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The petermination of Superoxide Oxygen



Introduction
The commercial development of potassium superoxide,

KOy, as a source of oxygen in breathing apparatus for
fire-fighting and rescue work. during yorld yar II, has
stimulated research in both phe'ﬁheoretiCal and practical
aspects of superoxide ehemistry; In.practical application,
the oxide is used in canisters in a closed-system apparatus
| because of its ability to absorb carbon dioxidefand moisture
from the breath and simultaneously reiease aufficientfoxygen
o supply the wearerts needs. The incrsased 1n$erést in
‘superoxides has led to the discovery and‘préparation of
sodium superoxide (1, 2) and to further invesbigatibns

on the oxiées ef lithun end of the alkaline earth metais.
In many caseé; éxparimenﬁal work has been hampered by the
. lack of a suiteble analytical method for the direct deter=
mination of superoxide in the presence of peroxide and
other impurities. The need for an accurate analytical
method became lincreasingly urgent when the mixed oxides
oontaining‘both peroxide end superoxide ions which are
- discussed in part IT of this thasis_could not be clearly
@haracteriéed by the analytical methods available in‘the
literature. The experimental work aesoribed in this
section of the thesis records the development of a réésonably
‘acourate method for the determination of superoxide ion.
The nature of the method is such that neither the presence
of peroxide nor ofuotner Impurities interferes with its

accuracy.
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Historical Review , |

Holt and gims (3) first showed thab potassiumAsuper#
oxide reacts with water vapor in aecorﬁanee with the
equation | | |

(a) 2 K0y # ade —> K03+80¢ # 0p
This reaction, if qﬁantitative, should grovide a method
for determining the amount of suﬁeraxide present in a samplé,
since peroxide presumably is not dacomposed;'lwha peroxide
could then be 6étalytically decomposed in a second step
if its determination were also desired, In 1934, Kraus
and parmenter (4) stated that potassium superoxide reacts
with water vapor according to the equation |

(b) 2 K0y f B Hg0 —> Kp0+8Hz0 # B/2 0,
once the decomposition of/some of the potaséium superoxide
has started, it éonzinues until pobtassium hydroxide is
formed; while the remaining superoxide remains intact; ‘ ’
Kraus and Parmenter state that equation (a) 1s correct for
the reaction between potassium superoxide and ligquid water
~atb 0°. Frém this reaction they developed a so-called
"two~stepﬁ method of analysis whereby an oxide sample
which is added to ice~cold water presumably &ecomgases'
according to equation (a) foé the first step and then the
resulting peroxide solution is decomposed catalytically to
- glve a second volume of oxyzen. The peroxide.deeomposes

'aocording to the equation

(e) Kp0peads > 1KOHe20s # & Op
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From the volumes of oxygen evolved in each step‘and:the
weighﬁ of the metal combined in the oxides (or the total ‘
- weight of-the oxides), the composition of thé materiél
can be calculated. This method of enalysis was used by
Kraus and Parmenter to deﬁermine-thg-cbmposition of #arious
oxides and oxide hydrates of potassium. OQccasionally,
the analysis gave results which were too high in the
superoxide step énﬁ the authors atbtributed this to partial
decomposition of peroxide. The two-step method was used
by George (5) in 1947, on one sample of mixed potassium
oxides with apparent success, stever;‘it has been the
experience in this Léberatcry that, although the theory of
the‘method is sound, in practice it is impossible to add a
mixed oxide sample to water without obtaining some
decomposition of peroxide because of local heating during
 the solution process. Apparently, Kraus had thisvsame
difficulty to some extent in his experiments, since
. occasionally his superoxide results were high, a fact which
. was attribubted to partisal decomposition'of some_peroxide.
In l§49, Stephanou (6), working with sodium su?eroxide,
also attempted to develop a method for the direct determ-
ination of peroxide and superoxide in a mixture of oxides.
The method was based.upon the same reaction (a), bub
instead of wapgr, glacial acetic acid was used as the
decomposing agent; Here the most serious objection to

the ice water method (decomposition of peroxide because

of local heating) was minimized by first covering the
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oxide sample with an inert organic diluent (carbon tetra-
chloride) and then slowly adding acetic. acid at 0° with
eonstant stir:ing.,‘Byjtnis_procedgre, the oxide sample
came in contact with acld slowly and local heating in
largg meaaﬁra was prevented.  gtephanou (6) was able £o
show quantitatively that,peroxide,;t:eaﬁed,in.this manner,
' decompoged ¢n1y,to the extent of 2.
The details cf~the;procedure were .as follows:
-vﬁyproximately‘s ccs of dry}carbon‘tetrathoride,wera o
“ad&adtearafully to é mixedhoxide sample in a,reaction cell
connected to a gas buret. The cell was cooled in an ice=
water bath uatil the system aﬁ@ainad equilibrium, and then
the‘initial,buret,readingérwaréwtakeng‘,Exaatly 10 cc,
of‘acetic.acid,sqluticn (204 by,vélume‘with xespth to

~ carbon tetrachloride) were added slowly into the cell
_;_with stirring. The stirring was continued and buret

.vreadings taken every five minutes untilla fairly constant
. reading (within 0.2 cc.) was attained, Pperoxide content

- was then determined in the following manner. Ten CC, of
aoidifiedfbotagsium iodide solution was added and the
‘solution was stirred until a constant buret reading was
again obtained.  Tﬁe analysis dell was then removed from
the gas buret system and,the\iodine liberated by the
peroxide titrated with‘standara>sodium thiosulfate solution.
ﬁhe oxygen released on treatment with acetic acld solution

gave a measure of the superoxide content of the sample,
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while the combined ﬁalues of oxymen releasea;by,tne,acidified
potassium iodide solution and the thiosulfate required,
permitted calculation of the total peroxide content. The
eq&ations involved in the reactions are |

- superoxide sﬁepv/

(d) . Na0y # HOgHz0z —> NaGgHz0z % HOp

(e)  Hop—> % Hg02 4% 0y

peroxlide steps:

(£) Nag0g . # Hgo —> 2 NaoH £ %
(8)  Nagdy £ 4 H* £ 4 I"—> 2 NaI 7‘ Ip £ 2 Hz0

The data‘yrésented by stephanou indicated that the .
Superoxide déﬁermination;under the most ravorable conditions
gave results bn,preparéd sodiom supargxide-sodium peroxide
mixtures which oheoked\to within 2¢ with the calculated
4.va1ueé¢ Tne peroxide step was consistently low (about 8%),
however, and stephanou conclu&ad that even with measurement
of the oxygen evolved due to decomposition of a small portion
of the perdxiae during, its reaction with potassium iodide,
vthe«peroxiée is ﬁot quantitatively determined.,

The qﬁantitative data gilven by Stephanou is the most
extensive thus far presented in the literature for a
series of superoxide»peroxide mixtures. Two bbjections
are immediately apparent; however., The first objection is
the indeterminacy of the‘endupoint in the superoxide step,
which practically necessitates the preparation of a graph

to determine just when the gas evolution levels off, and
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the second is the consistently 1ow value cbtained 1n the ,
peroxide steg. The first cbgection, althcugn troublesoma,
s‘bill dc)es: not premnt obtaining reasonably g;ocd determmation
for. superaxiaa oxygen, especially when the content of tne
le.t*bar is mgn, a conaimon unde:c' ‘which the two-sﬁep |
matnod of Kraus 15 mnst Weak.

The mathad for the detenmination of superoxide oxygan
developed during ﬁhe oourse af the present investlgatiun
is desorlbed balow. Thia method overcemas the objections

raised to the steyhanou pracedure.
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Bxperimental ,

proceduré. The system used in the anelysis of supercxides
(Figs 1) consisted essentially of a reaction cell D~E

of about 100 cece capacity, connected to a'waberajackete&’
buret G:byimaéns ofrcapillary tubing. The reaction cell
was composed. of the cell-head D ;oined,to,the call-bcdy'm\‘
by a ground glass jointﬁ,_ﬁhé various solutions used to
decompose the superoxide samples were added through |

the dropping funnel B which was connected to the cell by
means of a three~way stopcock C. | ,

A welghed oxide sample (preferably O;l t0 0.2 g.)«was
ktransferrad to the cell-body in a dry~bcx wnicn contained.:
anhydrous magnesium perchlerate; the cell-body was connected
to the cell-head. The sygtem.was then swept out with
- oxygen which was drie&‘by passage through anhydrous magnesium
perchlbrate in A ane reaction cell was thermostated at 0°
by means of an ice-water bath and buret readings taken until -
equilibrium had been éstablished. 'The‘decompoaing
‘golution was added through tne dropping funnel B and when
the reaotion ‘was complete, the system was again brougnt to
equilibrium at 0° and the final buret readings were taken.

Threé methods of analysis were used in this investigation;
(1) the total decomposition method in which a Hgl~Fecls
cabtalyst was used to decompose boﬁh_peroxide and superoxide
- quantitatively, (2) the direct determination of,superoﬁide,

involving conversion of superoxide to peroxida with acetlec
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acid-diethyl phthalate solution, and (3) a two-step analysis
on the same sample with first the superoxide being converted
to}perOXide, the oxyzen evolved giving a measure of super-
'oiideneéntent;‘and then the peroxide formed being &ecomposed
in a second step with HC1l-FeCly catalyst.

Iin the €0té1 &ecbmpasiticn procedure,7the'$ampla}was
1ntroauce&, the system swept with dry oxygen and brought to
temperature equilibrium in the ice-water bath,‘the'iﬁitial
buret readings taken, and then exactly 10 cc. of HCl-FeGls
solution was addeds The iéeawaﬁer bath was removéd, the
catalyst solution brought to boiling ané the ice bath
replaced around the cell body. This treatment was repeated.
several times until the reacticn'waS‘cdmpléte, Then Lempe
erature equilibrium was again attained and the final buret
‘readings were taken. The HOl-FeGly solution wés 1Min
HCl and 3 M in FeClge |

 phe procedure for the direct determination of}superu:
oxide included the same introduction of the sample and the
‘taking of initial buret reedings at 09, Then exactly 5 cc. of
diethyl phthalate (Eastman) was introduced iu'the‘céll. ~7This
was followed by the slow addition (10~15 minutes)'of exactly
10 cc. Of a mixtufe of acetic soid and diethyl phthalate
(8 volumes to 2 volumes, respectively), Throughout thé
addition of the acetic acid solution the contents of the

‘cell, which were kept at Oo, were stirred by means of the



15 |

maghetic stirrer shown in Fig., 1j this permitted.gradual
contact between the oxide Sampla and the acetic écid, and
1 therefore, a slow release of superoxlde oxygen. ‘Buret
r@adings were taken at five minute intervals untll a constanm
valua had been attainea, The volume,ofvgas llberated,

wnan ccrrected for the volames of the ad&ed degcomposant
solutions, gave a.measure of the oxygen. evolved in the
;conversion of superoxida to perowide* It is noted that the
:samnle, whan deeomposed as described above, no lon&er

, contalns the yellow color charactcristlc of superaxides.

- The twonsﬁep mathod eomblnas tne flrst two prooedures for

use an the Same ‘sample of ox1aa wnen 1nsufficient material
is available far two separate analyses. The oxide was
analyzed in the Seme manner as described above fcr super-
—oxide alone, and then Hcleyecls catalyst'was added to
:cauae‘deaomppsitign pf,ge;oxide. when the voluma changes
.iih’tpg‘twb stages!were Qoriedtea Tfor ths,volumes of the
decoﬁgésant‘séluﬁicns, a measurevcf both the'superoxide
'Mand perox clde content could be calculated. ' |

Calculations. The stoichiometry for the total decompositicn

reaction is shown in the following reactions'» -
| . HOl-FeCly o
- cabalyst R
b)) 20 £ eqs —> 0% ,aq. # 3/2 03
vany peroxide originally pr@uent will also be decomposed.

HC l*FeCls
catalyst

(1) 0g £ age ——> 0% .aqe £ 3 05
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1If only superaxide and péfoiide are p:esent in the oxide
, sampla, the per. cent peroxide can be c@loulgtad from tnei,“
algebraie relatlonshi§a 1nv01ved¢_ This’calculation is |
shown in equation fonm.:,s‘“'

(9 ‘0bs'd 004 (STP) Op = theors co.(STR) O

per B matarmal __per g peroxlde X% 100 = % ,
 theor. CCse(STP) O? “tHG0Ts CCs(STD) Us super
per g supcroylde - ‘per &. peroxide - oxide

where tha numaratar reprasen%S“the oc.’offoxygen evolved

per gram of sample beyoud that required,for pure peroxmde

and the denominator represents the dlffcrence in ce. of

,o&ygan evolveﬁ p@r gram between pure superoxide and peroxide.
The sto;cnmmmatry for the direct uuparozide determination

reaetlon is | [ ‘

(k) 205 #2H'—> Hz0p £ Oy

It is seen that a half mole of oxygen is releas c& for each

- mole of superoxide involved~in tha;reastlon,. The aquation‘

for per cent superoxide in the sample from the direst

<determinat¢on is. - , ol

'(1),” obstd cC. (§ Tp) 0, evolved / g. material X 100 & 4

theor‘ ce;(bTP) 03 evolved / 2. superoxide super-

“oxide
If it'isvdesirad,to_obtamn botn peroxide and super=

oxide conteht separately for the mixed OXide‘sample; a
combination of thé resulﬁs of the first two types of ,
analyses will give the quantity of superoxide and the gquantity

of peroxi&é in the sample. or if prererréd, the two~step



17
'method may be used. Iﬁ either case the method of calculation
is the same. The superoxide content is calculated as shown
above. An oxamination of equations (i) and (k) shows that
for a sample of pure superoxide twice as much oxygen is
liberateﬂ in eonvarsion‘td peroxide as is.forméd in
decomposition of the latter to hydroxzide. Thus,‘the amount
of oxygen liberated from peroxide, originally present as

’such in the aamglé, is given by the equation,

(m)  tobtal cc.(STP) Os _ & cc.(5TP) Oz/8+ = cc. Og(STP)
evolved psr gram. superoxide step /8. due to
4 ; peroxide
originally
present

and the per cent of peroxide present is

(n)  obstd cc.(STP)/g. peroxide X 100 = ¢ peroxide
TNeoTs CC.(STP)/&s peroxide

Results. Initial experiments on samples of higher oxides of
“sodium'inIWhich thé iee-water’method of Kraus andyparmenter
was used gave results for superoxide content which were
- usually high and variable. Table I gives typical data.

Preliminary work with acetic acidecarbon tebtrachloride
éolubionS'igdioaﬁed that the indeterminate end=-point for the
superoxide determination mentioned by stepnanou'might be
attributed to the high vapor pressure of carbon tetra-
chlorides AR orgdnlc diluent, whleh>w0uld be inert to

superoxldes, would not absorb oxygen, and would have a

low vapor pressure, was required; diethyl phthalate,
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Table I

. Reaction of Ice-Wjater with migher Oxides of sodium

Sample = Wte - co.(STP) 02  ce.{gTP) 02  theotl cc.
E _ liberated per gram | 0s/8. (STP)
pure . 040644 0.8 747 0
Nﬁa()z* wOﬁls ‘ . 06? ' o lEgO . :
- NaOs, 040503 10.2 203 o 192
94459 20627 - 14,85 245 |
- pure L ‘ ‘

- #% gupplied by mine gafety Appliances COsy ,Pi'”oytsburgh,‘?a.fr
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a compound_dcoasionally used as a manometer fluid, satisfied
these requirements: When diethyl phthalaua was sub&txtuted
for carbon tetrachlorm&e the superoxlde end-point was
guite snarp ﬂn& remained constant for at least half an hour.

The aeetie acid concentration in dlethyl phthalate
was veried in a number oi ranb to determlne the opnlmwm
‘ concentratxon for obtainlng the most accurate result5¢
Pobab51um sugaroxzae, whlch was flnely ground gave zood
results with 20% acetlc acld by volume 1n dl@tnyl pﬁthalate,f
but sodium superoxide samples; not so 1iqely ground .
required toé long a time to decompose in this mediume
It¢WQs‘founﬁ”@hatfthe best solution contained 8 parts
acetlc acid and 2 parts diethyl phthalétery‘volume; butb
éxtfemétcautibn’was'reé&iﬁed in ad&ing this solution,
particularly ab the beginhing of the reactions Ten to
fifteen minutes for the addition of 10 cci of 80% adetic
acid in diethyl. phthalate was found to be satisfactorys
~pure white sodium peroxide (yine gafcty 4sppliances ¢os)
"when treatad with acetlc auid~d10thyl @htﬂalate solutlon
in the manner previously aescrlbed did not evolve oxygens
phis demonstrates that there is little; if any, release
of 0Xyg en by the secondary decomposition of hydrogen
peroxide in solution, and 1nélcates that the method 1s
applicable to superozlde mixtures contalnlng beroxide

and other impuritiesa
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mhe reliability of the method was tested in a series
of esnalyses on potassium superoxide samples of relatively
high purity, an@,also on mixtures of sodium peroxide and
sodium superoxides The potagsidm su@aroxide samples were
analyze&‘by the twq—sﬁep_methcd of analysis already
describeds The data théined are shown in Table II. It
-is evident,that the agreement with the,theoreticai values
is good and the conclusion must be reached that there is

little if any decomposition of the peroxide which is

- formed from the superox1de.

Another test of the method was pr0v1ded by the analysis
of a series of sodium peroxide~-sodium superoxlde mixtures
prépared in a stainless steel bémb; These mixtures were
’prepared as described previously by Stephanou, et ale. (2).
Since such mixtures contain only supercxiae and paroxide
oxygen, en accurate estlmate of the superoxide ccntent
- was obtainéd fram the quantity of oxygén released on ﬁbtal
catalytickdecompositiqn by the use of equation (j)s The
data presented in’Table Iiz represenb the results obtained
on the diresct determlnatlon of superoxlde oxygen in a
series of sam@les contalning widely varying percentages
of superox;da. The experimental values for superoxide
content wereifoﬁnd by tﬁe‘ﬁse of equation (1)« an |
examination of the data shwws bhat tney are accurate to

approxlmataly 2p¢ It is belleved that this is within
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Table 11

The Liberation of guperoxide oxygen by KOs

Wteof samgle,g, Tobal oxygen‘ Calc'd super~- (Qbsr'd super-

libevatc& ‘oxide oxygen, oxlde oxygen
’ ec,/g. CCo/Ge* GG /8
a2 = 101 185
i_'«10561; . zes 12 1m
Jl04 o280 o188 182 o
s s 155 1

- * mhe- staichiomatry of tne reactions involved in the ;
decomposition of . ou@eroxldes, which have already been -~
discussed, shows that 8/3 of the total oxygen llberated
from a sample which contains no peroxide impurity comes -

from the conversion of suparoxide Lo peroxide.
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Table TIT

The Debvermination of 3uperoxide oxysen gg‘waog~ﬁag¢2 Mixtures

weight of oxygen 1iherétsd percent guperoxide  Percent

sample,g. on total decompo- super oxygen supere
, gitiones xide - liberated oxide
eCe/Be (STP) .  gale'ds*  cc./ge** obstd
0.8956 170 o 16,1 3049 15.2
L0603 | 5047 15.1
5121 174 18,46 57 o4 18,4
+2204 | o . B5.9 1747
,0983 191 S 2B.5 5640 2746
<1556 o - : 5845 28,8 .
1617 234 86,0 114 5640
$1647: S Lm0 118 5548
0892 273 80,2 - 159 78.4
W0397 | 161 7944
L1253 0 296 | 94,5 188 92.6
.1178 . 192 94,5

* galoulated by the use of equation ().

#x galoulated by the use of equation (1). Theoretical
superoxide oxygen tor sodium superoxide is 203 cc./g,
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the accuracy of thé gasomebric metﬁodvamploysd in these
analyses. | |
summaryc‘WSQbercxide-oxygenfhas'bean”determined with
reasonable accuraey in samples of potassium superoxide and
 in mixtures of sodium saperpxidaﬁsodium pefoxids by the
employment of a solution of glacial’aceti¢ acid in diethyl
phthalate as the decomposant, The resction -involves the
conversion of superoxide ion t0 peroxide ion according
tc~tﬁé equation

| | 203 £ 2HY—> H0y £ 0p

There is little, if any, release of oxyzen by the seconaary
decomposition of the nydragén peroxide rbimed{ Thus, the
method Would appear. to be applicable. to mixtureé cﬁntaining

superoxide ion.
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PART II

” ‘rhe Attemnted Preparation of 1.113h3.um and
' Alkaline Earth metal superoxides



Tntroduction

The most useful method. for the preparation of
higher oxides of the alkali and alkaline earth metals
has baeh the direct treatment of the metal or lower
oxide with oxygen. Tﬁis reaction occurs at‘atmOSPheric
pressure and at various témperatures”tp form peroxides in
the cases of elementary barium and godium, and the super-
oxides with potassium, rubidium, and cesiums At higher
oxygen yressureé, elther the speed of the desired reaction is
increased, e. gs, the conversion of barium.moﬁoxida to the
peroxide, or the course of the reaction is altered, €. ey .
the conversion of sodium to the superoxides

rthe recent study which‘has resulted in the successful
preparation of sodium superoxide (1), by the treatment of
sodium,paroxiﬂe with oxygen_at high temperatures and
pressures emphasized the need for a similar investigation
for lithium and the alkaline earth metals. Thus, one purpose
of the present investigation has been to explore the possibilit§5
of preparing the superdkides of lithium and of the alkaline
earth metals by reaction of oxygen with the metal or some
lower oxlde at high temperatures and pressurés.\‘yo higher
oxide, not already well known, was formed}undef the conditions
of the experiments to be described, o

Anothef useful method for the preparation of the alkall
metal higher oxlides, at least on a laboratdry scale, involves

the oxidation of liguid ammonia solutions of the metals.
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This method has yielded superoxides in the cases of cesium,
rubidium, and pobassium, and has also resulted in parbial
conversion of sodium to the superoxide. o superoxides
have}baan obtained with the alkaline earth metals. Oone phase
of the investigation to be described has involved a new approacﬁm
" to the problem in that liquid ammonia was used as the medium
*fbr attempted double decomposition reactions between supers
oxides of alkali metals and liquid ammonia soluble salts of
alkaline earth metals, In the cases of barium and strontium
“the salt employed was the vgii:y:cate and in ’the case of calcium
the jodide. It was hoped that superoxides of the alkaline

. earth metals would be isolateds, This was not realiged.
However, in at least ome case, a mixed supermxideuperoxide
was obbained, in other cases only'tne alkaline earth metel

peroxide was isolateds
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| Raview of Direct oxidation studles ,
Alkali Metal oxldes. The end—products of the combustion

cf the alkall metals in an excess or oxygsn are the oxides,
Ligﬂ: Nagﬂg, KOg, Rboz, and Gsog*, reSpeotlvely. The |
fommdtion of these prcducts ;ndicates the denendence of

: the nature cf the pradueﬁ on cationlo 8128.

Holt and slms (2) abtained almost pure ngg W1th only
traces of ﬁhe peroxide by the ccmbustion of the metal at |
250° in a stream of oxygen» Aﬁtempts by Fmscher and
Pleetze (5) to convert litnium hydroxide to the peroxide |
by treatmsnt w1th oxygen at 1000° and 100 atmcspheres
pressure were unsuccessful. stephanou (4) found no evmdence
for superaxlde formatlon when lithlum peroxide of 96 per
cent purity’was treateﬁ with oxygen in a stalnless steel
bomb at temgeratures as high as 2200 and pressures up to
255 atmospheres.

. he reactien or oxygen with sodium has been studled
extansively. prior to 1860, cay Lussaa and Thenard (5)
studied the reaotion, and in 1894, Holt and Sims (2) made
an outstanding connributlon in the fzeld. phe latter
1nvestigabors found that sodlum could be distllled in dry

air witnout oxidatxon oecuﬁlng. wnen hedted balow 1ts '

* 7phe alkali metal oxides of the formula MO are celled -
superoxides. parly workers believed bhe correct formula
for these substances to be M 04, and this formula, there-
fore, is frequently used in %he historical section of

the thesis.
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melting 901nt in a sheet~iron boat in a stream of
moderately dry oxygen, the metal was soon coated over with
an oxide'film’of no definite composition.\ yhen heated above
its maiﬁing'point, thé‘metél caught fire and‘bufned vigorouslyf*
In a‘limite& supply of Qﬁygeﬁ an& at temparaturés below 1809,
the graylsh wiiite Nag0 was fonmed— with an excess of oxygen
and at higher tamperatures, the yellow«whlte sodium peroxide
was abtained. Oxygen at atmosgherlc pressure was passed
over sodlum peroxiue at 300~ 5500 for six hours, but no
evidence of oxygen abserption was found.

| in 1906, Rengadé (6) pwepared Nago by bringing slightly
less than the required quantity of oxygen in contact with
the pure metal an& distilling off the excess mebal, after
tné,oxygen‘had been absorbéd.‘ A year later, the same
investigatof (V)Zcorrcboraﬁed‘the findings of Holt and
Sims that sodium undergoés‘na éxidation'when kept in contact
with perfectly ﬂry bxygen*at rbomrtemperaﬁure. Iin 1912
Fiqcnor and ploetze (3) attempted, without success, to
- mahe sodium DG?OYIGB frou sodzum hydroxmde and oxygen ab
Lemperaturea up to lOOO° énd pressures to 100 ammoupneres.

In a recent 1nvestlgatlon on higher oxides of sodium, A

stepnanou et als (l) prepared soﬁlum superoxide of 92
per cent purity by the treaﬁmﬁnt of sodlum peroxide with
oxygen at temperatures of 450° - 500° and pressures of
- 280 - Soo‘aszSPhéres.
- The first reliéb}e work on the higher oxides of

potassium was that of Harcourt (8) who found that the
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hlghest prcduaﬁ of the dﬁrecﬁ oxldation of pot6881um lS
Kn04 He was unable 0 isalate any 1ower oxides. Holt
and Slms (8) Qbﬁalned proaucts w;tn chemical compositlons
of Kggz and K Qq from the oxidetion of pota831um.W1th i
limited quantities of axygen‘ Kg0g exposed to eir,
‘absorbed m@iature slawly, while Ko0m was converted to
Kgcé(Koz) WLth the evoluticn of sufflcient heat to cause
‘the_oxide«to fuses Holt and gims also found that potassium, ,
like sodium, was not oxidlzgd during distillation in dry
air; !Rengade (8) made K0 from the metal by using less
th&ﬁ‘the‘theoretical quantity of oxygan‘and disﬁilling off
the exaess'm@talﬁ ' He also showed that with dry oxygen |
potassium,underwent no caange at poom temperature. Oone of
the earliest workers to makeddissociétion pressure measure-
ments on alkali metal oxides was de Fcrcrand (9) who found
that at 280° an oxygen pres sure of 155 mm, was sufficient
to prevent the diasoclation of K204~ Kraus and &hyte (10)
1nvestigatea tne aissoclatlon of K204 and found that the
reaotlon, Kzoé.-—e>zgo % 5/2 Oz is reversible. Although
the process is reversible,vxrau3~andfﬁhytevfound that the
pressures at varipué‘tem@eratures appear to dépend dpon the
oxygen content of the solidiphase. Fischer and ploetze
(3) obtained a 70% yield of K,0p from potassium hydroxide
at 375° and 100 atmospheres oxygen pressufe. | '

Much less work in the oxide field has been carried
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Qut1witn rubidium and cesium than with the other alkall
metals, The most stable oxlide in either case is the
supa:QXide, and is the product Qrdihari;y obtained én\dire@t
'oxidatién, fRengade (7) claims& to have obtained the mon-
cxides,~ﬁbgg and. cssa,:by the same method used for preparation
of Lizo, Naﬁa, and XKg0, 1 ie 6., by heating the metal in the
presence of a limited supply of exygen and distilling off
excess metbal.

AlkaLln@ ﬁarth.mntal oxldes. The literature dealing with

alkaline earth metal oxides is much less abundant than that
of the 003resgonding alkal; metal compounds. The final
product on free combustion of the metal is in every case
 the monoxiae, MO » 'only barium monoxide is readily converted
to the peroxide by haatihg in air to 400°xat atmospheric
‘,pressure; This narbxidé is readily decomposed at low
‘”pressures or at temperatures above 400°, and before the use
~of liquid oxygen, this reaction wes the basis of the Brin
-process Tor the manufacturé_of oxygen, All the evidence
which indicates the possible existence of superoxides of the
alkalihe earth metals comes from studies of the "wet methodn
(11,12) of preparation, which involves action of hydrogen
peroxide on the metal hydroxide and the subsequent
precipitation of the metal peroxide formed with alcohol.
Fischer and Ploetze (o) attemptgd, without success,
to prepare calcium perdxi&a‘from caldium;monoxide and oxygen

at temperaﬁures up o 1000° and pressures to 100 atmospheres,
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ﬁolterman (13, 14) more recently verified the inert character
~of calcium monoxide toward oxygen when he subjected it to
axygén piessures u§ tahﬁag atgoéphereé andwfem@exaturés
as high as 600°~‘ The samples ﬁere containeﬁ‘in porcelain,
aluminum, or nlckel orucibles. |

Bergius (15) made perazides of the alkaline earth
netals by ﬁe&tlﬂ& the corresponding monoxides wzth sodium
hydroxide or potassium hydroxide until fusion ocourred and
then passing air or oxygeﬁkthro&gn tne_fusedﬁmass. After
‘cdoling, the alkali was removed by solution in aléonol,
leaving the und19solved péroxide behind., Calcium peroxide
- was prayaredﬂby heating a mixture of calcium monoxide
and alkall (NaoH # KOH) ‘wi,ﬁn oxygen at 350° and
, approximately 124 atmOSphefes>pressure for several days.
Stephanou (é) treated dry commercial grade calciaﬁ_‘
,perpxi&e (du pont and Buffalo plectro-chemical Co.) at
.teﬁpérab@res to 400°«andApxygen pressures to 3201atmospheres
without cbﬁaining any evidence for tne formation of a
T:sgpgrgxide; The same in?sstigator,tréaped ¢alcium nonoxide
with 6xygen at 450° = 480° and 268 - 221 atmospheres for
‘forty hcurs and obtained no evidence 10: peroxide formation.
~ Strontium aaes not from tha peroxide readily. ¥Fischer
“and ploetze (3) were able to obta;n a 154 yield of the‘peroxide
vbyrthe oxidation of the monoxide at 400° and 98 atmpspheres
pressures Héltgrmann'(lﬁ, 14) ferifie& this result and also

obtained strontium peroxide of 994 purity by the action of
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dry oxygenfon/Strbﬂtium mcgoxide»(freevfrom.the hydroxide
and’ carbonate) at 350° - 400° and 200 - 250 atmospheres
pressure. - |

- parium is the only alkaline earth metal which readily

foxms'tneypercxide by direct reaction with oxygen. Barium
monoxide is Qonvertédrto‘the peroxide by combination with
atméspherie‘oxygaﬁfat ﬁemperatures below 400° at atmospheric

ressure; t&e_paxbxiae is decomposed at temperatures above
400° orrat'iaw'pressures. Hildebrand (16) has studied the.
dissociation of barium peroxide and found that dissociation
oecﬁrs only with the presence of small quantities of water
~and that a rather large solid solution rangé complicatés
the determination of the dissociation curve. Héltermann'
‘(lﬁ; l&)ialso studies the system Ba0p-Ba0-0g up to pressures
of 220 atmospheres and temperatures of 520°., He obtained
no product cbntaining'more than 867 Be0ge« Stephanou (4)
,:’attempﬁed'wiﬁnout success to prepare a nigher oxide by
treat;hg commercial grade barium peroxide (Merk) with
oxysgen at ‘a temperature of 450° and a pressure of 314

atmnspnerés for thirty hours.



‘Oxldations in Ligqulid pgmmonia
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‘ ,, “Although the sction of“oxygen on solutions of the’

metals in liquid ammonia is not important commercially

forryhe braduction'oﬁ bigher oxides of the alkall metals,

#évértheless; it proved of great interest w«nd value to the

inorgani¢,chemist;

;4’_~Thefbest summary of the work done in liquid ammonia

on the oxidation of metal solutions has been compiled by

watt (17)« ?The_fellawing dataywere‘taken ifrom his review,

‘Mebal
Ll
Na

"Rb

cs

Ba

Products.

Lig0, Lig0z

| NeoH, NalHs, NaNOg

‘Nagly

, NaOzl |

 KOH, Kmﬁz;‘xm03=

- Kp0zs K504(K02)
Ep0z |

Rb,0

Rb202 ' Rbg()‘g: (RDO5)

Csg0

85205, CSNHg, OSOH

CSNO,, CSNOg

- 68025 05203:‘63204 :

BaO, Bady

Notes

- Slow reaction
 Rapid reaction

- JNot confirmed

At =77°

glow reaction

Rapid reaction

. Not'confinmed o

«60% (9)

alow reaction at

«60°

Rapid reaction B

~ Gelatinous ppte
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Alkali Mebal OYides. Joannis EII, 18) was one of the first

investigaﬁors to use liquid ammonia as a solvent for the
oxidatlon of the alkali mﬁtals. Joannis claxmed to have
prepared Kgﬁg, Kzoa, Kgaé(KOZ)’ Nag0eNHg and Na205 by the
oxidation of the apprqpriata‘matals. The lowe;roxides of
potéﬁsium‘wéreipreéumabl& pieparéﬁ b& oxidation.with iimited
*supblies'éf 6Xygen* theif existenoe has'been(questioneé by
some later workers and apparently confirmed by others. The
formaﬁion Oi the two campounds of sodlum ghown above has been
even more seriously questlcnod by more recent investigators
(lQ,aO), wno have challenged the analytical proof for the
. produots in the light of later knowledge of the course of the
reaction'of,so&iﬁm.in liquid ammonia, In 1907, rengade (21)
repeated the may of the oxidation of potassium in liquid
ammonia and eitendeﬁ the method to rubidium and ceéium, The
existence of oxides corresyonding to the formulas Mp0gs N’go5
and m204 (mnz) was further established. Rengade was the first
to make the important observatlon that different products were
forﬁed upoﬁ slo& and rapid oxidation. e showed that with
rubidiqm and cesium the rate of oxidation determined the
product forméd. Thus on’siow oxldation the initial product
is a mixture of the nydro ride, MOH, and the amide, MiH, »
Upon rapid oxidabtion the initial prcduct gorresponds to
Mp0m and the final‘product»ta Mg0y (MOZ);

Kraus and co-workers (10, 22) began a series of

investigations in 1923, extending to sodium and potassium
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Rengadets Qbservatiens on the dependence of the course of

the reaction upon the' rate of oﬁidation. Here, again,

- slow orldatlon of tha mebal solutions in 11uuid ammonia

guve 1nlt1al ﬁroductg'of hydroxlde and amide, lth the
lattcr then belng oxidxzad ta the nitrite. The course of
)the reaﬁtinnK(lo) Was atudied by attempting to prepare K50
h by slaw.oxidabian of the metal with the caloulated quantity

of 6iygen; The weight of the white gelatinous precipitate
. was much greater than the theoretical valus for Ks0 and
this excess weight corresponded closely to that for one
. mole of émﬁonia* .This’illastrated thaﬁ ammonlysis was
occurring, k | |
K30 £ WHgy —> KOH # KNH
‘gince the amide is soluble in liquid ammonia while the
hyﬁfoxide is noig these workers were able to separate the
two products and to show that the émide was further
oxidized to nitrite, -

| zmﬁz,ls/zog—a Keﬂ;‘ms;‘moz

UﬁOn rapid oxidation of the monoxide tney ware able to
1solata the peroxida and on further oxxdation the vuper-
ox1de. Their work w;th sodium gave the peraxxde as the
highest oxidation producte Kraus and Parmenter (22)
oxidized potassium at ~50° and obtained very nearly pure
samples of K50p ¢ and Kéoé (Yog). BY permittlng oxygen abt
low pressure to reaet with Kg02 at room.temperature, the

unstable chocolate colored Kp053 was prepared¢ It was

also shown that oxide hydrates could be praparéd by intro~-
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ducn.nb the neceSbary quantlty of water into suSpensions ‘
of the various Qxides in llqumu ammonia. By this method
: K202.320,~K2Q3u8320 and 3295’320 were p*epared. These
hydrates rearrange slowly at room temperaturo in the dry -
state to Torm X504 (Kez) and KOH hy&rates. |
5 (Kg0geHz0) —> Eg0, # 4 KOH # HgO
3 (KpOse2Hp0) —> Kg0, £2 {Kg{)dff’}lg())
5 (Eg05eHg0) —> 2 K0, # K5043H50
The rirst reaction shown abova goes relatively rapidly
to completion, the second goes somewhatb slower, and the
third is much slower still. |
By bthe #ery rapid éxidation‘ofdsodium under carsefully
controiled conditions in liquid ammohia solutions, chechter
et al. '(lG)VWGre able td»obtain a product of the empirical
Vfarmularnaol'ﬁva phis tormula cOrreépondskto a mixturé
of suéeroxide and peroxide in the ratio or four to one.
~Sqdi§mgwas~sh0wn t0 possasswavstrong tendency to undergo
tne nitrite ieaetion already discussed for potassium,
-rubidium, and aesium'unléss the oxidation was very'rapid;
The oxldation cfﬂliﬁhiumpin liquid ammonia gives
chiefly the monozide and some peroxide according to
Pierron.(zﬁ). | |

Alkaline parth petal oxides. A few relatively unsuccessful

attempts havé been made to prepare the alkaline earth

peroxides by oxidation of lliquid ammonia solutions of the

‘metals. A poor yield of the peroxide is,abtained by the
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action of oxygen on the calecium solutién; a somewhat
higher percentage has been reported in the case of the
strontium compound (24). qfhe_ formation of barium peroxide :

in poor yield has also been Teported (25, 26).
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~ pertinent Yiscellaneous Topics

1ndieatiaa of the formation of the‘sgperoxides;of
barium and calcium has been reported by Traube and Sehulze
(1)« ¢alcium Gr'bafium}peréxide‘octahydrate;tieated
with 307, hyérogen,percxi&a at about 100° forms a yellow
precipitate &hiéh retains its color when dry and liberates
more‘gasééus oxygen/on;deeomyosition than can be obtalned

from ggroxidévalcnaﬁ the phenomenon is ragérded as

, . r the partial rearrangement of the alkaline
eartn?ya Qxide paroxyhydrate, 8e 80, OaOn-HQOQ or Ba0g+Hg02,
to tn; superaxide ga(og)a or Ba(0g)gs Traube and 3chulze
réported mixtures cpntaigihg’about,e per cent Ba(02)2 and

8.7 per cent Ca(0g)p in phe_respectife peroxides, with the
Qalcium superoxide beingvmoré stable than the barium compound.
Erhlich (12) has demonstrated the existence of celcium super-
oxide by magnetic susceptibility studies of the product
formed by this method,,bu% was uneble to obtain the barium
compound. | | | |

The gtructures of guperoxides and "gesquioxidest. Until

raéenﬁly,,the alkall metal superoxides hﬁve,beenﬂéélled -
tetroxides and were believed to contain the 0 ion of
the structure | - |
0 0
0 0

ATter the discovery of tne three electron bond, it was
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suggested that tness‘alkali metal oxides might contein the
03 ion with the three electron bond of the structure (27) |

| Q0T B
In 1934, Neuman (28) prepared potassium superoxide,
measured its magnetic susceptibility, and showed it to
possess avparamagnetism aorresPQQﬁing to one unpaired
electron, a fact which supported the 0§ structure. The
existence of the superoxide ion has beén verified by ,
1Y~rwy examination of the crystals (29). “The X~ray crystal
study shows potassium and superoxide iong to. be arranged
ig a sxmple cubic array‘~ Thus, the formula»moz hap»been
gdopﬁéd?raﬁher tnan,mggé.' Further verification bas been
: p;ovided‘infthe case of sodium by Stephanou (1),‘Who‘
meaéuradhtné‘magnéticlsgspeptibility of Nao, and by
Templeton and Dauben (56), who obtained Xfray data;On tne
erystal strueﬁure of Na0gs - |

It has been mentioned in this revisv hatgsevgral

‘ investigators have reported the‘ex;stsnce»of,alkali'mstél
, "Sesquioxidesn of the empirical‘fcrmula;,mgos.-;Helms and
Kiammf(29) showed from magnetic and X-ray,data that the
rubidium and‘cesium_compouaés ccntainediboth the peroxide
and superoxide ions and, ﬁherefore their Struetures may
be represented by the general fornula, mgoz.zmog,
Kazarnovskii and Ralkhsteln (31) have shown by mgans of
dissoclation studies that Kgosis nbt'a dafinite compound

but rather a mixture of KOp and X209
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ﬁign,Temperature»?ressure'studies

Apparatus.and Procedures The system for high pressure

studies (Eigﬁ l) consisted of a stainless steel bomb A
of about 180 cos capaeity, fltted in a neatlng jacket B,
and equipped with tubing and needle valves in such a
manner that the . systam could be completely eVacuated or
fllled with oxygen unﬁer pressure. The bomb, furnace,
tubing and valvas* wer&_qbtalned from tné American
Instrument qugahy,,xnc;,Aqfhsilveﬁ spring, Maryland,
as éwhydrogenation épﬁaraﬁus‘ana was adapted for use
with oxygen by the removal of oil and grease with

carbon tetracnlorlde and acetone, and replacement of
valve packing with a special oil~free packing obtained
from the yuritan'comQEGSSéd Gas Corporation, Kansas City,
Kensas. The heating jaéket B of the bomb was insulatéd_
againsﬁ heat loss with magnesias A chromel-glumel
}‘thermocouple H, inserted in the wall of the bomb and

; connected to a prown Blectronik Recorder anﬁ Regulator
Cy provaded tamperature cont¥ol. The voltage- across\\
the elements of the heatin@ Jacket B was adjusted by

means of tha,powarstat Da

*phis is the same apparatus previously used and

described by Stephanou (l,4).
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A sample of the metal or oxide was transferred
to a sultabla crucible in a dry box containing mag-
nes;um perchlorata and was then placed in either a glass«‘
stwppered Pyrex llner or an alundum liner whicn was
~ then fitﬁed into the bomb. The system'was evacuated
to l~3 Ime of mercury pressure, valve E closéd, and
oxygen from a eylln&er added slawly throagh valvas T
and K until the desired init;al pressure was obtalned.
Valve Kwas then closed ana the bomb heated to the
dealred temper&ture. The absorptlon of oxygen was
fallcwed by reaﬂlng the gressure gage ¢ atb frequent
intervals._ When the experiment was completed, the
bomb‘was cooled to room temperatura and the oxygen
bled slcwly from the sysbem through valve B untll
atmOSpheric preqsure was reached. The bomb‘was then.
opene&, the liner containing the sample removed and
placed in the dry box.
ﬂesults. 5inee barium is tne alkaline earth metal
whlch most readily formp the peroxxde and which alsd
mibht be expected to fonm the superoxide most readily,
it was Lested nore eﬂtensively than the other alkaline
'earth metals, hxperiments on the treatment of barlum
meﬁal with 6xygen gave no product which could be an~
»alyzed because the various crucibles used (porcelain,
stainless sﬁéel, and alundum) were severely attacked

at the high temperstures of reaction,
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Thevoxidation of barium monoxide was also attempted
1n porcelain, stalnless steel, and alundum crucibles'
ﬁnese cruciblas again proved unsazlsfdctory. It was
found, hawever, that berylllum oxide crucibles would
"take" the high temperatures in ﬁhe presence of the oxide
without bu;ng abtackeds In tb;s case, only peroxide
of less than be% purity was obtained¢ Temperatures up
to ' 500° with pressures as high as 240 atmospheres were
used. - | ‘

‘Barium peroxlde (of §6¢% purity, Buffelo Electrow
Chemical GO&)'W&S also testgd as a starting materisl,
in tﬁis eqse, alundum oiuciblas‘Were‘not_atﬁaqked‘and |
. wgre*usad in all the experiments. No evidence;for the
formation of a higher oxide wa B obtained. fTemperatures
up to 600° and pressures up to 26§ atmospheres were
ﬁsédu | ‘ .

| Iﬁ a number of Tuns in.whlch barium oxide or barium

peraxide'was used as the startlng material, the final

| product was light gray in color. This color, which
was‘due to reaction between tie iron of the bomb

- and the oxide, was eliminated when a porous alundum

| Qrucible liner was substituted for the glass liner

| which contained smalligpenings to permit passage of
oxygen. |

A smm;lar thouuh less extensmve study was made
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with strontium peroxide (of 954 purity, University
'7of Arkansas Hesearch Foundation) as'the starting
material, alundum crucibles again proved satisfactory.
Temperatures up to 500° and pressures up to 165 ate
'mosph9p3s were°used¢ No evidence forltne}formation
éf'afhighéi oxide Was~obﬁainéda

| Trial'runs were also made wibh lithium peroxide
prepaﬁé& by the "wet" method as the starting material.
Theéhignest temperature used was 800° at a préssure

of 1356 a%mbspneras,,»ﬂo‘higher oxide was formed.
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. umixed«oxide gtudies
Materigls,;‘Thefstarting compounds.ﬁseﬁ,in the study of
~ the reaction between alkeli metal superoxides and
alkaline ea&th metal salts weré,the purest that could
bggbbtained;,fgghydrous bafium‘nitrate.and strontium
nitrate were Raker's Analyzed gradé,;whilé the calcium
icdida,was,frOm the same company and of the saﬁe grade :
“except theat it contained an unknown quantity of water of
crystallization., The potassium superoxidé analyzed to
be ofVQQ%VQurity and was_éupplied by the Naval‘ﬁésearch
Laboratory, Washington, D.}Cs The sodium SQP@roxide
was of 9264 purity and was pragare&'from,sodium.perqxide
by treatment with Qxygén at high pressure and
temperatﬁre {1)s

Eﬁperimental procedure, The system used in the prep-

aration of mixea>oxides“(ﬁig.'2) congisted of a reaction
;dell dén~of about 206,90;'oapac1ty, sdr:ounded by a
Dry'Ice baﬁhjﬂvgnd_connadted~tq a source of gaseous
emmonie of(dfy oiygég,a§d'to the safety manometer F.

The reaéﬁidﬁjéeil“3§3;&aé ¢ompgséd of the cell-head

¢ connactedlﬁc the #eiiibody D by means of a grgund»
glass jointa Fitted.into,thekbottom of thévcellébodyif -
D were a sintered-glass filter disk and a stopcock

to ﬁérmit filtration'ofiahy solid products forméd. -

A Sampling capsule B for the introductibn‘éf sdlid‘ ,
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reabtants»cculd‘bafjoined to the cell-head ¢ by means

of a gronnd~glassfjoint* puring the process of drying
‘the*apﬁaratus, the opening into which capSulo‘B’could,

be fitteﬁ'was ¢losed with a groﬁn&~glass plug.

| The system&was.dried by sweeping with anhydrous
armonie {réfriéerationvgrade, du pont) and then
appréximﬁtéiy 150 cec, of liquid ammonia was condensed
intd‘th@ cell«body D by means of the Dry Ice~cellosolve
bath Te A weighed sample of the desired alkeline earth
metal salt (approximetely 1.0-1.5 g;) was transferred in
a'&ry box to capsule B which was then rapidly fitted into
th@'@@ll*hﬁﬁdiy The sample was slowly introduced into the
body of the cell by turning capsule B from & horizontal
40 a vertical positions when the alkaline eerth metal
salt had dissolved in liquid ammonla, a weighed quanﬁity‘
of alkali metal superoxide was also lntroduced into the
cell-body, the Dry Ice bath removed, and the liquid
amménia soluﬁioh stirred for an hour by means of the
magnetic stirrer. The product was filtered by suctlon
from an asPifatar pump and washed with two portions
(approximately 75 cc,., each) of liquid emmoniss The
- gystem was then swept»duﬁ'witn oxygen which was dried

by passage through.anhydréus magﬁesiu@_perchlofaﬁe in Ae
When all the ammonia had been removed, the cell-body was

separated from the cell-hesd, rapidly stoppered, and
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vpiaced in”the,&ry box where fhe product was transferred
to ngund~glass:stapperad;weighing bottles. fThe product
- was then ahelyzed. B

ResaltsiandADiscuasian,a,Altnouga these experiments

werefinifiated,w;th the hope of obtaining alkaline
- earth metal superoxides, it,spon}becéme evident that
no ordinary’metathetical reaction‘was,taking plaoé.
Tor example, the mixing of anhydrbusvbarium nitrate
and potassium;sup&roxiﬁe}in the formula/weight ratio
oflapproxiﬁatgly l;z,lwibhzth@vbarium nitrete being
in‘slight exXcess (SQlQ%),,resulted;inethe gvolution of . .
oxygenwanﬁ,fﬁéfSiawﬁforﬁatibn of a Qno0Qlate brcwn
material whiech contained both superoxide and peroxide y
dzygen a3 viell as potassium,an& barium, but practically- ~
no nitrate. . n
- Considereble difficulty was encountered at first . .
in obtaining a product which upon analysis gave
ccnsistent‘valués for the verious.components, It was soonA
discovered that‘the mode of remcval of ammonia played an
important role in determining the oxygen content of the
- product; evaporation of the last traces of ammonia by the
‘use of & hot plate lnvariably rssulted in low values for
dombined oxygen. Tests subsequenbly showed that the
chocolate brown material lost its color and also
practically all of its superoxzide oxygen when heated

at 110° for a short time. When the last traces of



50

ammonia were permitted to evaporate at room bemperature,
the oxygen content of the product was esgsentially
constant from Tun to run. It was also learned that
exéesgivg‘washing of the brown precipitate with liguid
'ammonia,ttq remove nitrate, lowered the oxygen content
tosscme‘éitent., #ventually a;correlation also appeared
'beﬁweeu‘tha‘length‘gf the réaotioa time and the ratio of
bari@m to potassium in the final product.

 All these observations pointed to the necessity
for a standardized procedure which would permit the
form&tion of a definite reproducible product. Ths
reactiﬁnttime,was sat‘at‘one hour to permit suvfficient
tima,fpr the slow feaction o take ylace.v Bach sample
wag washed only twice with liguid ammonia since ad-
ditional washings lowered the oxygen content; and
finally,;the‘samgie was left overnight in the cell at
rpdm tempersture with oxyzen sweeping out the system
while the lééb,ﬁraces of the ammonia evaporated.

- The standardiged prccgﬁure,gave a chocolate
brown pawder.orwyeprodﬁciéie ¢0mposition. ‘The peroxide
:and superoxideicontehtstere measured quautitativély‘byy
the methods described in ?art I of this thesis, The
total base content was detérmined by titretion with
standard hydrochloric soid to a phenolphthalein endw'

point. Barium was determined by the standard sulfate
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method, and potassium also wes weighed as the sulfates
It became evideht'framlvariouS‘analyseé that the
presence of barium invariably accounted Tor very nearly
one-half of the total number of:QQuivalents of base,
_Tnisrindicaﬁa& that the variable quéntities of potassium
faah& were due to the grésénee'of'vériabla gquantities
of patagsiuﬁ nitrata'as‘im@ﬁrityﬁ This was shown
exyééimsntally_to be the case« Therefore, after the
first few experiments, the potassium content in the
product waé determined by difference from ﬁhe obgerved
values Qf barium and total base in the product. The
ion rétiOS'Obﬁéined on four products prepared by the
use of the étamdaréizad proéadure described above are
shown in éable Ie
" Phe menner in which the superoxide and peroxide
values listed in Table I were obtained is shown by the
follo&ing caleulations for the rirst sample.
cbmplete analyais of the sample gave 6645 cec.
(STP) 0 / 8. liberated in the sﬁperoxide step, 134 cc.
0, / g+ liberated on total decomposition, 12.00 milli-
equivalents / g. of tobtal base on titration, and 3.05
millimoles/ g. of barium from gravimetrie sulfate '
determination.
An examinetion of the equation for the superoxide
decomposition step shows that helf a mole of oxygen |

is released for each mole of superoxide decomposed.



Table I

Analysis of Producta Formaa»bJ Reaction Betweenisa(EGB)z'and ?Gé in quuid Ammanla S

(Approximate Formula Weight Ratio of Ba(”GB) 3nd KGZ 1 2) ‘
ce.(STP)  cc. (DTD)  Total base, Barium, Ton Ratios % nfadﬁcﬁ v{
superoxide total decomp. m. e, / g. M. ©./&. B B ~ _ . accounted
P 02 / g o | ‘Ba R 03 for
66 5 134 12.00 6.10 1 1.93 1.95 1.00 94
67.0 135 12.76 6.26 1 2,08 1.92 0.985 97
69.3 139 11.90 6,08 1 1.92 2.03 1.02 95
98.0 135 11.96 5.84 1 2.09 2.08 1.02

, 93 .
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(a) anaﬁzacza,oz——» Hz0, # 2 Oggdp # O
~mhus, the number af moles of superoxide per gram of
‘matarlal is fcund by divmaing 6645 CCa by 11,200 cc.
66,5 2 5,94 x 1073 mole 05 / gu

*
"Gn total decamposxticﬁ the superoxmde releaaes oxygen

“according to the equatlon~

Hel-'FaCls
catalyst

(b) 203 # ag. ’ > 0" +ags f 3/2 og,

| wharaas tha pSrOklde is decomposed in the folIOW1ng

mamem
- HO1-FeCls
. - catalyst
() 0 #aq. —> 0%eegi f & 93

Equat;ons (a) ‘and (b) show that two~tn1rds of the
superoxide oxygen iu released ig tha first step of the
analysis., Thus, 6hrée~halves’of the oxygen reieased
in the first step‘will»be liberated upon total decémp~
~6sitibn of sﬁperbxide. The reﬁaining oxygen releéSea
‘on tobal dacomgosmtlon comes from perox1da orlglnally
‘present. mherefore, the peroxide content is obtained
by the follaw1na caloulatlan.

134 - (3/2 x 66.5) = 54.5 cc. 03 / 8 from peroxide
Equatlon (c) shows that half a mole of oxygun is released

for each mole Of peroxide ariginally present, heace
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54,2 25,05 x 107° mole 08 / &
Ly ZUU"" '

Thﬁ potassxum present as cxide is calculated by
difference between tetal base and barium eantent,
12,00 = (2 x 3, ,05) 5.90 me e K /ge
A tabulaﬁion of the guantities of eacn ion present

in mzlllmoles per &ram or sample is 6hawa below:

TP p—

3,05 5,90 5,94 s.fos

When put in ion ratio form, the tabulation becomes
. _Ba_ K 03 . 05
B 1,93 1,95 1,00

The data of Tabla T shaw that the product formed
may ba represented by either the formula Baoa‘zxeg or
KZOg‘B&(Qz)EQ our data do not pormib a choice (if»
indeed there is ona)-bf 6ne formula in preference to
the other. All that can be said is that a stable crystal
lattice is’ebtéinad containing barium, potasvium;‘supera
oxide, and parax;de ions in the ratlos indicated aboves.
Tnese data suggest that the reaatlon occurring in liquid

ammonia solution is the following*
KgOg-Ba(Og)z

£ 2 KNog £ 0,
Baez.zgga

Ba(mz)z £ 4 Koy —>
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The equation snawn above indiaates ‘that the inltial
ratios of the re&ct;ug subsﬁanees could be l to &
without navxng an excess of pobassium present. Such
initi&l"ratios weié besﬁed‘in ﬁwc runs which showed
}that the seme product was fanmed§ mhe data obbained are
"“ghown in”mable Ii; Tne yleld of mixed oxide in oach case
was practically quantmtative.

The foxmatlen,ef a mixed peroxide-superoxide is
not new, since the ‘so-called "sesquioxides" of cesium
‘end rubidium (€s,0

6
possess both superoxide and peroxide ions, and are

and Rbéas),-have»been shown to

correctly fdrmdlated as Mg05e2M0g (R8,29)e The
similarity between theselﬂsesquioxides" and the new
‘barium»petassium.mixed peroxide~superoxide is apparent
and becomes of more interest when the respective ion
sizes in the latter are compareds According to pauling
(27), the ionie radius of barium (l.3-1.4 §) is close to
tnat‘of potassium (133 §), while the enions involved
have similar aimensions with 1.31. ﬁ for the peroxide
‘:vion and 1.28 R for the superoxlde ion. -

" When ﬁhe:ohocolate:brown mixed perdxide»superoxide,
protected from carbon dioxide in the air‘by means of a
potassium hydxdxide tube, was heated in'afdryingkpven |
at lloo,_it'rapidly lost its brown color and in 12,h¢ur5‘
was entirely grayish white. vgt the seme time it |

chaﬂgéﬂ from a paramagnétic to a diamagnetic Substanoeg



Table II

AnalJ31s of Products Formed by Reaction Between Ba(N03)2 and KO

2

in Liquld Ammania :

(ﬁyproximate Formula WGlght Ratio of’ Ba(mo 3l2 and K02 : 1 :;4)$ |
oc.($TP)f“,cc.(STP)‘ "~ Total base,rfBarlum, .. Ton Ratios ¢ product
Superoxide total decomp. m. €. / g, M e.fge . accounted .
On /8 0o/ g o . : | Ba _ ‘>K -,;09‘*‘ 09 - for
64.0 127 11.10 5.7 1 ,1.88 1.99 o¢97';f_38; ;

6443 o127 | 11.28 5.70 1 oL 96 z.oz 1,01.*;‘89ffiﬁ

05
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Abalysis of the grayuwhite,powder showed that it cogﬁained
only traces of superoxide ion and not enough peroxidé
"~ ion to be formulated as a single compound. pData from
thﬁee rﬁns gavé ion ratibé of barium to pefoxiée of
1 to 0464, 1 to 0.60, and 1 to 0‘54, respectively, The
m&terial was not furtner deccmposea ‘even when heated
at 110° for two weeks. qualitatively, it can be stated
thabt both éuperoxi&e and peroxide ions decomposed at 110°.
When~thévﬁixe& peroxide-superoxide was washed with

liquid ammonia, analysis showed that both barium and
peroﬁide iéna were washed from the products. The following
data give the results of analysis of two samples which |
were washed six timeés with 75 cc. portions of liguid
ammonias

- pable IIT

- .gomposition of product Resulting from

washing with 1iquid Ammonia
(values eXpressed in millimoles per g.)

Ba___ _K o5 93
2467 7498 7,90 1,81
2431 7Bl - 7,02 . 2435

The ratio of potassium to barium is more than the 2 to

1 ratio established for 'the composition of the brown

mixed oxide. It is also seen that the peroxide-super-
oxide ratio has dxoppéﬁ,eorreSpoadingly. it is‘evideﬁt,
therefore, that barium peroxide is washed from;the compound

with eﬁdessive washings.
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~ When barium nitrate and sodium supéroxi&e”(ofoG%'
purity) react in the formula weight ratio of 1 to 2
infli@uid ammonia;'cxygen is’evolved, the yellow color
of the superoxide slowly diﬁappeérs, and a heavy white
prdduet‘is formeda ﬁnalysms of the white product’
(Table rv) shawe& 1t to consist primarily of barium
p@raxide» ;
_ Table IV
Product oflgeactidn of Ba(Nug)a‘and Néog
Base (by bitration), ‘

Ba, ~ ¢iproduct
mlllimolea ne e+ /g, sample - mil%imolas accounted
/@- | o - /& for
5044 10,83 5,33 9l

s.64 0 1l.25 5,74 95
5444~ © 10,90 . 5400 90

The impurity in the prcduct‘is apparently sodiﬁm nitrate.i
The reaction between barlum nitrate and’ so&ium superoxide
in liquid ammonia is thereiore formnlatad 1n the follow~
ing mannert'. '
 Ba(og), ‘e Wa0s —> Baoy, # 2 NeNOg £ 03

The reaction of anhydrous strontium nztrate with
pctassimm superoxide in the ratio 1 to 2 in liquid
anmonia praduoes a substance which is 1ight brown in
color so long es it is wet with ammonia, but which
becomes much 11gnter as the latter evaporates. The

final product is a very light tan powder, Data from



aaalysié.of tha’p;oduct‘gave~tne vél&éé shown ﬁelbw. .
o Table v W |
?rcdact af Reaation of - ar(§o5)3 and Kog |
Base (by @itratlon), 7 pfoduet

millimales Cmeoes 8+ sample ' nﬁlﬁimoles~ acoounted
/8 . . | /8s for
7L70 15,35 7.46 91
R 15,50 - 7460 ez

Anyexémiﬁaticn of the data indicates that the
product is primarily st:antium peréxide contaminated
; with’ﬁbtéésium,ﬁitrate; ‘The reaaﬁion, therefore,ﬁmay:‘
'ba foxmulatad as~: o o kk

br(Nes)g {2 KOg —> STy # 2 KHOs £ 0g

When strontium nitrate is treated thh gsodium
superoxide in the ratio 1 to 2 in liquid‘ammonia,va
reaction again oeours in_wnicn~oxygen_is'givén off,
the yellawrsup@roxidé'color fades, and arheavy white
powder forms, After washing and drying; the préduof'
gives on andlybis the following data., |

Table VI
Product of Reaction of Sr(N0z) o and N&03

sr, Base (titratlon), _ % product
millimoles m. e. /g. sample mi%limnles accounted
/G o /& ~ for

8,15 1645 7.28 95

Here the data indicate that strontium peroxide is the -

major product of reaction.
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Because of time 1iﬁitations, only‘qualitativg
observaﬁionslhéVG been made on the Teachion With
caloium, The difficulty in obtaining an anhydrous
Saiﬁ of ééleium whiéh is‘alsd sdiuble in iiquid
ammpnla prevenﬁed an accurate study of the reactlon.}
calclum bromide was not sufficicntly soluble in
lmq&xd ammnnla, wnereas calcium nltrate ¢ould not
be made anhydrgus.  Galclum icdide possessina'q
indetérmined‘watér cbntant géve a reaction with potassium
superoxide in‘whicL cxygen was evolvad and q.white
»pracipitata rsplace& the yellow supchXLde‘ The
white producb when exsmined qualltatlvely contained both
peroylue and, calclum ions‘ no tendency for the formation

of a brown‘product was exhibited.
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‘summary

. preatment of litnium peroxide and the mdnoxidss
and peroxides of the alkaline earth metals with oxygen
at temperatures as‘hign aé[ﬁOOD’énd 800° and pressures
up to;aaﬁ‘atmasphefes Wéré,used,inuan effort o obtain
‘hig&ar-cxidesh, xn‘nO‘casé‘was evidehce'fbr éuperaxidé
- formation ﬂbﬁa;neag - e

- Tha;xeaﬁbiﬁn;beﬁween barium nitrate and potassium
4supercxide'gave a,cnoaolate brown product which on
analysxs wa3 shown to contain barium, potasslum, super=
oxide and peroxide 1ons in ratlols corresyondlng to the
'empirlsal formula,-Baag.zxoz or KgOEOBQQOZ)Z" Lxcessive
washing of the cnoeolate brown mixed exide w1th liquid
ammnnla removed barium and- peroxlde ions from the
product. Heatlng at 110° in the absence of both carbon -
dioxide and moiéture rapidly décbmposéd both péroxide
and supero&ide and yielded no deflnite compound. Barium ‘
nitrate and ‘sodium superoxxae reacted to glve essentially
barium peroxides | |

strontium nitrate and gctassium*superoxide reacted

in liquid ammonia td'givé’a light brown solution which
decomposed when Filtered and sllowed to come to rToom
temperature;.tne final product was a ver?Alignt tan and

gave an analysis corresponding to the formabtion of
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strontlum peroxides Reactlion of,strmntium nitrate with
sadium‘superoxiae gave strontium peroxide as the major
producte |
- pualitative experiments with caleium iodide
containing some water of crystallization gave no

evidence for the formation of a brown product"f‘
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