 {Ru(NOg)g ] »Hs0

Calculated Found Average Joly (29)
K{%) 2843 28.2, 28.0, 28,0 2801 2847
Ru (%) 18.4 18.11,18.25,18.06 18.14 18.55%
N(%) 15.2 1540, 15.1, 14.9 1540 15,05
H(%) 0436 0.57, 0455 0456 -

*Joly's ruthenium analyses were 19.16, 18.17 and 18.31
for an average of 1855 The high value for ruthenium was
probably retained to support his formula, 8KN02.Ru202(N205)2;

which has a calculated ruthenium content of 19.03%.
The analytical data allow, within experimental error, the

assignment of the formula K4[Ru(NOg)g] «Hs0 or K@[Ru(N02)6]—

1% HoO.
Found Calculated
Ky [Ru(NOg)g] o1% Ha0  Kq[Ru(Nog)g] #Hz0
K (%) 28.1 2740 28,3
Ru(%) 18.14 18411 18.42
N (%) 1540 1540 15.2
H (%) 0456 0e54 0436

The formula, K, [Ru(NO2)g] «Hg0, was choosen for this salt

after evaluating the usual trends in the analytical data.
Qther evidence to support the formulation of the complex is

developed later. The salt is hereafter in this report re-
ferred to as Kg4[Ru(NOg)g] «Hs0.

Procedure: Dissolve 20 grams of potassium nitrite in
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20 ml. of water. Dissolve 1.0 gr:ms of commercial ruthenium
chloride in 10 ml. water. Heat the potassium nitrite solution
to boiling and add the ruthenium chloride solution in 0.5 mle.
portions. After each addition of ruthenium chloride wait until
the solution becomes yellow before adding another portion. As
ruthenium chloride is added the solution at first is derk
brown, and then becomes green before turning yellow. After
adding all of the ruthenium chloride, cool the solution over-—
night in a refrigerators. Approximately 0.2 gfams of a yellow
crystalline powder will form. Collect the precipitate in a
sintered glass crucible and wash with water until a negative
chloride ion test is obtained. Add 5.0 grams of potassium
nitrite to the filtrate, cool overnight, and collect a second
crop of crystals. Finally no more precipitate will form when
potassium nitrite is adde¢ fto the filtrate, although the
filtrate still contains rutheniume.

Potassium Nitroso Hydroxotetranitroruthenate,

Kp [Ru (N0) (OH) (NO2) 4] -«

This orange-colored, easily soluble nitro complex is very
difficult to prepare. %hen the compound is made by Joly's
method (29) of adding an agueous solution of ruthenium chloride
to a boiling solution of potassium nitrite until the solution iS
"neutral”, several difficulties are encountered. The orange
compound is more soluble than potassium chloride, and when the
solution obtained by adding ruthenium chloride to potassium
nitrite is concentrated by evaporation potassium chloride will

precipitate first, followed immediately by the orange nitro
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compound. The mixture is difficult to separate. Another
difficulty is the contamination of the orange compound by
the difficultly soluble yellow nitro complex, Kg[Ru(NOz)g]-
o«H20e hen attempts were made to separate this mixture and
isolate the pure orange compound by the usual methods of
recrystallization, a satisfactory product could not be ob~
tainede

Since impure Kp[Ru(NO) (0H) (NOg)s] converts to
K4[Ru(N02)6] «Ho0 when treated with excess potassium nitrite
an attempt was made to use K4[Ru(NOp)g] »H20, which can be
easily freed of chloride ion, as a starting material for the
preparetion of pure Kg[Ru(NO)(OH)(N02)4] « This provides a
chloride free system and eliminates the difficulty of having
the product contaminated with potassium chloride.

When K4[Ru(NO2)g] «Hs0 was heated in boiling water, it
dissolved slowly giving'a yellow solution which had a pH of
10,0, After continued boiling the solution became orange and
the pH of the solution slowly decreased. After refluxing for
four hours the pH was 7.0 and showed no further change when
boiling was continued. When the solution was concentrated by
evaporeation a crystalline product was not obtained, but rather
an orange-colored sticky mass.

The next step undertaken was to determine the best pH
for the precipitation of the orange nitro compound. A solu~-
tion of potassium nitrite was prepared wnich had a pH of

8¢e0. Portions of this solution were treated with ruthenium

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



44

chloride until various pH values were reached and the solu-
tions evaporated and the residue examined with a microscope.
In all cases the residue contained potassium chloride, but
the object was to determine at what pH the orange compound
could be obtained free of K4[Ru(NOg)g] oHg0. At & pH of 6.5
pure Kg|Ru(NOgz)g | -Ho0 was precipitated; at a pH of 4.7 a
mixture of KQERu(N02)6] «H50 and the orange compound was

obtained, but at a pH of 4.0 the orange compound was obtained

free of K4[Ru(NOg)g] sHp0. At a pH of 1.0 which was obtained
by adding hydrochloric acid, the solution became raspberry
colored and Kp[Ru(NO)Clg) precipitated.

The most logical approach to isolate the pure orange

compound seemed to be to start with K,[Ru(NOg)g] «Hg0 and
convert it to a solution of pH 4.0. K4E&1(N02)6] Ho0 was

dissolved in hot water and the solution was refluxed for sev-
eral hours until the pH was 7.0. An acid had to be added %o
lower the pH tc 4.0. Hydrochloric acid could not be used
since potassium chloride would precipitate first. Nitric
acid and sulfuric acid presented similar problems. IT was
decided to try perchloric acid to see if an orange nitro com-
pound could be obtained after precipitating the relatively
insoluble potassium perchlorate. When perchloric acid was
added until the pH was 4.0, and the solution concentrated by
slow evaporation a large amount of potassium perchlorate

precipitated. However, a crystalline ruthenium compound
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could not be obtained from the filtrate. It was shown by
calculation that the amount of potassium remaining in the
solution after precipitating potassium perchlorate was very
smalls Since a large amount of perchloric acid had to be
added to lower the pH to 4.0 this method was unsuccessful.

The next method attempted was to convert K,[Ru(NOs)gl-

«Ho0 to H4[Ru(N03)é] by an ion exchange resin. A solution of
Ky [Ru(NO2) gl oHo0 was treated with a cation exchange resin,
Amberite IR~-120, by the batch process, and a solution of

Hy [Ru(NOs)g] with a pH of 1.7 was obtaineds Potassium hy~
droxide was added to provide potassium ions and to raise the
pH to 4.0 A crystalline product was not obtained.

Joly apparently had no difficulty preparing a pure
orange nitro compound by adding ruthenium chloride to hot
potassium nitrite solution. The major difference in his pro-
cedure and the initial unsuccessful attempts of the author
was tn the quantity of materiasls usede. Joly worked with
kilogram quantities of ruthenium chloride, whereas in the
first unsuccessful attempts about 1.0 gram of ruthenium chlo~
ride was usede The ruthenium chloride-potassium nitrite method
was tried again using 5.0 grams of ruthenium chloride and a
pure compound was isolated. Ruthenium chloride was added to
potassium nitrite at 70 degrees until oxides of nitrogen were

no longer evolved, and the solution was at a pH of 4.5. It

was found that if this solution was coocled suddenly, or con-

centrated only slightly by evaporation, and then cooled sud~
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denly that crystsls of Kz[Ru{NO)(OH)(NOgz),] would precipitate
and potassium chloride would remain in solution. Ths precipi-
tate was freed of trasces of K,[Ru(NOz)s] by recrystslilizing
rapidly from water. To prepare the compound in a pure state
the procedure given below must be followed very carefully and
recrystallization must be performed very quickly.

Anslytical Data:

Kz [Ru{NO) (OH) (NO5), ]

Calgculated Pound Average Joly (29)
K(%) 19,0 19.6,19.3,15.1 19.2 19.3
Ru(%) 2475 24.92,25:.92,2L.93 24.93 24.98

N (%) 17.03  15.81, 16.94 16.88 17.13
H(%Z) 0.2l 0.50, 0,50 0.50 - -

The analytical data allow the assignment of the formuls
(1) Ka[Ru(NOz)gl, (2) Kz[Ru{NO)(CH)(NOz)4] or (3)

Ko IRu(NO0) (H,0) (NOg ). 1.

Found Calculated
(1) (2) (3)
K(%) 19.3 19.0 13.0 18.9
Ru{%) 2.93  24.83 2h.75  2h.71
N (%) 16,88  17.07 17.03 16.99
H{%) 0450 - - 0.2L 0.8

For reesons tc be develcped lster the orange nitrc sslt
was assigned the formula, KgiRu{NO){CH){NGC;).l, and hereafter

ir. this report will be referred tc as such.
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Procedure: Dissolve 12,0 grams of potassium in 30 ml.
of water and heat to 700 ¢, Dissolve 5.0 grams of commercial
ruthenium chloride in 30 ml. of water. Add the ruthenium
chloride solution in 2.0 ml. portions to the hot nitrite solu-
tion. The nitrite solution turns yellow after the first addi-
tion of ruthenium chloride and becomes orange after 6 mle. of
ruthenium chloride are added. From this point on allow the
solution to stand undisturbed until oxides of nitrogen are no
longer emitted after esch addition of ruthenium chloridee.
After 20 ml. of ruthenium chloride are added the solution
becomes quite cloudy and contains a yellow insoluble substance.
After all of the ruthenium chloride is added the solution is
almost clear and most of the yellow insoluble substance re—
dissolves. If gases are still emitted after adding 30 ml. of
ruthenium chloride, dissolve 0.5 grams of ruthenium chloride in
10 mle of water and add this solution in 2 mle. portions uptil
gases are no longer emitteds The addition of ruthenium chlo-~
ride requires about four hours.

Evaporate the reaction mixture to a volume of not less
than 30 ml. under an infra red lamp. The solution becomes
slightly cloudy. Filter or centrifuge when hot, and cool the
clear filtrate quickly in an ice bath. A large amount of
precipitate will form quickly when precipitation starts. Col~
lect the precipitate in a sintered glass crucible and wash
with alcohol until a negative test of chloride ion is obtained

when a portion of the precipitate is dissolved in nitric acid
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and silver nitrate ad@ed. The yield is 4.3 gramse
Place 4.3 grams of chloride~free orange nitro compound

in a 15 ml. centrifuge tube and add 2 ml. of hot water. Place
the tube in a beaker of boiling water and add hot water and
stir until the orange compound dissolves. The total volume of
the solution is 8 mle Quickly centrifuge and decant the clear
filtrate into a 20 ml. beaker. (A small residue of a yellow
insoluble substance is removed by centrifugation)e Place the
beaker in ice. When crystals begin to form, stir the solution
and precipitation will be rapide Collect the precipitate by
filtration, wash with alcohol and ether, air dry until the
alcohol and ether are removed, and then dry at 110° ¢. The-
yield is 243 grams. The entire recrystallization requires 15

to 20 minutes. Collect a second crop of crystals by adding
alcohol to the mother liquid.

Potassium Pentanitroruthenate (II), Kg[ﬁu(N02)5]

When a solution of Xg [Ru(NO) (CH) (N02)4] is treated with
10% potassium hydroxide at a temperature of 0 to 10° C. &
yellow precipitate rapidly forms. The yellow precipitate has
a pearly luster and forms in small plates, but when it is eir
dried or dried over calcium chloride, the product changes to
a tan colored powder. The tan powder gives an X~ray diffraction

powder pattern which is distinctly different from Kg[Ru(NO)'

(0H) (NOg) 4] or K4[RU(N02)6} ¢Hg0. It is more soluble than

K4 [Ru(N02)g] «Hg0, but not as solubde as Ky [Ru (NO) (OH) (NOg) 4] «

The tan colored powder gave the following analysis which
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corresponds to the formula: (1) KSERu(Nog)s] or (2)

Kz [Ru (NO) (OH) (NOg) 4]

Analytical Data: (No analysis reported in literature)

Calculated Found Average

(1) (2)
K(%) 26,1 26.1 26+6,26.0,25.8 26.1
Ru(%) 22.65 22459 22.50, 22.44 22.47
N(%) 15.59 15,56 15.4,15.5,15.4 15.4

The formula, Kz[Ru(NOg)s] , was choosen for the tan salt for
reasons to be developed latere

Procedure: Dissolve 3.3 grams of Kg‘?u(NO)(OH)(NOZ)]
in 33 mle of water and cool to 5° C., Cool 33 ml. of freshly
prepared 10% potassium hydroxide solution to 5° C. Rapidly
mix the two solutionse Stir the mixture and maintain at a
temperature not greater than 10° C., After about five minutes
crystals begin to form and after 15 minutes a large crop will
have formed. Filter immediately. (If the reaction is allowed
to proceed for a longer period of time a yellow insoluble pow-
der will form)e Wash the precipitate with alcohol and then with
ethere Air dry until all the ether is removed. Dry to con=-
stant weight over calcium chloride. The product can not be
purified by recrystallization since it rapidly decomposes in
a hot aqueous solution. An attempt was made to recrystallize
from a 5% potassium hydroxide solution but the compound would

not reprecipitate.
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Chemical Relation of the Nitro Complexes.

When a solution of the orange salt, Ks[Ru(NO)(OH) (NOgla] »
is treated with excess potassium nitrite, the yellow salt,
K4E3u(N02)6] +Ho0 slowly precipitates. A solution of the
orange salt has an approximate pH of 6.0. VWhen excess po-
tassium nitrite is added the pH of the solution is 10.5s, As
the yellow salt slowly precipitates the pH of the solution
decreases to 7.0 and no more precipitate forms. When po-
tassium hydroxide is added to increase the pH to 10.5 more
yellow salt starts to form as long as potassium nitrite is
present in excesse

When a solution of the orange salt, K,[Ru(NO)(OH)(NOgl,] »
is treated with 10% potassium hydroxide at 0~10° C., the tan
salt, Kg[Ru(N02)5I , rapidly precipitatess

A solution of the yellow salt, K4[?u(N02)6] »l50, has a
pH of about 10.0. ihen the yellow solution is refluxed for
3 or 4 hours, the solution becomes orange and the pH decreases
to 7.0, Attempts to isolate a crystalline product from this

solution were unsuccessfule.
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Part V
INSTRUMENTAL STUDIES

As Conductance Measurementse

Theory: The molecular conductance, u, of an electrolyte

in solution is defined by the equation

u _ 1000 L
m

in which m is the concentration of the electrolyte in moles
per liter, and L is that part of the specific conductivity of
the solution which is due to the electrolyte. L is obtained
by subtracting the specific conductivity of the pure solvent,
Ly, from that of the solution, L.

Measurement of the conductivity of a solution is made
with a modified Wheatstone bridge, in which a conductance cell
is placed in one arm of the bridge circuit and the resistance
of the electrolyte is measureds The relation between the
measured resistance across the terminals of the conductivity
cell and the specific conductivity of the solution depends
upon the geometry of the cell. Formally, the specific con~
ductance of a solution is equal to the reciprocal of its re-
sistance, when measured between electrodes one squere centi-
meter in area and one centimeter aparte 1In practice cell
dimensions differ, but the measured resistance of a solution
is related to its specific conductivity by a constant factor,
K, depending on the geometry of the cell, which is known as
the "cell constant"s The cell constant is determined by

measuring the resistance, R, of a solution of known specific
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conductance and using the relationship
X =1R
The primary standard for determining cell constants is pure
mercury, due to the fact that mercury is used in defining the
international ohme The specific conductivity of mercury is so
high that solutions of potassium chloride are generally used
as secondary standards in determining the c¢e¢ll constants of
cells designed for the study of electrolyteses
After the cell constent is determined, the specific con-
ductance of any solution can be obtained by measuring its re-
sistance and using the relationship
L = X/R
The molecular conductance can then be calculated by using the
defining equation

u - _ 1000 L
m

Usually dilution is used to express concentration rather than
molaritye The equation for the calculation of the molecular
conductivity of a solution then becomes

u = 1000 (Lsolno-Lwater) D

where D equals the volume in liters to which one mole of the

solute has been diluted.

Experimental: All resistance measurements were made with

a Model RC Conductivity Bridge manufactured by the Industrial
Instruments, Ince., of Jersey City, New Jersey. The cell con~
stant was determined by measuring the resistance of a 0.0200 N

solution of potassium chloride at 25%0.1° C» The water used
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to prepare all solutions was distilled water which was boiléd
to remove dissolved carbon dioxide. Samples of each salt were
weighed and diluted directly to a dilution of 1024 liters for
determining the number of ions. Variation of molecular con-~
quetivity with dilution was determined by preparing a stock
solution of each sample and diluting to various concentrationse
The temperature of each solution was maintained at 25+ 0.1° Ce
by means of a thermostatically controlled water bath.

Determination of number of Ions in a Salt:

The number of ions in a salt can be determined by meas~
uring the molecular conductivity of the salt and comparing the
value obtained with the molecular conductivity of known saéltse
The standard conditions chosen for comparing molecular con-
quetivity values are at a temperature of 250 C. and at a di~-
lution of 1024 liters. At this dilution 100% ionization is
assumed. The following ranges for salts containing two, three,
and four ions have been established by comparing conductance
values for a large number of salts:

Range of Liolecular

NMumber of Ions Conductivity (Mhes)
2 118-131
3 235-273
4 408~435

The only common five ion salt which has been studie& is po~
tassium hexacyanoferrate (II),‘KQEFe(CN)el , and molecular

conductivity values ranging from 558 to 596 mhos have been
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reported for ite (See Table I)

Table I shows that all the three ion salts of the series,
Ké[Ru(NO)X5] , and the knowns measured to check the accuracy of
the measurements, fall well into the accepted range of 235 to
273 mhose

The four ion salt, Kg[Ru(NOg)s) , gave a value of 405
mnos which is slightly lower than the established range of
408 to 435, but is well above the upper limit for 3 ion salts
of 273 mhose

The five ion salt, K4 [Ru(NOg),] «Hg0, has a molecular
conductivity of 582 mhos compared to a measured value of 600
mhos for C.Pe doubly reerystallized potassium Hexacyanoferrate
(IT)e The published values for potassium hexacyanoferrate
(ITI) vary widelys The experimental values for potassium
hexachloroplatinate (IV), potassium hexacyanoferrate (III),
and potassium hexacyanoferrate (II) agree well with the data
obtained by Waldene

The data obtained with the ruthenium salts are seen to
be completely in accord with the formulas postulated on the

basis of their analysise.
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Table I
Relation of Molecular Conductivity, u, to

Mumber of Ions

Temperature 2540.1° C,

Dilution (D) 1024 Literss

Experimental Values from literature Reference
u (mhos) u {(mhos) D (liters)

3 Ton Salts:

Ko [PtClg) 269 +3 268,.8 1024 ¢

Nay [Fe (N0) (CN) 5] . 2H20 223 23664 1024 a

Ko [Ru (NO)C1s] 254 252%* 640 a
260%* 1280 a

Ko [Ru (NO)Brg] 254 None:

K5 [Ru (0) I5) 255 None

Ks [Ru(NO) (0H) (NO2) 4] 245 None

4 Ton Salts:

Kz [Fe(CN) 6] 46945 468.1 1024 =
435 1024 g

Naz [Co(NOs) g] 425 405 640 e
467 1280 c

Kz [Ru(N0g) 51 405 None

S Ton Salts:

Ky [Fe (cN) g) 60017 59644 c
583 b
558 g

Ky [Ru(NOg) 6] eH20 582 None

*Converted to 25® Ce. by assuming a temperature coefficient of

2.2% per degreee.
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Table II
Molecular Conductivity Values of freshly Prepared

Solutions of Ruthenium Salts at Various Dilutionse

Temperature 25 0,10 C,

Compound Dilution in Liters
256 512 1024 2048 4096
K> [Ru (N0) C15] 236 245 254 259 ———
K5 [Ru(NO) Brs) 241 247 254 259 —r
Kz [Ru(NO) I5] 247 262 280 306 J—
Kp[Ru(NO) (OH) (NO2)g] ~-- 231 245 255  =-m
K3 [Ru (NOg) 5] s |- S — ~—
Ky [Ru(NOg)6) oHo0 ~—— —== 573 576 575

*dilution 1033 liters
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Table II shows the variation of the molecular conduc-
ivity of freshly prepared solutions with dilution. The in-
crease of conductivity with dilution is a genersal bshavior.

Variation of Molecular Conductivity with Aging Time of
Solution:

Tnhe relative stabillty of complex ions in solutiom can
be determined by measuring molecular conduetivity as a func-
tlon of time. If an ion of the type, [MX,] % decomposes in

solution by reacting with water according to the equaetion

the molecular conductivity of the solution will increase,
due to the liberation of hydrcgen ions and X~ ions. As the
selution ages the conductivity willl increass ard the pH of
the solution will decresse.

Variation of molecular conductivity with time was stu-

died for the nitroso and nitro complexes of ruthenium. Mea-

58

surements were made at a dilutlon of 102l liters and a temper-

abure of 25°C. at various intervals up to 300 hours. The
solutions were stored in gless stcppered bottles at room
temperature (25-30°C.) between measurements. Figure L shows
the resultse.

In the series, Kz[Ru(N0)X,1l, the orenge nitrc complex,
Kz [Ru{NO) (OH) (NOz) 4] 1s extremely steble, the chloroc complex
fairlj stable, whereas the bromo and iodo complexes decompose
rapidly.

Ru(NO)Cl,.HgO descomposes at about the same rate as ths
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complex ion,tRu(NO)Cl5] -2, Ru(NO)Clz<Ho0 dissolves very
slowly at 25° C., so it was impossible to obtain & conductance
value for a freshly prepared solution. If it is a completely
covalent compound its solution should have & very low conduct-
ivitye The value of 100 mhos at 23 hours is probably due to
the fact that as the compound dissolves it forms a complex
acid which then hydrolyzese

The yellow nitro complex, K4[Ru(NOg)gl .Ho0, and the tan

nitro complex, Kz[Ru(NOz)5] gave an initial decrease in con-~
ductance and then showed very little change. Since a decrease
in conductance with time is unusual, the yellow salt was stu-
died further. The canductance of the nitroso complex, Ké[Ru—
(NO)Ié] s increases with aging time at about the same rate
that the conductance of the nitro complex, K@[Ru(NOg)G] «Hs0,
decreaseses The change in conductance of these two complexes
was followed for several hours and each time a conductance
reading was taken the pH of the solution was also measured.
Figure 5 shows that as the conductance of Kg[Ru(No)Isl ine~
creases from 255 to 300 mhos, the pH of the solution decreases
from 5.0 to 3.3, whereas as the conductance of K4[Ru(N02)6]-
«Hp0 decreases from 572 to 520 mhos the pH of the solution
decreases from 10,5 to 7.5

As the reaction
(1) [Ru(NO)I5) =24 n HOH = [Ru(NO) I5~p, (OH)p ] “2+n H+nI”

proceeds, the conductance increases, due to the iodide and
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especially the hydrogen ions formed as reaction products.
Any difference in the conducting ability of[?u(NO)I5] =2
and [Ru(N0)T5.n (OH)p] ™2 could not be detected, due to the
effedt of the hydrogen ionse. The decrease of the pH to 3.3
confirms the presence of hydrogen ions in the solution.

The reaction
(2) [Ru(N05)g] =%+ n HOH = [Ru(NOg)gp (OH)p] ~*+ n HNO,
is accompanied by a decrease in conductance. The effect
of the hydrogen and nitrite ions in reaction 2 is small in
comparison with the hydrogen and iodide ions in reaction 1,

because nitrous acid, a weak acid, is formed. The decrease

62

in conductance with time may be attributed to the possibility

that [Ru(NOg)g~n (OH)y ] "% is a poorer conductor than

@H(Noz)ej =4, The molecular conductivity decreases 50 mhos,
which is the order of magnitude of the difference in con-

ducting ability of various ionse

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

Be Potentiometric Titrations

Reaction of Nitroso Ruthenium Complexes with NaOH

Solution:

By treating a boiling solution of Ru{NO)ClzeHs0 with
alkali in just the right amount, Joly obtained a brown ge~-
latinous material which he called ruthenium nitroso hydroxide,
Ru(NO) (OH)z, This hydrous base is soluble in excess alkali
to give a browmn solution of unknown composition and readily
soluble in dilute acids forming a red solution.

In the present investigation the reaction of sodium hy-
droxide with Ru(NO0)Clz.Hp0, Kg[Ru(NO)Cls) , and Ks[Ru(w0)-
(UH)(Noz)él was studied by means of potentiometric titratiohse
Solutions of each compound containing 030 millimoles of
ruthenium were titrated with standard sodium hydroxide. Base
was added to the boiling solutions and the solutions main~
tained at a temperature near boiling until a constant pH was
reached. All pH measurements were made at a temperature of
60£0.1° C. The reactions proceeded slowly. Approximately
30 minutes was required for constant pH to be reached after

each addition of basee The results of the titrations are

shown in Figure 6a

Ru(H0)Clz.Hs0 and KgERu(NO)Cl5] gave identical reazctions.
In both cases precipitation of Ru(NO)(OH)z started at a pH
of 5.5. At a pH between 8.0 and 8.5, precipitation of ruthe~
nium was almost quantitative, as shown by the fact that the

raspberry colored solutions became almost colorlesss At a
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pH 8lightly above 10.C ruthenium nitroso hydroxide began to
dissolve. Solution was rapld as more base was added,

The theoreticsal amount of sodium hydroxide reguired for
the rsactions

Ru(NO)Clg+Ho0 + 3NaOH

Ru(NO){(OH)5z + 3NaCl + H,0
and

Ka[Ru(NO}Clg] + 3NaOH = Ru{NO)(OH), + 3NaCl + 2KC1
was 7.5 ml, It is interesting to note that after the cal=-
culated samount of sodium hydroxide was added the precipitation
of ruthenlum was almost complete.

Kg [Ru{NO) (0H) (N0, ), ] was unaffected by sodium hydroxide
even after several hours of bolling. This fact shows the
differencs in the stgbility of the ruthenium te chloride and
ruthenium to nitro nitrogen bonds in the complexes. Nitro
ccmplexes are among the most stable and frequently are stable
even in bolling alkall.,

Detection of a coordinated aquo or hydroxy group:

A solution of [Co(NHz)gH.012(S0,)s; was titrated with
standard base to determine If the hydrogen of the coordingted
water molecule in the complsx cation shews acidic propertles,
Flgure 7 shows that when 0.C12 N sodium hydrcxide was added
tc an approximately 0,01 N scluticn of the cobalt ccomplex,

a break occurrsd at a pH of about 8.0. DSince the titration
was run rapidly, the inflectlon of pH is probably due teo the
acld-base reaction:

. +3 L3
[Co{liHy)gHa0] + 02 = [Co(WHg)gO0H]  + Ha0
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rather than a replacement reaction which usually proceeds
at a slower reate,

When the cobalt complex was tiirated with hydrochleric
acld, apparently no resction occurred. No record could be
found of the use of acid-base reactions to detect the pre-
sence of coordinated aque or hydroxy groups in complex ions.
This method should be investigated further as it might offer
a simple means tc gid in the characterization of complex
cations.

Similar reactlons were run using the anionic complex,
Kg[Ru(NO) (0H) (NO0z)41. Figure 7 shows that no acid-base
reactlion occurred with scdium hydroxide or hydrochloric acid.
In his revisw on complex ions H. Taube (1) pointed out that
complex cations centgining an aguo group show acidic properties,
that the higher the charge cf the catlon the greater the
acidity, and that no work had been done on the acid-base

properties of complex anicns.
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Ce ZX~ray Diffraction Patterns

Theory: When a beam of X~rays strikes a crystal, the
planes of the crystal diffract the beam in much the same
manner as a grating diffracts ordinary lighte. The relation~
ship between the wavelength, A, the angle of diffraction, €,
and the distance between the planes in the crystal, d, is
given by the Bragg equation:

nA=24 sin ©
where n represents the order of diffraction.

If many very small crystals, randomly oriented, are
placed in an X-ray beam, a continous cone of diffracted rays
will be produced. The cone will intercept a circular film
surrounding the sample in curved lines. The angle, 8, may be
calcula ted if the radius of the circular film is known and the
distance between corresponding arcs of the same cone of 4dif-
fracted rays is measureds. If the distence between correspond-
ing arcs is called S, then

S -:4:9 rada
R

where R is the radius of the camera, and © rad is the angle
of diffraction, measured in radianse. The angle, 8, of the
Bragg equation measured in degrees, is then:

e = S X 57295
4 R

X-ray diffraction patterns are very useful forW"finger
printing™ crystelline compounds for identification purposese

The basis of the method was stated in 1919 by A. We Hull (24)e
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The basis 1is "That every crystalline substance gives a patterny
that the same substance always gives the same pattern; and
that in a mixture of substances, each produces its pattern
independently of the others, so that the photograph obtained
with a mixture is the superimposed sum of photographs that
would be obtained by exposing each of the components separate-
ly for the same length of times."

The most satisfactory method for the identification of
unknowns is the direct comparison of negatives. Since it is
not practical to publish prints, a system of classification
has been developed based on the positions of lines in the
pattern calculated by solving Bragg's equation, n)\=2d sin ©,
for d, the distance between the planes in the cecrystal. The
relative intensity of the lines is visually estimated on a
1l to 10 scale, the most intense line being assigned a value
of 10« In some cases it is difficult to estire te the re~-
lative intensities of the lines.

Procedure: A sample of each compound was ground in
an agate morter and passed through a 150 mesh screen. The
finely divided sample was loaded in a thin glass capillary
tube and packed in with a burette wire. The capillary tube
was sealed and inserted in the pulley of the camera and held
in place by modeling claye. The camera was placed on the
diffraction unit, and exposed to a X=-ray beam from & copper
target tube, for 3 to 4 hours. The diffraction unit was

operated at 32 kilovolts and 20 milliamperes.
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The exposed film was developed in standard X-ray developer
for 7 minutes at 200 C., fixed in hypo for 10 to 12 minutes,
washed in running water for 1 hour, and dried at room temper-
ature.

Calculations: The large camera used was designed so that

one~half the distance between corresponding arcs equals the
angle 2 @s Samples which gave a weak pattern in the large
camera were exposed for 3 hours in a small camerae. The small
camera was designed so that the distance between corresponding
arcs equals the angle 2 €+ d spacings for.the angle 2 © for
CuK_ radiation were obtained from a table published by G.
Switzer et al (40).

Results: The 4 spacings and relative intensity of the
lines for the nitroso and nitro complexes of ruthenium pre-
pared in this research are shown in Table III. A print of the

negatives is also showne
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Table IIT

Powder X-ray Patterns of Ruthenium Complexes

Kp [Ru (w0) c1s5)

Prepared by Prepared by d (A9) Relative
Nitric Acid Potassium Nitrite Intensity
Methode Method.

9450
5.01
4.6%7
3643
325

[T VNS I R VIS

2482
275

=
o

2.69

)
o

2456

.
o

2037
2.24
2008

2004

1.97
1.86
l.74
1.69
1.66

T . S T T R

1.63
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Kp [ﬁu(No)BrS]

da (Aa9) Relative
Intensity

S5.68 5
4487 ]
3.10 1
2096

AV

2.88

=
(@)

2482
2467
2047
235
2.20
2el4
1.94
l.82
1.78
1.73
1.70

I R I VI T T B A B & B & B )

1.59
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Kg[§u(No)Is]
d (a0) Relative
Intensity
3.06 10
281
2¢64
249
2433
l 2.16
l 2.06
\ 1.93
| 1.89
1.85
l.81

1.76
1.70

I3 S BN < R < R &> I <> B« RS | NN ) R A B O ) BN 6 |

1.55
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Ru(NO)Clze HgO

a (49) Relative
Intensity

280 3

| 2466 3

i 2451 10
2443 5
235 5
1.99 1
1.93 1
1.82 1

é 1.80 1

| 1.68 1l
1.65 1
1.63 1
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Ru.(NO) Brs
d (40)

Se 64
3095
2,93
24955
2433
2411
1.95
1.83
1.73

1.55

75.

Relative
Intensity

5
3

10

F H © e =
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Ky [Ru(w02)g] «Hzo
d (49) Relative
Intensity
763 2
720 5
6e56 2
6407 5
550 1
4015 1
2460 10
243
223
2415

208

le92
1,87
183
1.80
1.70
1.66
1.65

T TS T - T ™ B < N ¢ B ¢\ | S~ SR U B A

1,55
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Ko [Ru (10) (0H) (NOR) , |
da (A9) Relative
Intensity

BelS 10
5.61

Sed4

4087

4,72

4,60

3692

3439

2490

2481

2059

2449

2.21
2402
1.98
1.94
1.88
1.84
1.79
1.75

l.64

2
7

1

4

2

1

2

4

3

2

2

2440 3
2

2

1

1

1

1

1

2

1

1.60 1
1

1.54
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K3 [Ru(N03)5]

d {A9) Relative
Intensity

611 5
5437

o]

3482 10
3405
262
2038
2415
1.89

1.70

T L I . N V- BN ¢ VR A

1.54
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79.

De Magnetic¢ Measurements

When a substance is placed in a magnetic field, a
magnetic polarization results, due to the accelerating in-
fluence of the field on the electrons in the substance. If
the direction of the polarization is negative, that is, it
gives rise to a field which is opposed to the applied field,
the substance is said to be diamagnetic. All substances
show diamagnetic polarization. In addition to diamagnetic
polar;zation some substances show a polarization of the ®ppo-—
site sign, that is, with the fielde. Such substances are said
to be paramagnetice Paramagnetism results when the substance
contains atoms, ions, or molecules with permanent magnetic
dipole moments, which in general are due to the magnetic mo~
ments, of unpaired electrons. Paramagnetism is observed in
many simple and complex ions derived from the transition
metals, in molecules containing odd numbers of electrons,
and in a few molecules containing even numbers of electrons
but unpaired electron spinse

Magnetic measurements are of importance in solving prob-
lems of molecular structure and bond type, because they afford
a means of detecting the presence of singly-occupied electronie
orbitalss. A paramagnetic substance increases the flux due to
the applied field, whereas a diamagnetic substamrce diminishes
it. Diamagnetism is caused by an interaction of the applied
magnetic field with the filled electronic orbitals of the

atoms of the mediums The magnitude of diamagnetic effects
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is small and diamagnetism is independent of the temperature.
Substances which contain unpaired electrons have diamagnetic
tendencies, but also paramagnetic tendencies due to the per=-
manent magnetic moment caused by the unpaired electrons.
The two effects are opposed and the net result is that para-
magnetism always results, because the magnitude of the para-
magnetic effect is much larger than that of the diamagnetic
effecte

Both the spin and the orbital motion of an electron are
sources of magnetic moment. In doubly occupled orbitals the
magnetic moment of one electron is compensated by the equal
and opposite moment of the second electrone If a compound
is found to be diamagnetic then all the orbitals must con-~
tain pairs of electrons. It follows that compounds with in-
complete electron shells with unpaired electrons should be
paramagnetic, and that the magnitude of the paramagnetism
should vary directly with the number of unpaired electronse
In those cases where these unpaired electrons are in effect
the outermost ones in the species under consideration, the
spin contribution becomes important and the orbital contri-
bution may be neglected. In such cases the magnetic moment
in Bohr magnetons mey be calculated from the equation,

magnetic moment = Yn(n 2)

where n is the number of unpaired electrons. The following
table shows the approximate value expected for the magnetic

moment for a given number of unpaired electrons:
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Number of Unpaired Magnetic Moment
Electrons (Bohr magnetons)

1.73
283
587
4,90
S5.92

(o101 W AVl o

In the case of ruthenium and its simple ions the electron

distributions in the higher energy levels are expecfed to be:

4d 55 5p

— ——— —— —p— — . —— ———
Rut2 xk k ok kK
Rut3 * ok ok k%

In six~coordinate complexés of ruthenium, assuming a
covalent 42 sp® configuration, the electron distributions

are expected To be:

Ru+4 *k Xk %

Bonding Orbitals
It is seen that the covalent six~coordinate complexes
of bivalent ruthenium should be diamagnetic since there are
no unpaired electrons, whereas those of trivalent and tet-~
ravalent ruthenium contain one and two unpaired electrons
respectively and consequently should be paramagnetice.
Since the existence of five-coordinate complex ions has

not been established with absolute certzinty, little is known
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of their actual electronic configurations. Regardless of the
orbitals used in covalent bond formation, five-~coordinate +3
ruthenium complexes must contain at least one unpaired elec~
tron and therefore should be paramagnetice No conclusions

may bé drawn as to the magnetic behavior of five-~coordinate +2
and +4 ruthenium complexes, since the orbitals used for bond
formation will govern the number of unpaired electrons, if any,

A survey was made of the literature and the reported
magnetic properties of ruthenium complexes tabulateds. The
results are shown in Table IVe

"It is seen from Table IV that all the reported bivalent
ruthenium complexes are dlamagnetic, as one would expect. The
complexes containing ruthenium in the +3 oxidation state are
paramagnetic with moments ranging from l.74 to 2.04 Bohr
magnetonsy this corresponds well to the values expected for
compounds containing one unpaired electrone.

Only two complexes containing +4 ruthenium have been
reporteds Kp [RuClG] has a moment of 3.07 Bohr magnetons as
expected for two unpaired electrons. However, Kg[Ru(OH)Cl5]
although expected to show a moment corresponding to two un-
paired electrons, is diamagnetice. The reason for this a-
nomaly is not apparent, but Deford (10) has pointed out that
it might be due to the formation of a double bond between

the oxygen and ruthenium, as in the structures

= -3

e o, '! S R
¢ -Ry=0-H —= |a-Ry=0:| + #
AR

‘e -‘———-—
| ¢l j L Cl CI
[
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Table IV

MAGNETIC PROPERTIES OF RUTHENIUM COMPLEXES

Compound Moment in Bohr Reference
Magnetons

+4 Oxidation State

Ka[RuCls] | 3407 1
K [Ru(0H)C15) Diamagnetic 1
+3 Oxidation State

X5 [Ru(H50) C1s) 2404 1
Ks [Rucis) 1.8 1 (Note A)
[Ru (vHz) 6] * 3 2400 2 a
[Ru (NHZ) 5c1)} 2 2400 2 a
[Ru (NHz ) s0H)*2 1.9 2 b
(Ru (15) 5 (H0)} * 3 240 2 b
[Ru (s~ (s)MRz) 5]

(R= methyl, ethyl, butyl) l.74 to 1.88 4

42 Oxidation State*
(NHz) 2[Ru(NHz)2(S03) 5] «4Ho0  Diamagnetic

2 ¢

[Ru(NH5)4302cl +1 Diamagnetic 2 c

[Ru(MHz) 450pBr] 11 Diamagnetic 2 e

[Ru {NHz ) 4SOgH20] +2 Diamagnetic 2 ¢
[Ru(cm)g)] ~4 Diamagnetic 3
[Ru (NHz ) 4N0 (H50)] ¥3 Diamagnetic 3
[Ru(NHg)écl(NO)]*z Diamagnetic 3
{Ru(MHz) 4€204] 25206 Diamagnetic 3
Ru(NO) {SoCNRz) 3 Diamagnetic 5

(R = methyl or ethyl)

(Table IV con't on page 84)
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[Ru(mEz) M0 ] S04 438004 Diamagnetic 2 a
[Ru(NHz)sNO | C1z «Hg0 Diamagnetic 2 d
[Ru(NHz)5N0 | Brz «Hg0 Diamagnetic 2 q
ﬁhl(NHg)é gg] Cls Diamagnetic 2 d
(NEy) g [ Ruc1s moO] Diamagnetic 2 d

*Ruthenium oxidation states were assigned on the assumption

that nitric oxide coordinates as a positive radical.

le
2e

Sa
44

Se

References
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Note Ae D. Pe Mellor quoted the value of 1.8 for Ko [RuClg]

as being found in the literature. The original source of infor~
mation was not given.
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or to polymerization to polymeric structures.

It should be pointed out that in assigning the oxidation
states of ruthenium in nitroso ruthenium complekes in Table
IV, it was assumed that the nitroso group is in a +1 oxidation
statee

Te Moeller (34,35) has written a review on nitric oxide
chemistry. Compounds are known in which the nitric oxide
molecule is positive, neutral, and negative. The nitric oxide
molecule contains an odd electron and is paramagnetic as ex-—
pected. The compound, NaNO, is diamagnetic and probably con~
tains a negative nitric oxide radical. The positive nitric
oxide radical is present in compounds such as NCCl and NOC104.
NOC1l is diamagnetic in both the gaseous and solid states as
would be expected for a positive nitric oxide ion.

Compounds of the type Fe(NO)5(CO)s and Co(NO) (CO) 5 are
diamagnetic, indicating that the nitric oxide molecule is not.
coordinated as a neutral molecule.

0f the complex anions containing the nitric oxide mole~
cule the nitroprusside ion, [Fe(CN)5NO] =2, is well known.
This ion is diamagnetic indicating a +2 oxidation state for
iron end a +1 oxidation state for the nitric oxide groupe
Other evidence confirms this viewpoint. When the NO group in
[Fe(CN)sNO] ~2 is replaced by the neutral ammonia molecule
[Fe(CN)SNHS] ~3 is formed; when replaced by a negative nitro
group[?e(CN%NOz] =4 is formed. The change of valence of the

anion is as expected if the NO group were coordinated as &
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positive radicale.

[Ru(NO)X5] =2 bpelongs in the same class of anions as the
nitroprusside ion. If the nitric oxide group is +1 and ruthe~
nium 42 all electrons are paired and the ion should be dia~
magnetic. If the nitric oxide molecule were neutral, ruthe~
nium would be +3. This arrangement would seem to require two
unpaired electrons, one of which would be in the nitric oxide
molecule, and the iom should be paramagnetic. If the nitric
oxide group were negative, ruthenium would be +4 and there
should be two unpaired electrons resulting in paramagnetisme

The same lihe of reasoning can be applied to the com-
plexes of the type, [ZRu(NHs)SNO]'+5 « Complexes of this type
are diamagnetic indicating +2 ruthenium and <1 nitric oxide.
Moeller points out that D. P. Mellor considers these complexes
to contain +4 ruthenium and -1 nitric oxide. Although this
is contrary to the expected magnetic behavior the theory was
probably advanced by Mellor on the basis of the pink and black
cobalt salts containing the ion, [Co(NHS)sNO]'*z » The pink
compounds are diamagnetic and are believed to contain +3 co-
balt and -1 nitric oxide. The black compounds are paramagnet-
jc and their constitution is not well understood.

In the case of the nitroso ruthenium complexes,

[Ru(M0) X5 ~2 and [Ru«(l\lPlg)sI\TO]"'3 , the charge of the ions will
be the same with either a +4 ruthenium and -1 nitric oxide or
+2 ruthenium and a +1 nitric oxide. A distinction can not

be made by magnetic measurements alone, if one is willing to
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accept the fact, contrary to theory, that six~coordinate +4
ruthenium may in some cases be diémagnetic as is apparently
true in the case of K,[Ru(0H)Clg) »

On the basis of chemical behavior to be discussed later,
the view of the author is that in nitroso ruthenium complexes
of the nitroprusside type,[Ru(NO)X5] ‘2; the ruthenium is in
a +2 oxidation state and the nitric oxide group +1le

Since magnetic measurements are very useful in determin-
dng the oxidation state of ruthenium and substantiating
formulations of complexes, it was desirable to have magnetic
measurements on the compounds prepared in this research. The
author is extremely grateful to Dr. Allen B. Scott and William
A. Smith of Oregon State College who kindly consented to make
the measurementse The following compounds were found to be
diamagnetic:

1. X5[Ru(N0)Cls)

2e Eg[Ru(NOg)g] «Hg0

3. Xg[Ru(NO)(0H)(NOg),]}

4o Kz[Ru(NOg)5]

5o Ru(NO)CLlzsHs0

6e Ru(NO)Brz
The measurements on compounds 1, 2, and 3, which were availa~
ble in large amounts, were made using a Guoy Balance. Com~
pounds 3, 4, and 5 were available only in small quantities
and were measured with a Cu~Be spring Faraday Balance. The

larger samples were also checked with the Faraday Balancea
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In all cases the force on the samples was negligible compared
to the force on either a 30% NiClz solution or anhydrous
Mn012.

Since KgERu(NO)Cl5] is diamagnetic it is very probable
that the ruthenium is in a +2 oxidation state and that the
nitric oxide moleecule coordinates as a positive radicale This
is the only configuration that can be formulated which has no
unpaired electrons. This is in line with the more common
nitroprussides, Mé [Fe(CN)SNO] s, Where strong evidence has
been presented for the coordination of a +1 nitric oxide
radical (34, 35)e While this research was in progress Gleu
and Buddicker reported that (NH,)g[Ru(NO)Clg] is diamagnetic
(16)

Ky [Ru(NOz)g ] «Hs0 would be expected to be diamagnetic,
since there is little doubt that it contains +2 ruthenium.
K4[Ru(CN)g] has been shown to be diamagnetic.

The mégnetic criterion is very helpful in formulating
the orange nitro complex, KZLRu(NO)(OH)(N02)4] » Alternative
formulations are: Kp[Ru(NOz);] and Eé[ﬁu(NO)(HBO)(N02)4] N
It would be very difficult to distinguish among Kg[Ru(N02)5] ,
Ka{Ru(10) (0H) (NOg) 41 , end K, [Ru(NO) (Hg0) (NOg),] by analysis,
because the respective molecular weights are 410, 411, and
412, and the compounds differ only by one hydrogen. If this

compound were Kg{Ru(N02)5] , as 1t is usually referred to in
the literature, it most certainly wolild contain +3 ruthenium

with at least one unpaired electron and would be paramagnetice
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The formulation Kz[Ru(NO)(Hgo)(N02)41 is undoubtedly incorrect
since ruthenium would be in the unlikely +1 oxidation state
and the compound would be paramagnetice Ké[Ru(NO)(OH)(N02)4]
is probably the best formulation, since it is confirmed by
analysis and by magnetic measurementse

Analysis of the tan nitro complex permits the formulation
K3 [Ru (NOg) ] or Kz[Ru(No)(0H)(NOg),] o s [Ru(NO)(0H)(NOg),]
is unlikely since +1 ruthenium would be required and the com-
pound should be paramagnetice Ké[Ru(NOz)sl is the better
formulation since it meets the magnetic requirements.

Ru(NO)ClS.HzO and Ru(NO)Brz are both diamagnetic. No
conclusions may be drawn from this information because un-
doubtedly these compounds are more complex than:represented
by the simple formulas and are very likely to exist in poly-

meric formse
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Part VI
STUDIES WITH RADIOACTIVE RUTHENIUM -~ 106

A« Exchange Reactionse

In order to determine whether or not an exchange reaction

occurs corresponding to the equation

AB+4+B*C = AB*+BC
a method must be available for distinguishing the chemically
identical atoms B and B*. A very important method is the use
of radioactive nuclides of the element B.

In exchange experiments the atoms of an element, in one
of its valence states or types of chemical combination, are
labelled by admixture with some radiocactive nuclide of the
element which is in the same form of chemical combination.
The element in another state of valence or form of combination
is added to this systeme The presence of radiocactivity in
this second chemical form, after it has been separated from
the first, shows that an exchange of atoms between the two
different states of the element has taken place. Complete
exchange has been attained when the radioactivity has dis~
tributed itself between the two chemical forms in the sume
ratio as the amounts of the element in the two forms, ie.e.,
when the specific activity is the same. In all exchange
reactions, regardless of the order, the rate varies with
time according to the law for first—-order reversible re-
actions, since the chemical composition of the reaction

mixture remains unchanged (12)e.
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From exchange studies a large amount of information
might be obtained. Exchange reactions have been helpful in
the study of chemical bond types, strength and reactivity of
chemical bonds and the effect of the solvent on these prop-
erties, the structure of compounds and ions, the reactivities
of ions and compounds, reaction mechanisms, and the mechanism
of catalysis.

Although a rigid theory of exchange reactions has not
been formulated, certain generalizations have been made by
Glenn T. Seaborg (38). If the exchange of a given element
between two sorts of molecules or ions in which it is held by
electron-pair bonds to different numbers or kinds of other
atoms is considered, it may be said in general that such
exchange reactions do not proceed with appreciable rates
except in those cases where there are reversible reactions
which enable the exchanging atoms to reach egquivalent states
of chemical combination. For example, there is no exchange
of atoms between phosphate and phosphite ions, sulfate and
sulfite ions, sulfur and carbon disulfide and iodide ion and
iodoforme

On the other hand exchange of the following types has
been observed: oxidation~-reduction equilibrium, e.g., chlo~
rine exchanges with the chlorate ionj ionization exchange,
eeZe., the exchange of lead between lead nitrate and lead
chloride; formation of a symmetrical intermediate, e.g.,

iodide ion and iodine exchange due to the formation of Ig H
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transfer of an electron—--when two exchanging molecules differ
only in their net charge, the transfer of an electron from
one to the other may become posszible, e.ge., there is exchange
of menganese between manggnate and permanganate ions.

Counting Equipment and Procedure: The relative activity

(counts per minute) of all rediocactive materials was deter~
mined by Geiger~lueller countinge

4 scaler, a lead-shielded tube mount and sample holder,
and sample slides were constructed by the University of Cin~
cinnati Physics Department. This equipment was of the con-~
ventional type similar in design to the Tracerlab, Ince.,
Ifodel SC-2A Scaler, Model SC~10A Sample Holder and Tube
Yount, and lodel SC~9C Manual Sample Changer. For detection
of radiation a mica, end-window Geiger tube was used. The
window thickness of the tube was approximately 3.5 milligrams
per square centimeter.

All solid materials which were counted were collected on
3=~centimeter filter paper in a Trscerlab, Inc., E~6 pre-
cipitation apraratus. The filter paper was mounted on brass
rings of 1 inch diameter, and clamped firmly onto the ring by
means of a collar. The mounted samples were placed on sample
slides and counted from the second shelf of the sample holder.

To determine the activity of liquid materials, a known
volume was measured by a pipette and placed in a pyrex sample
dish of 1 inch diametere. The liquids were slowly evaporated

to dryness under an infrs red lamp. The pyrex semple dishes
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were placed on sample slides and counted from the second
shelf of the sample holder.

The reproduction of the counting apparatus was checked
at the beginning and end of each counting period by means of
an uranium beta standard and found in all cases to be satis~
factorye.

Background was counted at the beginning and end of each
counting period and found to remain constantly within the
range of 14 to 16 counts per minute. All activities reported
were corrected for background by subtracting 15 counts per
minute.

Samples which gave an appreciable number of counts per
minute were counted for a sufficient length of time that the
percent relative standard deviation was in no case greaster
than 3.5% and in most cases no greater than 1%. Samples which
had a2 net activity of below 12 counts per minute were counted
for 15 minutes. The percent relative standard deviation was
in no case greater than 34%.

The Tracer: Ruthenium—-106 decays by emitting 0,04 LMEV.

electrons and has a half life of 1.0 year. The decay product,
rhodium-106, with which the ruthenium—-106 quickly comes into
equilibrium, emits 3.53 MEV. electrons and has a half life of
30 seconds. The final product is palladium~106 which is stables
The energetic beta emission of rhodium is quite easy to detect
and makes ruthenium~l06 a very desirable tracers

One millicurie of radioactive ruthenium~106 was received
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from the Atomic Energy Commission in the form 8f ruthenium
chloride in hydrochloric acide The volume of the solution
was 0.5 mle and the ruthenium content was 0.05 milligrams.
Commercial ruthenium chloride was added as carrier and a por-
tion of the solution purified by distilling ruthenium tet-
toxide from a perchloric acid golutione. The tetroxide was
absorbed in sodium hydroxide and ruthenium dioxide precipi~
tated by adding alcohol. The dioxide was washed and dissolved
in hot concentrated hydrochloric acid to give & ruthenium
chloride solution of high activity which was used to label
other ruthenium chloride solutionse

Procedure: Two milliliters of ruthenium chloride in
6N hydrochloric acid, containing 4 milligrams of ruthenium,
was added to the tracer materiale. The solution was mixed
by shaking the bottle which was held by a pair of tongse
One milliliter of the solution was transferred by means of a
long pipette into the ruthenium still and washed in, first
with 3 ml. of 70% perchloric acid and then with 2 ml. of
water. The distillation was performed in the usual manner.
Ruthenium tetroxide was absorbed in 15 ml. of 6N sodium hy-
droxide in a 50 ml. centrifuge tube. A second tube containing
15 ml. of sodium hydroxide remained colorless indicating that
absorption was complete in the first tube. The tube con-
taining the dark~colored sodium hydroxide solution was heated
in a beaker of hot water and 1 ml. of alcohol stirred into
the solution to precipitate ruthenium dioxide, which was

coagulated by heating for 15 minutes. The precipitate was
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separated by centrifugation, twice washed with water, and
dissolved in 2 mle. of hot concentrated hydrochloric acide

Two milliliters of water were added making the purified ruthe~
nium chloride solution 6N in hycrochloric acide The ruthe=-
nium concentration of the solution was approximately O.4 mge
Ru/mle This solution was labelled "primary stock solution"
and stored behind iron bricks.

All glassware, with the exception of the distilling
apparatus, that came in direct contact with the highly active
solution was discardeds The distilling apparatus was cleaned
by rinsing first with hot concentrated hydrochloric acid and
then with water, and stored for future usee.

Preparation of Labelled Solutions: A labelled solution

of ruthenium chloride was prepared by adding 1l.25 ml. of the

primary stock solution to 50 ml. of standard ruthenium chlo~

ride. The solution was 6N in hydrochloric acid and contained
2.0 mZ. Ru/mle 0.05 mls of this solution had an activity of

10,240 counts per minute.

A ruthenium chloride solution with an activity of 9,470
counts per minute per milliliter was made by adding 2.5 ml.
of the above solution tc 50 ml. of standard ruthenium chlorides
This solution was 6N in hydrochloric acid and contained 2.04
mge Ru/ml.

A labelled ruthenium sulphate solution, Ru(SO4)x, was
prepared by adding concentrated sulphuric acid to a labelled

ruthenium chloride solution and evaporating on a hot plate
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until sulphur trioxide fumes were given offe. The solution
was then baked under an infra red lamp until a negative test
for chloride ion was obtained when silver nitrate was added,
The solution was diluted and the resulting solution was ap~
proximately 1N in sulfuric acid and contained 1l.25 mg. Ru/ml.
1.0 ml. of this solution had an activity of 7,083 counts per
minutee.

Solid radioactive KgERu(NO)Cls]Was prepared from labelled
ruthenium chiloride by the potassium nitrite metnode. The
specific activity of this salt was 7.3 X 106 counts per minute

per grame

Exchange System I: The first system studied consisted

of the nitroso complex, thRu(NO)Cls] and the chloro complexes
formed by dissolving commercial ruthenium chloride in 6N hy~
drochloric acide

A separation eould not be made by precipitating one of
the pair with a simple cation since both solutions gave pre-~
cipitates with silver, mercury (I), anéd cesium ions, whereas
neither solution gave a precipitate with any other common
simple cation. Several complex cobalt cations were tried and
it was found that a solution of chloropentaamminecobalt (III)
chloride, [Co(NHz)5C1)] Cls provided a means of separation.
The cobalt complex gave a precipitate with the ruthenium
chloride solution and gave no precipitate with Kg‘?u(NO)Cl5] .

ihen a freshly prepared saturated solution of[bo(Nthgl]'

Clg was added to a radiocactive solution of ruthenium chloride
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70% of the activity appeared in the precipitate. Vhen the
cobalt reagent was added to a radioactive solution of
Kngu(NO)Cl5] no precipitate was obtained. When equal volumes
of Kp[Ru(NO)Clz] and radioactive ruthenium chloride were mixed
and [Co(NHz) 5C1] €1, was added 63% of the activity of the
ruthenium chloride solution appeared in the precipitate. This
shows that the pair may be separated by the cobalt reagent
by precipitating the ruthenium chloride complexes with a chem~
ical yield of 63%.

Procedure: 1.0 ml. of radioactive Kg[Ru(NO)Clé] having
an activity of 4,833 counts per minute was added to 1.0 ml.
of ruthenium chloride in a 15 ml. centrifuge tube. Both solu-
tion were 6N in hydrochloric acid and contained 2.04 milli-
grams ruthenium per milliliter. The mixture was thoroughly
stirred and the ruthenium chloride complexes precipitated by
adding 4 ml. of a freshly prepared saturated solution of
oo (MHz) 5c1] Clsa

The ruthenium chloride precipitate was washed five times
with 2 mle. portions of water by centrifuging and decanting and
then transferred and collected on filter paper in a Tracer
Iab, Inc., E~6 filtration apparatus. The filter paper was
mounted on a brass sample holder, clamped into position and
dried by slowly heating under an infra red lamp, and then
counted. The same reaction was repeated at various time in~
tervals up to 51 hours at room temperature, 9 hours at
60 £ 0.5° C., and 7 hours in boiling water. The data col-~

lected is tabulated in Table IVe
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Table IV
Exchange System I
K, [Ru* (NO)C15) ~ RuClx

In 6N HCl
Time of Reaction Activity of Ruthenium
(Hours) Chloride Precipitate
(Counts/Minute)
Ke Room

Temperature «10 5
1 2
2 1
4 1
7% 2
21 9
30 7
45 6
51% 10
Be 60 =~ 0.50 Ce 1 4
2 1
3 12
4 8
5 5
7 3
9 4

Ce Boiling
Water 05 0
1 0
2 5
3 1
4 2
5 4
6 4
7 7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



99

If an exchange of ruthenium atoms had taken place be-~
tween labelled Ké[Ru(NO)Cl5] and ruthenium chloride, some of
the radiocactive ruthenium would have appeared in the ruthe-~
nium chloride precipitate. The results show that no exchange
took place after 513 hours at room temperature, 9 hours at
60° C., and 7 hours in boiling water. The very small activity
found in the ruthenium chloride precipitate may be attributed
to incomplete removal of the radiocactive Kg[Ru(NO)Cl5 solu~
tion by washinge.

The absence of exchange in this system indicates that
the nitric oxide molecule is tightly bound to ruthenium in
the nitroso complex. In studying exchange reactions of
rhenium the author has shown thet in a similar system ex~
change takes place (36). At room temperature a very rapid
sand almost complete exchange of rhenium occurs in the system
potassium hexachlororhenate (II) and rhenium dioxide dis~

solved in 6N hydrochloric acids

Exchange System II: It was demomstrated as being extremely
likely that the ruthenium in & ruthenium chloride solution is
capable of undergoing exchange in the following manner. 1.0
mle of radioactive ruthenium sulphate solution having an
activity of 7,083 counts per minute was mixed with 1.0 ml. of
ruthenium chloridee The ruthenium sulphate solution was 1N
in sulphuric acid and contained 1.2 mge Ru/ml., whereas the
ruthenium chloride was 6N in hydrochloric acid and contained

2.04 mg. Ru/ml. After 1 hour at 60° C. the ruthenium chloride
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complexes were precipitated by adding cesium chloride. Al~
though the chemical yield was small, approximately 20%, the
cesium ruthenium chloride precipitate had an activity of 217
counts per minute. Thus an exchange of ruthenium takes place
between Ru(SO4)x and RuCly.

Exchange System III: Since it was shown that the ruthe~

nium in Ru(SO4)x will exchange with the ruthenium in RuClg
it was decided to study the system.KztRu(NO)Cl5] ——
Ru(SO4)x.

A solution of K, [Ru(NO)Clz] which was 1N in sulfuric
acid and contained 1l.25 milligrams ruthenium per milliliter
was preparede A radioactive solution of Ru(SO4)x in 1N
HoS0y having an activity of 7,083 counts per minute per milli-~
liter and an approximate ruthenium content of l.2 milligrams
ruthenium per milliliter was prepared. 1.0 ml. portions of
each solution were mixed. Separation was made by adding
silver nitrate which precipitates Agz[Ru(NO)Clélalmost quantita=
tively and precipitates only a small amount of silver sul-
phates (Only silver sulphate precipitated if silver nitzate
was added to the Ru(Soé)x solution.) When the mixture of
Agg[Ru (NO)Clg] and AgeSO, was washed five times with 2 ml.
portion of water all of the silver sulphate was removed and
very little of the Agy[Ru(NO)Clz] dissolved.

The precipitate of Agz[Ru(NO)ms} was collected by fil~
tration, dried, and counted as in exchange system Te

An inspection of Table V shows that there is no ex-
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change of ruthenium in this systems The absence of exchange
between the ruthenium in thRu(NO)Cl5] and Ru(SO,ﬂ.:)X after 113
hours at room temperature and 12 hours at 60 degrees might
again be attributed to the great stability of the ruthenium—
nitric oxide bond. When the reaction was run at the tem~
perature of boiling water the [Bu(NO)ClS] =2 ion was de-
stroyed and only silver chloride precipitated when silver
nitrate was addeds It was impossible to tell if the nitric
oxide molecule was still attached to the ruthenium, since no

means of separation was availables
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Table V
Exchange System III
Kp [Ru (NO)CLg) - Ru*(50,)4

Time of Reaction Activity of Agg [Ru(NO)Clsl
(Hours) Precipitate
(Counts/Minute)
Ae Room

Temperature 0.01 6
0«5 6
1.0 4
2.0 2
17,0 3
113.0 0
Be 60 = 0,5° Cae 1.0 0
2.0 1
360 0
440 0
Beb 3
12.0 1l
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Be EXTRACTICN STUDIES

The use of radiloactive nuclides to tag a compound offers
a simple and rapid method for the determination of extraction
coefficients,

If to a system of two liguid layers, made up of two
immiscible or slightly miscible components, is added a third
substance which is soluble in both 1la yers, then the third
substance will distribute itself between the two layers in a
ratio which is approximately equal to the solubility of the
third substance in the two solventse

The extraction coefficient, X, is approximately defined
by the equation, K::Ca/cb sy Where Ca is the concentration of
the third substance in layer A and Cb the concentration of
the third substance in layer B.

If the system consists of a ruthenium compound dissolved
in an acid and an org:.nic solvent, and if the ruthenium com~
pound is radiocactive, then the extraction coefficient of the
system can be found by determining the ratio of the activity
in a unit volume of each layer.

However, it should be pointed out that the Berthelot-
Nernst distribution law stated above does not hold when the
activity coefficient of the third substance changes on dilu-
tione TFurthermore, in extraction studies made by the tracer
method the ratio of concentrstions of radiocactive atoms is
measured, not the ratio of concentrations of particular mole-~

cular species, 80 that if the extracted substance exists as
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a differsnt moleculzr speclesg in each layer the radioscbilvs 3ly
msasured extraction coefficient will change with dilution.

& preliminary investigation was made of the extrasta
bility of ruthenlum compounds in disthyl ether, hexone,
(methyl isobutyl ketons), benzene, chloroform, and peitroleum
ether, The nitroso complaxes, Ka[Ru(N0)Clg]l and Ru(N0)Cl,,
could not be extracted from z hydrochloric acid solubtion into
any of the organic solvents. In all cases none of the color
of bthe ruthsnlum complexes appsared In the organlc solvent.

Heowever, the ruthsnium in ¢
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nium nitrose nitrate", formed by treating Ru{¥0){0H), or
Ru{N0)Cls with nitric acid, could be parilally exbracted into
hexone. The ruthenium chloride complexss, formed by dis-

solving commercial ruthenium chloride in hydrochloric acid,

could not be extractsd by any of the organic solvauts from a

6 1 hydrochloric acid sclution, but appeared to bs very slight-
1y extracied by hexone from a 9 ¥ hydrochloric acid solubion.
Both the ruthenium nitroso nitrate-hexone and ruthenium
chloride-hexcne systems were investigated furthsr using radlo-

ons .
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Extraction System I: Agueous rubheniwn chlorids - haxone

Tne object of thils sxperiment was to study the sxtrac-
ability of ruthenium chloride dissolved in hydrochloric acid
by hexone as a function of the acid concentration of the

ruthenium chloridse solutione.
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o
|59
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ctive ruthenium chloride solutious whieh ranged
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from 6N to 10N in hydrochloric acid were prepareds. BEach
solution had a ruthenium content of 0.68 milligrams per milli~-
liters 1.0 ml. of hexone was added to 1.0 ml. of each ruthe~
nium chloride solution in a 15 ml. centrifuge tubes The mix-
ture was stirred very vigorously with a motor~driven plati-
nunm wire stirrer for 15 minutes, and then allowed to stand

for 45 minutess Equal portions of each layer were withdrawn,
placed in glass sample cups, slowly evaporated to dryness
under an infra red lamp, and then counteds The activity of
each layer was thus determinede.

The results in Table VI show that no appreciable amount
of rutnenium chloride is extracted into hexone from any of
the ruthenium chloride sclutions. As the acid concentration
of the ruthenium chloride solutions is increased, the hexone
and acid solutions become partially miscible. Hexone and 12N
hydrochloric acid are completely miscibles

Extraction System II: Aqueous ruthenium nitroso

nitrate-~hexone.

The object of this experiment was to investigate the
extraction of "ruthenium nitroso nitrate™ in 6N nitric acid
by hexone. A radiocasctive solution of ruthenium nitroso ni-
trate containing approximstely 2 to 3 milligrams of ruthenium
per milliliter was prepared from solid, radioactive
K, [Ru(NO)C1lg] . g [Ru(NO)Clg) was treated with the calculated
amount of pofassium hydroxide and boiled until ruthenium

nitroso nydroxide precipitateds The precipitate was washed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

¥ 998G

14 0ToT
¢ 880T
9 91Tt
14 881t

(eanut/s3unop) (e3nuin/s3uncy)

JoLwT XoL8T
BUOXOH JIoqBM
£37AT307 £9TATYOY

02°0 FANY 2°*0

82°0 e°'T 4°0

g2°%0 T°T 8°%0

G2*0 0°tT 0°T

g3°0 0°T 0°T

(*Tm) (°Tm) (*Tm)
peaunoy Jokey JIo0hBT J09BM JI0LB] SUOXSH

YoBY @WNTOA aumTop WNTOA

OUOXQ[ » XTpnhy snoenby
I welsAg UWOTF0BIIXYE
IA oTqBL

NOT
N6
N8
N&
N9

UOT3BILUS0UOYH
PIOY

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



i
g
|
|
|
3

107

several times with water and dissolved in 6N nitric acide

The hexone used was RBastman's best grade and was twice

equilibrated with 6N nitric acid.

Procedure:

IA Determination of "forward" extraction coefficiente.
2.0 mle of each solution were mixed and stirred

for 15 minutes with a2 platinum wire stirrer and allowed

to stand for 1 hour. The activity of 0.100 ml. of each

la yer was determinede.

IB Determination of "reverse" extraction coefficient.
1.0 ml. of the hexone layer from IA was mixed

with 1.0 mle of 6N nitric acid., The solution was stir-

red for 15 minutes and allowed to stand for 1 hour.

The activity of 04250 mls of each layer was determined.

ITA Effect of Age of "Nitrosoc Nitrate "Solution on

Extraction Coefficient.

1.0 mle of the ruthenium nitroso nitrate from IA
whieh was 24 hours old was mixed with l.0 ml. of fresh
hexone. The solution was stirred was 15 minutes and
allowed to stand for 1 hour. The activity of 0.100 ml.
of each layer was determined.

The "reverse'" extraction coefficient was determined
by using 0.75 ml. of hexone from above and 0«75 ml. of
fresh 6N nitric acid. The sclution was stirred for
15 minutes and allowed to stand 1 houre. The activity

of 0,250 ml. of each layer was determined.
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IIB Bffect of Time of Equilibration on Extraction
Coefficientse
1.0 mle of the ruthenium nitroso nitrate from IA
whieh was 24 hours -0ld was mixed with 1.0 mle. of
fresh hexone. The solution was stirred was 15
minutes and allowed to stand for 24 hours. The
activity of 0.100 ml. of each layer was determinedas
The "reverse" extraction coefficient was de~
termined by using 0.75 ml. of hexone from above and
075 mle of fresh 6N nitric acid. The solution was
stirred for 15 minutes and allowed to stand 24 hourse

The activity of 0.250 ml. of each layer was determinede

Discussion:

From Table VII it is seen in IA that the extraction
coefficient, X, which is equal to activity hexone/activity
acid layer, has an average value of 0.198. When ruthenium

nitroso nitrate is treated with fresh hexone 19.8% of the
ruthenium goes into the hexone layer. IB shows that when
the ruthenium~containing hexone layer is mixed with fresh
nitric acid to test the reproducibility of the extraction
coefficient, an average value of 0.293 is obtained, i.e.,
29.3% of the ruthenium remains in the hexone layer. The
two precentage values should be the same if the extraction
coefficient represented a geniune equilibriume

ITA shows that as the ruthenium nitroso nitrate solu-

tion ages that there is a decrease in the amount of ruthe-

nium, which passes into a fresh hexone layer and that more of

|
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

Table VII
Extraction System IT

Aqueous Ru(NO) (NOz)z ~ Hexone (6N HNOz)

Actiwity Activity Extraction
Water Hexone Coefficient
Layer Layer (Activity Hexone

(Counts/Min.) (Counts/Mine) Layer/Activity
Water Layer)

JA Fresh Nitroso

Nitrate

Forward 6642 1241 0.187
Extraction 6259 1333 0213
Coefficient 6470 1252 0194

0198 (Average)
IB

Reverse 2337 631 0.271
Bxtraction 2426 731 06301
Coefficient 2592 795 0,307

0293 (Average)
ITIA Aged Nitroso

Nitrate
Forward 3373 - 498 0.132
Reverse 887 407 06459
IIB Time of
BEquilibration
Forward 3671 229 0064
Reverse 388 19¢ 0.513
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the ruthenium ia the hexone layer remains there when treated
with fresh nitric acid. For a 2L hour old ruthenium nitrceso
nitrate solution only 13.2% of the ruthenium goss into the
hexone layer compared with 19.8% for a freshly prepared solu-
tion. Of the 13.2% ruthenium which goes into the hexone

layer a5.9% remains there compared to 29.3% for the fresh
solution when re-extracted with fresh nitric zcid.

Since IA, IB, and IIA were run under the same conditions,
iees, 15 minutses stirring time and 1 hour standing time, the
values obtained for the exbtraction ccefficient should 211
be the same, provided that sufflcient time was allowed for
sgullibvrium to be reached.

Portlcons of the sams solutions used in IIA were used in
II3. The mixture was stirred for 15 minutes gnd the standing

ime increased from 1 hour to 2} hours, Thils allows longer
time for z2quilibrlum to be reached and 1f the difference in
the values obtained in II4, 0.132 and 0,459, is to be abt-
tributed te insufflcient time for equilibrium to be reached,
then the valuss in IIB should show closer agreement. How-
ever, Wwith the longer standing fime the values were even
farther apart--~0,00L and C.513 in IIB compared to 0.132 and
0.459 in IIA.

The reasons for this abnormsl behavior are not apparent,
unless this bshavlor is attributed to the assumption that the
molacular species in the two layers are diffeprent. This I8 a

system which regulres further study. In ordsr to accsunt for
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the variance of the extraction coefficient it would probably
be necessary to identify the molecular speclies in each layere
This would be a difficult task since attempts to isolate and
identify the ruthenium~containing substence in the nitric
acid layer were unsuccessful.

The only general observation that can be made is that as
the aqueous ruthenium nitroso nitrate solution ages, or as
the equilibration time is increased, the amount of ruthenium
which passes into the hexone decreases, and on re~extraction
with fresh nitric acid the amount of ruthenium which remains

in the hexone increasese.
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Part VI

STMMARY OF RESULTS

systematic study has been made of some nitroso and nitro
complexes of ruthenium. Such a study had not been undertaken
since the turn of the century. The rscent revival of intserest
in the elements produced in uraniuwm and plubtoniwm fission has
focussed attention on the chemistry of ruthenium and made the
present Investigation seem timely.,
Analytlical Methods

Adegquate analytical methods for nitroso and nitre com-
pounds of rutheniuwm were devsloped. The quantitative de-
termination of ruthenium has long been recognized as bsing more
difficult than that of most elements. The lsngthy, but accu-
rate, method of Gilchrist and Wichers {(15) was modified and
developed into a shorter but just as accurate method for the
gravimetric determinstion of ruthenium. Ths use of perchloric
acid %o volatilize ruthenium as ruthsnium tetroxide from ths
sample makes posslble the dstermination of potessium as po-
tassium perchlorate iIn the distiligtion rssidue

Devarda's method (11) for nitrogen in simplz nitrates
was found to be a slmple and reliable method for determining
nitreogen in the nitroso and nitro complezes of ruthenium.
This mebthed 1s mush simpler then the classlcal Dumas method
and the conventional Xjsldahl method, It should be investi-
gated further to determine the limlis of its applicability as

—ia

a gensral method for the determination of nitrogen In in-
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organic complexese

An additional advantage of the Devarda method for nitro-
gen in ruthenium complexes is that halides, if present, may be

determined in the same samplee

Preparations

The most difficult problem encountered in the study of
the chemistry of ruthenium is the preparation of pure com~
poundse. In the literature on ruthenium the methods of pre-~
paration are discussed in general terms and in very few in-
stances are adequate procedures given. In this thesis de-
tailed procedures for the preparation of some nitroso and
nitro compounds of ruthenium have been presented. These pro-
cedures will be invaluable to anyone who undertakes the pre-
paration of these compounds, and many hours of exploratory
work will be avoidede.

The following compounds were prepared and analyzed:

Nitroso = KzﬁRu(NO)ClB]

K5 [Ru (N0) Brs)
Kz [Ru (N0) Is)
Ru(NO)ClS.HZO
Ru(NO)Br5
Nitro - Ky [Ru(NOg)g] «H20  (yellow salt)

Ko [Ru (N0) (0H) (NOg) 4] (orange salt)
Kz [Ru (NOg) 5) (tan salt)

Unsuccessful attempts were made to isolate Ru(NO)15 ,

Hy [Ru(NO)C1s] , and Ru(NO) (NOz)ze
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In the nitroso halide series the analytical results of
Joly (28) and Howe (22) for Ks[Ru(NO)Cls] and Joly for
Ru(NO)Cl5.H20 (28) were verified by a new method of analysis,

Analytical data for K,[Ru(NO)Brg] , Kg [Ru(NO)Ig] end
Ru(NO)Brg, such as are presented in this report, have not been
previously published. Detailed procedures for the preparation
of all these compounds are put in writing for the first time.

The nitr8 complexes of ruthenium offer an interesting
and puzzling field of study. In this research Joly's (30)
yellow salt, 8 KN02°Ru203(N202)(N303), was prepared, anslyzed,
and recharacterized as K4ERu(N02)6] sHpgO03 and his orange
salt, 4 KNOz-Rug(Nog)G, prepared, analyzed, and recharacter-
ized as Ko [Ru(NO)(OH) (NOg)g) ¢ In addition a new member of
the nitro series, which may tentatively be formulated as
K3[Ru(N02)5} , was isolated for the first time. This tan salt
has never been mentioned in the literature. The nitro com-
plexes of ruthenium are extremely difficult to prepare in a
pure statee

Instrumental Studies

Conductance lMeasurements: The molecular conductivity of
the nitroso and nitro complexes was measured as a function of
dilution and as a function of the age of aqueous solutions at
a dilution of 1024 liters. From the measurements obtained the
stabilities of aqueous solutions of the nitroso and nitro com-
plexes were compareds The nitro complexes were found to be

extremely stable, whereas the nitroso halides are less stablee
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The molecular conductivity of all the salts (temperature
2530.1° Co; dilution 1024 liters) were compared with values
measured for knowns, for the purpose of confirming the number
of ions indicated by formulations based on analysise.

The only conductance measurements found in the literature
were for Kg[Ru(NO)Cl5] s The wvalues reported by Howe (22)
were verified; all other conductance data represent original
worke

Potentiometric Titrations:

The reactions of sodium hydroxide with Kg[Ru(NU)Cl5\ ’
Ru(NO)ClzeHy0 and Kp [Ru(NO) (OH) (NOp),4] at 1000 C. were
studied by means of potentiometric titrations. Kz[Ru(NO)Cl51
and Ru(NO)ClgaHzo gave identical reactions -~ "ruthenium
nitroso hydroxide"™ was precipitated when the calculated amount
of base was addede On the other hand the orange nitro salt,
K, [Ru(NO) (0H) (NOg) ,,] , gave no reaction. This difference in
behavior may be attributed to strong ruthenium to nitro group
bonding in the orange salt in comparison with the weaker ruthe-
nium to chloride bonds in the chloro complexes.

In another series of potentiometric titrations it was
shown that the orange nitro salt gives no fast reaction with
sodium hydroxide or hydrochloric acid, whereas apparently an
acid-base reaction occurs between[Co(NHs)sHZO] 5(80,)5 and
sodium hydroxidee.

This is an unexplored area which should be studied fur-

ther for the possibility of detecting the presence of co~
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ordinated aguo or hydroxy groups in both anionic and cationic

complexese.

X-ray Diffraction Patterns:

X-ray powder patterns were taken and the data recorded
for all of the nitroso and nitro compounds that were prepared.
The powder patterns provide an excellent means of "finger
printing"™ the compounds for future identification purposes.

No X~ray data for any of the compounds have been previously

reportede

Magnetic Measurements:

Dr. Allen B. Scott and Mre. William A. Smith of Oregon
State College measured the magnetic susceptibility of the
following compounds and found them all to be diamagnetice.

K3 [Ru (NO)C1g)

Ru (NO)ClzeHpO

Ru (NO) Bry

Ky [Ru(NOg) o] oH,0  (yellow salt)
K5 [Ru(NO) (OH) (NOg) 4] (orsnge salt)
Kz [Ru(NOg)g) (tan salt)

The only other magnetic measurements on any similar
compounds were reported by Gleu end Buddicker (16) while this

work was in progress. They found (MH,)g [ Ru(mo0)clg] to be

diamagnetice
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Studies with Radioactive Ruthenium -~ 106

Exchange Reactions: By using radioactive ruthenium as an

indicator it was demonstrated that no exchange of ruthenium
occurred between KztRu(NO)Cl5J and the chloro complexes
formed by dissolving commercial ruthenium chloride in 6N
hydrochloric acid, after 260 hours at room temperature, 9
hours at 60° Ce, Or 7 hours in boiling water.

Similarly it was shown that no exchange of ruthenium
took place between Kz[Ru(NO)Cl5]and a ruthenium sulfate solu~

tion after 113 hours at room temperature or 12 hours at 600C

In another experiment commercial ruthenium chloride in
6N hydrochloric acid was found to exchange ruthenium with a
ruthenium sulfate solution.

The failure of ruthenium in Kg[Ru(NO)Clg] to exchange
with either ruthenium chloride or ruthenium sulfate, both of
which are capable of undergoing exchange, points to the
great stability of the ruthenium to nitric oxide bond.

A survey of the literature revealed that no exchange
reactions involving either ruthenium or coordinated nitric
oxide molecules have been reportede The stability of the
metal to nitric oxide bond in nitroso complexes is an area
which should be further investigated by exchange studies
using the tracer method.

Extraction Studies: A preliminary investigation of the

extractability of ruthenium complexes from acid solutions
by organic solvents was made. It was shown by the tracer

method that ruthenium chloride is not extracted from a hy-

|
|
]
|
|
|
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- drochloric acid by Hhexone. On the other hand "ruthenium
nitroso nitrate"™ in nitric acid solution is extracted into
hexone. However, it was found that the extraction coefficient
is not reproduced on re—extraction with fresh nitric acid,
and varies widely with the age of the aqueous "ruthenium
nitroso nitrate" solution and the equilibration time. No
conclusions can be drawn from the data presented, except

that the situation appears to be chemically complexe

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o tod Wit s s A

R Sahrns Bt

119

Part VIII
CONCLUSIONS ON FORMULATION OF NITROSO AND NITRO

RUTHENIUM COMPLEXES.

Nitroso Compounds: The series of salts, Kg[Ru(NO)X5] ’
appear to be well characterized. The analytical data and
other information obtained confirm the above forﬁulation.
The chloro complex, K, [Ru(NO)Clg] , which is the best known
member of the series, was studied in detail. This salt is
diamagnetic which indicates the ruthenium is probably in the
+2 oxidation statee This requires that the nitric oxide
molecule be assigned an oxidation state of +1.

It has been shown that in the nitroprussides,
Mg [Fe(CN) 5 NO) , the irom is in the +2 oxidation state and
the nitric oxide molecule is coordinated as a positive group
(34)e This formulation is confirmed by the diamagnetic prop-
erties of the nitroprussides and by the fact that the anion,
EFe(CN)5 (NO)) "2, changes its oxidation state when the nitric
oxide group is replaced by neutral or negative groups. When
treated with alkali the nitroso group converts to a negative
nitre group forming, [Fe(CN)5 (NOZ)] ~4s replacing the nitroso
group with ammonia gives [Fe(CN)5 (NHB)] =3 . The changes
in the charge of the anion confirms the presence of a positive
nitroso groupe The evidence presented is thus very convincing
for the assignment of a +1 oxidation state to nitric oxide in
@b(CN)sNdTQ; It seems reascnable to assume that nitric oxide

-2
is also+1 in the [Ru(NO)X ] ionms.
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An outstanding property of KZEQJ(NO)CI5] is the great
stability of the ruthenium to nitric oxide bond. The in-~
ability of ruthenium in Ké[Ru(NO)Clsl to exchange with ruthe~
nium in the labile chloro complexes illustrates this facte.
When the complex is destroyed in boiling alkali the chloride

N

ions are completely replaced, but the precipitate, "Ru(NNO) (CH)x

still contains nitrogen.

Nitro Compounds: The three nitro complexes of ruthenium

which were prepared and analyzed are difficult to classifye.

These compounds may be formulated as follows:

(1) Eg[Ru(wog)g] Hsz0 (yellow salt)
(2) Ko [Ru(WO) (0H)(WOg)a]  (orange salt)
(3) EKzlRu(NOg)s] (tan salt)

The chief difficulty encountere& in characterizing these
salts by analysis is the unreliability of the hydrogen de~
terminationse Until a means is found to determine accurately
one or two hydrogens in a compound with a molecular weight
around 400 to 500, the formulation of the nitro complexes
will not be firme.

All of the nitro complexes are diamagnetic, which re-
quires+2 {or possibly+4) ruthenium. The best formulations
for these compounds then must be based on the potassium,
ruthenium and nitrogen analyses and the assignment of a+2
(or ¥4) oxidation state to rutheniume.

The yellow salt conteins nitrogen, potassiumy and ruthe-

nium in the atomic ratio of 6.028: 4.02: 1,00, The analytical

and conductance data allow, within experimental error, the
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assignment of the formula K, [Ru(NOg)g] «HgO or K, [Ru(NO,)g]-

#13Ho0s Either formulation fits the experimental observation
that the salt is diamsgnetic. The only doubtful point is the
degree of hydration. The hydrogen analysis shows 3 hydrogens
are present, but since little faith can be placed in the de~
termination, and since hydrogen analyses usually run high,
the best formulation is probably K,[Ru(NOg)g) «HgOs

The orange salt contains nitrogen, potassium, and ruthe-

nium is the atomic ratio of 4.92: 2.03: 1.00. The analytical
and conductance data allow, within experimental error, the
assignment of the formula Ké[Ru(N02)5] R Kg[Ru(NO)(OH)(N02)4]
or Kg[Ru(NO)(HZO)(N02)4] ¢ These compounds have molecular
weights of 410, 411, and 412 respectively, and differ by only
one hydrogen. Since no choice can be made on the basis of the
analyses, heavy reliance must be placed on the fact that the
compound is diamagnetic. Kz[Ru(N02)5] can be ruled out on
the basis that it contains +3 ruthenium and should be para-
magneticy also, five~coordinate complexes are very rare,
K [Ru(0) (Hz0) (NOg) 4] would contein the unlikely +1 (or
possibly the +3) oxidation state for ruthenium and would be
paramagnetices The only possibility which the analytical and
conductance data will allow for a diamagnetic salt is
Ko [Ru (NO) (OH) (NOg) 4] o

This formulation of the orange salt is further supported
by chemical evidence. When the orange salt is treated with
excess potassium nitrite the yellow salt, Ké[Ru(N02)6 ].Hgo

is produced. If the orange szlt were Kp[Ru(WOgz)s] the in-
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troduction of the sixth nitro group would give KB[Bu(NOz)GJ
(assuming no valence change for ruthenium)e If the orange
salt is formulated as KZ{Ru(NO)(OH)(NOZ)4] , and if the nitrie
oxide molecule is present in a +1 oxidation state, then the
replacement of the nitric oxide group and hydroxy group by
negative nitro radicals, would lead to a change of charge on
the anion from ~2 to -4, i.e., [Ru(NO)(OH)(NOg),) ~2 %o
[Ru(N02)6] -4, That this is apparently what occurs supports
the assigmment of 41 nitric oxide in the series of complexes,
[ﬁu(NO)X5]'E where X is a univalent negative radical.

The tan salt, which precipitates when the orange salt is
treated with cold 10% potassium hydroxide, contains nitrogen,
potassium, and ruthenium in the atomic ratio of 4.97: 3.01:
1.00. On the basis of the analytical and conductance data
the tan salt may be formulated as Kg[Ru(NO)(OH)(N03)4] or
Kz [Ru(NOg) 5] «  Kx[Ru(NO)(OH) (N05) 4] may be discarded since
it would contain+tl (or +3)ruthenium and be a paramagnetic
salte Also, it is possible to believe that the tan szlt
contains no nitroso group, since the nitroso group in the
orange salt probably followed the general behavior of con~-
verting to a nitro group when treated with alkalie
K3 [Ru(NOg) 5] is the best formulation that cen be made to fit
the analytical and conductance data and the fact that the
compound is diamagnetice

Several objections to this formulation arise. The

existence of five—coordinate ruthenium complexes is,apriori,
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doubtfule There is no reason to believe that the orange salt,
KztRu(NO)(OH)(Noz)S] , Will lose a hydroxy group when treated
with potassium hydroxide. However, the formula, Ks[Ru(N02)5]
satisfies the presently available information. IMaybe the
controlling factor is the need for ruthenium to remain in the
+2 oxidation states
Until more information is available, such as might be

obtained from crystal structure studies, indisputable formu-
lations seemingly can not be made for the orange and tan nitro

complexes of rutheniume.
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