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IHTRODUCT IOH

The preparation end use of the higher oxides
of the elkall snd zlkaline esrth metals have recelved
conaiderabls attention in the last deasde, The use
of higher oxides ms & source of oxygen has stimulated
regsearch in the preparation and properties of these
sompounds,

The purpose of this Iinvestigation wes three~
fold: (1) to explore the possibility of preparing
superoxides of ﬁhs alksll and slkeline earth metala
in a stainless steel bomb by resmction of oxygen with
the metals or lower oxides at high temporature and
pressure, {2} to study the properties of superoxides
preparad by this mothod, snd (3) to develop anslytical
metheds for the determination of superoxides in
mixtures of oxides,

In a previcus report (1) from this laboratory
evidence wss presentad for the existence of sodium
superoxide, In the first experiments using ths bomb
attempts were mads to burn sodium metal and study its
resotion with oxyzen. As the work progressed, however,
it beceme apparent, Lor ressons shich will be dis~

onased later in this réport, that the use of sodium
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peroxiaaAas aterting matapi&l provided a batter method
of obbaiﬁing sodium aupegoiida; A fow preliminary
experiments have also been performed with oxldes of
lithium, calclum. magnaaium and barium. but no evidence
for superoxide formation haa besn obtained., Although
the oviginal program has anly been partislly fulfilled,
the success of the work wibh sodium mskes it ﬁeairable
that sim&lar studies be carriad out with oxides of the
slkaline earth metals.

In the section which follows the results of
inveatigations whioh have been performed on the
reaction of oxygen with alkall metels and their oxides
a0 aummarizeé. Since the comvleta progvam sponsored .
by the Navy ineludes the preparation of higher oxides
of the alkaline esrth wetals, similar researches

involving these compounds have also been reviewed.
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HISTORICAL REVIEW

The vreasction of sodium peroxide with oxyzen to
give sodium superoxide hes not been previocusly
reported in the literaturs. Although other alkall
metal superoxides ean he obtained by combustion of the
motsl in an excess of oxygen (2, 3, L, &), the highest
oxi&e.af sodium that can be  obtained by this method is

tha»paroxide.

zgo_ﬂombustion.of Alkell Motsls

The reaction of oxygen with alkall metels hes
been the subject of oons;derable resgaych during the
1ast’handrad-yaara. Prior to 1860 Gay'Lua;ao’and
Thenard (2) studied the reactions of sodium and
‘potassium metals with oxygen, and, in 1861,

Harecourt (3)‘found\tnaﬁ the highest product obtained
by the ocombustion of potassium is XK20}," but he could
ilgolate no intermediate oxides. The work of Holt

end Sims (4) in 1394 wes outstanding in this field,
-They found that potassium and aodium metala may be

# Yepsy d1ffraction studies and magnaetio data have
shown this compound to be X0y,
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distilled in Ary g&r‘withqut oxiﬁation occurr;ng. and
thaﬁ pctaaaiumiguperbxiﬁe osn &o rmade by heating
pétasslum in air or oxygen, By using limited
quantities of oxygén thay'wero;able to obtaein products
with ehemical com@oaitiona oorrespanding to Kp0p and
h203. Kgﬂg when expoae& to the air slowly deliquesced
while K03 wes violently oxidized to Kp0) with the
evolution of sutrieieﬁﬁ‘heat to cause fusion of the
oxide. Similar experiments with sodiuﬁ yielded no
Qxida higher than aodium peroxlde. The mstal heated
below ita melting point 1n a ahaaﬁ-iran boat in a
sﬁream of mo%arstely dry oxyg@n was soon costed over
wlth an oxide fiim of a comnositten ecorrasponding to
no definite oxide, %han heated above its melting
»poinb. zha metal caught :1ra and burnad vigprously.
In a limited.éuppxg of'oxygén and at temperatures
below 180° G the greyish white ﬂaad was formed; using
an excess of oxygen and-higher temparatures ﬁhp
yellow-ﬁhica sodium perqx&de formed. Oxygen Ac
atmnaéharie_ppessur@ wes passed over aédium.paroxids
at 550-350“ for 16 houra; but no evidence of oxygen
absorption was found, Using nitrous oxide as the
oxidizing agent, Rait end S5ims obtainad hoth Kéae

and Kp0q from potassium and only Nap0 from sodiunm.
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The use of higher oxides of nitrogen gave & mixture
of nitrites sad nitratos. They also found thet
lithium metial, when hosted to 2560 C. in a stream of
oxygen, burned to almost pure Lis0 with the formation
of only traces of peroxide.

| In 1907 Rengade (5) prepsred the oxidos‘csgé,
hbgﬁgfﬁgc snd Nep0 ﬁy introdusing into & tube cone-
taihxng the purs alkell metal, slightly leas than the
requirsd gquantity of oxygen, and, after the ozygen
haci been sbsorbed, distilll ng off the excess metsal.
He ‘found that rabidium absorbed oxygen at slightly
lower temperatures than did either potasaiu& or
sodium. In a psper published & year lmtar.(é). he
raparﬁad that the rste of oxidation of the slkall
metals 1a largzely dependsnt upon the preaence of
moiature and that cesium and rubidium ere attacked by
dry oxygen but potassiuvm and sodium undergo no change
at room temperature, By the oxidation of the metels
in liquid azmmonis solution Rengade obtained the
oxldes Us202s Us203, Ca20)., Hbg@g‘anﬁ RbaOl. He
submitted samples of his products to de Fororand
whose thermochemleal studies on the hests of formation
of the alitall end slkeline esrth metal oxides (7, 8)
are still uged as stenderd refersnces in this field.



Using the heats of formation of other alkeli'metaiﬂ
oxides 28 a guide, de Porerand found the value of
130,06 K, cal, for the hest of the hypothetical
reasction

20a(s) £ 202(g) = Hapo)(a)
His thermochemical data showsd that the heat of
formatlon of the monoxides decresses with inorsssing
atomic weight of the alkali metal while the heat of
eempléte *auperoxidation” fﬁgﬁ-srﬁaﬁ&).'ss=hafqalled
it. inerssses in the order named, Hé also estimated
that the reastion Na0p £ U2 - Nagl), evolves about
10,3 K. eal, at yoom temperature. On the basis of
his data he predioted thet Nag0j and_ﬁagdh_would be
very unatable and would have temperatures of dis-
soolation $n the wvieinity of 200° G. He furcner
stated that these compounds sould not be prepered by
direct oxldation under aanﬂit;ons which would

produce supernxides of the other alkall metals.

Dissocistion Pressure Studles on Hizher
Oxides of the Alkell and Alkelline Earth
Hotels -

Closely related to tho sbsorption of oxygen by
metals and their ozides is the atudy of dlssociation
pressures of the higher oxides. The mein bulk of the

research in this field has been performed on normal



Te

oxides and peroxldes which do not have disasoclation
=pres$urea exceodling btwo atmospheres at tempsratures
up to 10009 2, Por suech aystems an ail-slesa
apparstus and a glass mercury manometer mey be
employed, Do Forerend (7), one of the earliest
workers to make dissosiation presssure measurenents
on alkali metal oxides, found that at 430° C, a
brassav# of oxygen of'lﬁs-mm. was sufficlent to
completoly prevent the dissoclatlon of X20) (K02),
and that aoﬁsaq&aatlyfxoa can be prsparsd at 480° G.
in a currené of atmoapﬁarie air shere the partisl
praauuve,ofzehe oxygen is about 160 mm. Hildebrand (9),
in ﬁia study of the therzal decomposition of Balp into
Ba0. and Oz, showed the presence of two solid solutions,
one of Ba0 dissolved in excesa Ba0, and the other of
Baéélin exoess Bal, He found thet the disscciation
waa‘raversibla, and that the rols of Hy0 in the
process wea axtremely lmportant. Hildebrand suggested
that the presoence of water gausaed the equilibrium
rosction | |

Be0p £ H20 5 Ba(0H)p £ 305 = Ba0 £ H0 £ 302
to teke plsce. Krsus gnd Whyte (10) 1nxeatigated-tho
dissocistion of K02 by weighing the meteriel into glass
tubes, evacuating and then hesting the tubes to the

molting point of the oxide. The oxygen evolved on:
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heating was resoved by a Tipler pump and 1ts volume
determined, - Kraus! experiments showed that the
dissociatlion, 2K0p —> Ka0 £ 3/2 Op, wes reversible
and that the evolution of oxygen is greatly influenced
by molsture. Kraus attempted to datormine the diév
soclation preasure ef‘Kﬂa-at'vqrious'températures,
but Lound that, &1thoqgh]the process is reve:@ihle,
'fno‘pﬁassures appery $0 depend upon the oxygen sontent
of the-sdiid-phaae; At 3600 C. he obtained the
equilibrium prasuure of 0O, a‘mm, for the reachien
a0 = K203 A 30,5, However, the data of Blumenthal (11)
for potassium auperoxide £s in poor agresment with this
value:

p (mn) 30 111 323 ki 550

b (°a) 198 279 461 540 589
Eaaawnovskil end Relkhshteln (12) found for the same
dissociation the following values:

P lma) 035 1.&:5 1.65

t (°C) '300 3&0 ,?/’m
Kraus! value of 0.2 ma ot 300° €. chooks that of
Kesarnovakii sand Raikhshtein fairly oclosely, but the
data of Blumentnal appear to be out of line.
Blumenthal also studied the dissociation of

KZQB (11). K202 (11), Lig02 (11). Nag02 (13), end
Ce02 (lh). Using Merck's N¥a202 (probably about 9396 %
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pure) he obteined the dlssocietion pressure valuos:
pime) 9 26 69 154 259 385 546 671
t (%0) 468 S57 S9L 609 621 633 6h2  6hb

He found that dlsscsiation takes place above the melting

point of sodium peroxide which he determined to be 160° C,

From n;s data, using the Nernst equstion, he caloulsted

the heat of dissosiation of Hap0p to be 37.7 K. cal.

as compared with de Porerand's calorimetric value of

38.2 E. cal, Attempts to prepare Nap03 by the

oxidation of Hag02 et temperatuves above 290°2 C. and

stmospherlc pressure felled.

The followling disscvciation pressurss were
obtalned by Blumenthal for Ca0p (14) for the resstion
20a02 — 20a0 £ 0p:

p (ma) 163 38 562 731 750

t (%) 68 81 93 97 102
The velue of the hest of dissociation, 12.6 K, eal.,
calculated from those data by mesns of the Hernst
equation is in good agreement with de Forcrand's thermo-
chemicel value of 10.8 K. oal, Blumenthal elaims that
the dissociation is paversible but the atteinment of
aquilibrium 1s very slow and that the spesd of dlse
sociation is much greater than the speed of assocl-

ation.
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For L1302 Blumenthal (11) obtained the
values:
p (mm) S 12 47 66 122 189 271 497 790
t (90) 43 o4 87 93 116 127 146 181 198
Employing the Nernst equation the hest of disgosistion
1s £ 13.6 K. orl, as compared with the calorimetrie
value of £ 15.9 K. cal,
The work of Xassrnovskii and Ralkhshtein (12)
ghows that during the thermel decomposition of KOy
to Hg0y there is no intermediate sompound K203 formed.
They clalm thet KpO3 desaribed by many authors 1s not
an individual oompound but a mixture of superoxide

and peroxide.

High Presaure Studies

The reaction of metels and thelr oxldes with
oxygen st high teupersture snd pressure Scams to be a
1ine of investigation which has not recsived wuch
attention from previous workers.

Bergius (15) made peroxides of the alkaline
aarth metels by heating the correaspondinz monoxides
in a current of alr or oxygen. The monoxide was
heated with NaOH or XKOH untll wmolten and then elp or
oxygen passed through the fused mass. After cooling
the melt was treated with alechol in order to dissolve
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out the alkali, the peroxlde remaining undissolved,
Osleium peroxide was preparsd by heating a mixture
of Cald esnd elkeli (Ha0d £ KOH) st 3509 ¢, for several
days in a steel bomb sontsining oxygen at about 12l
atmospheras pressure, ﬁargius then measursd the

pressure sbove the solutlon and found the following

values:
p {atmospheres) 93 101 107 124
£ (%) 200 250 300 350

This method for the determinetion of the &1s§ooiation
prassure of oslelum peroxide 1s not acsurate due to the
vapor pressure of the alksli. whe'heat of the resotion
0a0 £ 203 — Ca0p wes caleulated to be 3.3 K. cal.
which 4s in poar.agreement with the velue 10.8 K, osl.
found by de Fororand (B). |

In 1912 Pischer snd Ploetze (1) constructed e
furnsce in whioch & temperature of 1000° C, could be
attalned under a pressure of 100 atmospheres. They
were able to obtein a 154 yield of 3r0, by the
oxidation of the monoxide at L00® ¢, and 93 atmospherss
pressure., Attempts to make Calp from Cel in a simllar
manney fziled. The hydroxides of potassiun, rubidium,
and ceslium formed peroxides when heated in oxygen at
preasures up to 100 atm., the smounts inoreasing from

potassium to cesium. Under the mpome conditions the
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hydroxides of lithium and sodium 4id not form
peroxides.

The most outstanding and complete research on
the  resction between nlksline ssrth oxides and oxygen
at high pressure was ¢srried out by Holtermenn {17, 18)
in 1939 and 1940. The monoxides of caloium, strontium
and,bar&um.ware,aubjectad to oxygen presaures up to
300 atmospherss and temperatures as high as 600° ¢,
The samples were contasinaed in porcalsin, slumianum or
nickel crusibles in en autoclave of 100 ecc. capacity,
The inert charasster of Cad toward oxygen, already
reported by Fisoher and Ploetze (16), was verified by
Ho;termanﬁ. .8202 of 99.2 to 93.5% purlity was prepared
by the action of dry oxygen on 3r0 (froe fron Sp(0d),
énd 8rG03) at 350-400° C. snd 200-250 ﬁtmaapheraa‘
prasanré. Pure 3r0p was also propared by the
&ehydratian of 8r0.8H30 under 150-200 stmospheres
proasure at 50-100° C. or ia vasuo ab 0~5° g. The
dissociation of SrQp wes studied up to pressures of
250 atmospherss and the value of 22,0 XK. cal, esloulated
for the heat of the remotiocn, 3rd # }03 & 510,
Holtermann also studied the system BaOp - Bal - 0p
up to prassuras of 220 atmospheres and temperatures of

5209 ¢, MNo product higher than 867 Ba0z was obtalned.
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BAPERIMENTAL METHODS aA¥D RESULTS

Experimental Procedure for High Pressure Studies

oA

-The.éparatua employed (Fig, 1) consisted of a
stainless steel bomb A of about 180 ml, ecapacity,
equipped with such an srrangement of needle valves .
that the system sould be completely evasuated or
filled with. oxygen under pressure, The bomb tubing
and ncoessories were obtained from the Amsricsn.
Instrument Compeny, Inc,, of Silver Spring, Haryland,
The equipment wss supplied ss a hydrogenetion apparstus,
but was adapted for use with oxygzen by the premoval of
all oil and grsase wilth carbon tetraohlor;de and
agetone and replacemant of the valva;packlng with a
special oil-free packing obtalned from thé Pariten
Compressed Gas Gorporaﬁien, Kansus Clty, Kensss., The
seat of each needle valve was lubricasted witih 8 trace
of mutton fat. A series of different geges varying
in range between 0-5000 1lb, per sq. in. could be
fitted into the right valve of Fig., 1. The heating
Jecket B of the bomb wes insulated with magnesis..

An irvon-oonstantan thermocouple H inserted in the
wall of the bomb and aonnected to a PBrown Eleotronik

Recorder osnd Remulator ¢ permlts temperature control.



To Vacuum Pump
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Fig. |




The voltege across the heating elements of the bomb
Jacket B wes adjusted by means of the Powerstat D.
A gamp1s of the metsl or oxlde baing studied
was welghed out in a suitable container snd the latter
placed in a glpss-stoppersd Pyrex liner which fitted
snugly into the bomb, The system was evacuated to
1-3 wm, for several hours; valve E was then olosed end
oxygen from & cylinder added slowly through valve F
until the desired initlel pressure was attained.
Velve K was then closed and the bowb hested to the
desired temperaturs, Thazabgarption of oxygen at a
particular temperature could be followed by reading
the preassure gage & et frequent lIntervals. ¥#hen &
constant pressure reading was obtalned, the vomb wae
cooled to room tamperatﬁre and ﬁhg oxygen bled slowly
from the system through valve K, until the pressurs
was equal to thet of the atmosphere., The bomb was
then opened and the Pyrox liner containing the:ﬁample
romoved and placed in the dry~box where the product
was transferred %0 an analysls cell, Because of the
highly hygroscople nature of both the sterting
materials and products, all tranaferring of samples
from one vessel to enother was carried out in a dry-

box containing phosphorus pantoxido;
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The Combustion of Sodium Hetal

Freliminary experiments in whlsh sodium metal
was burned in e glass apparatus at oxygen prossurss
up to 2 atmospheres sﬁbwad that all the sodium did
nuf reaat until the temperature wea above 1ts melt-
ing point, Thls observation 18 In sgreement with
those roported in the iiteratura for the buraing of
sodium in alr or oxygen at atmospheric pressure.
Investigstion of 1nuemplatély oxidized semples indicated
that an oxide eoazing formed which prevented further
oxidation, The niskel crucible employed in these
1nitia1 exporiments at comperaetively low oxygen
pressures wazs not attecked by the hot mqtala

‘ 1n the first experiment using the stainless
steel bomb, about 0,9 g. of sodium, conteined in a
nickel crucible, wes placed in the Pyrex liner, The
liner was inserted in the bomb, the system evacuated
and oxygen permitted t£0 enter until the pressurs was
about 15 etmospheres abaolute, The temperature of
the bonb ws# graduelly ralsed by 50° inorements,
starting at 100° €., but burnlng of the scdium did

not take place until 300° G. Considerable oxygen
appeared to have boen absorbed in the process but

subsequent examination of the solid realidue in the
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bomb showsd that the niekel crucible hed disinte~
grated completely due to oxidation. 4 aimilar
expariment uaing 0,5 8. of sodlum and a magnesium
oxide (Hgb) erucible in the bomd et an initiasl oxygen
praaaura of 6.6 atmospheress and temperatures up to
u90° J. gave a product analyzing 95% sodium peroxide
according to potassium parmanganaea titr&tion. The
magnesiam oxide was also attacnad but 4id not
compl&tely ﬂiaintegrate 89 did thu nickel crucible.
The use of an alundum (Alp03) orucible showed hhat
thia matarial wan alse unsuitabla for use 1n harning
aodium in oxygen at high pressure, Of the various
matmrxals suployad for qontaining the hot aadium,
magnaéium oxide appesrad to be the most résistant to
diaintegration. axtngugh_it, too, was ét;acggd.

In the final experiment of this series the
metal, eonbainad in 8 magnesium oxide orucible, was
burned in oxygzen st & pressure of ahkout 150 atmospheres
and & temperature of 3009 C. A bright yellow product
was obtained whioch, on the busis of increasse in
welght alone, was anparently a mixture of ebout 385
HeOp and 62% Hagz0p, assuming only these two oxides
to be present, However, the bottom of the magnesium
oxide orucible was attacked to some extent snd some

of the oxygen may have been absorved in this process.
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The oxidized{sodium fused solidly to the magnesium
oxide erucible and anaiyaia‘wna almost impossible.

A single quantitative feat on & portion of the oxide
sondensed (or splattered) on the uppar sidea of the
orucible yielded an snalysia indicating that the
sample was about 704 of the way to sodium superoxide,
He0y. The analysis was a¢00mplished by thne liberation
of the totsl aveilable oxygen using an agueous
suspension of manganaseldioxide 88 catalyst and
titration of the rasidusl solution with anandagd acid,
The experimeﬁﬁai rasuléé and oaloulations for this .

r™in are summarized below:
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TABLE I
. Experimentel Date for the Burning of Sodium Hetal in
Oxyren at 3009 C. snd 180 atm, pressurs.

As
Vielght sodium metal 1.636 g.
loles sodium metal 0.0713
Moles Oy absorbed (from incresse in weight) 0.9&91

Holea Op required for oonversion, Na to
H&Oa 00035?

Moles Op absorbed ovar Nay0p 0.013L

Moles Oz requirad for convaraion, He202 )
to ﬁBOQ 0.0357

Wt, ¥ ﬁaoa 1f Mg vesction ignovred,
~0.013L_ ; 100 = 38%

10,0357
B.

co, 02 at 23° C. evolved by sample 28.2
cc. Op avolv§?§?§tsample, caloulated to 2.6
Blank for oatalyét solution 10,3
Corrested volume of Op at 8.T.P. 4.3
oo, stand. H0L (,099~N) used 12.2
gram sodium ealoulated 0.0278
6c. O2 per grem of sodium for sample S1h

cc. 02 per gram of sodium for purs Na02 730
% of completes oxidation, Ha tn'NAOZ 70
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Prom the above expariments it 1s evident that
the main protlem iu the bnrﬁing of sodium in oxygen
at high pressurss is thet of finding a suitable -
matarisl for the erusible. In view of the susccess of
the sodium peroxide studies, to be deseribed later,
in preparing sodium superoxide, this line of investi-
getion was discontinued, However, the last experiment
did show. that scdium superoxide could be prepared by
combustion of sodium metel at high pressurss of

OXygen.

The Reaction of Sodium Peroxide with Oxyzen

Although pravious iavestigators (16, 17, 18) have
studied the reaction between alkaline earth metal oxides
and é;ygan at eleveted temperaturss and présauvea in
attempts to prepars higher oxides, no similar experi-
men t8 have been performed with sodium peroxide, Holt
and Bima (h) passed oxygen st atmospheric pressure
over sodium peroxide at 300-3500 C. for 16 hours but
obtalined no evidence of oxyzen absorption. In a
previous report (1) from this lsboratory, dealing with
the rapid oxidation of sodium in liquid smmonis,
evidence for tho existence or‘soéium superoxide was
deseribed. In this phnse of the investigation sodium

peroxide was subjected to trestment with oxygen at
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high pressures and temporatures in arﬂe§ to explors
the posaibility of prgparing higher oxides by this
method, Such trestment vesults in the formatlion of
high ylelds of sodium superoxide.

A'?aighad saxple of the sodium peroxide was
‘placed inside a Pyrex sontainer in the bomb and the
system avacuatad3ta 1-3'¢m; for several hours; valve
E wgs then olosed and oxygzen from a cylinder added
slowly through valve F until the desired initial
pressure was attained, Valve K was closed gnd the
bomb heated to the desired temperature., The absorption
of oxygen at a particular temperaturm'cculd be followed
by reading the pressure gage ¥ at fraequent intervela.
When a constant pressure reading was obtalned the
borb was sooled to room temperaturs, the produst
removed and analyzed. The analysis was accomplished
by decomposition of the sample with a catalyst
solution which was 2 with respeot to hydrochlorie
seld and 1# in ferrie ohloride, using the ges volumstric
method. From the corrected volume of oxygen evolved
per gram of product, assusing only peroxide and
superoxide to be present, the waight per cent of
gsodium supsroxide oould ba ealculated using the

equation,
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[%a. oxygen evolved / zwem product 'lﬁ&] x 100 = % NaOp,
‘ 162

where the numerator of the bracketed term represents the
oo, of oxyzen evolved per grom beyond that regquired for
pure sodium peroxlde and the denoﬁinatav the difference
in co. of oxygen evolved per gram.betwéan pure sodium
superoxids and sodium peroxids.

The startiag material (du Pont Calorific Grade)
anelyzed as 99% sodium peroxide, caloulsted on the
basis of the total oxygen evolved upon decomposition
with the hydroshloric soid-ferric chloride solution
mentioned above, The pressnce of carbonate was tggteé
for by passsge of fhe gag evolvedAthrqugh_cdnaentrahea
potaasium hydroxide solution and noting ény decrease
in voiuma. The sodium paroxide used in these experi-
menta prove& to be gerbonnte free., To avold
deaoépaaition due %o oxpmaﬁre to atmoaphwric,moishurs
hoth starting motsrials and products were hendled in
a dry-box containing phosphorus pantoxide.

Proliminary experiments using initlal oxygen .
praaaurés et room tampératuré ranging from 2 to 32
atmospherss showed no measurable absompticn of oxygen
up to temperatures of approximately 250° C. Above
this temperature the sudiumlporwaida.had 8 tehdancy

to resot with the walls of the Pyrex contsiner and
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become decomposed, As the starting preasure was
inoraased this resction became negliglble and studles
at higher temparatures snd pressures were made withe
out any apprecianble decomposition taking plase, It
was found that, as the pressure and the temperature
were 1ncreased, the Tinal product becsme more yellow,
and, upon anslysis, evolvad more oxygen than did pure
sodium perozide. In order to make a systemstlo study
of the conditions of tempersturs and presaure .
necessary for maximum resction of oxygen with sodium
poroxide a series of runs was made with an initial
preasure of about 2000 1b, pey 8q. in. The selection
or.this prassur was.dictat;&jﬁy the limitations of
the epparatus, The results of this study are
summarized in Table IX. .@ha time allowsd for reaction
wag 100 hours. A study of the effect of time on the
axtont of reaction showed that gt a4 temperature of
L0o® C. the quantity of oxygen absorbed after 100
hours waag negligible. The results of this satudy are
shoen 1n Table 1II., Complete resction would ocour
in a shorter length of time for temperatures above
400° ¢,



TABLE 11
. .The Absorption of Oxygen by Sodium Peroxide

Ne0p Temp. (°0) Inltlal press. co. 0a(35.T.P.) 'Calouleted
foy 100 (atm,) at ele~ evolved per g. % NaO, 8

. hours vated temp, = of product
9.9 3 137 140 0
11.2 150 187 W7 3
11,2 200 205 161 11
10.1 250 222 181 2
11.1 300 238 215 4s
12, 350 257 27 81
10.3 4,00 280 286 88
9.8 50 5 2mb 292 92
11.2 4908 298 291 92

a Corrected for the 1% impurity prosent in the etsrting
material,

b A small leak developed in the system in this run.
¢ The Pyrex liner was attaocked by the 60xide mixture

‘causing the formation of & white residus at the inter-
face of the glass and the oxide.
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TABLE IIX

The Effsct of Time on the Extent of Resotion Between
Sodium Peroxide snd Oxygen 00° o, &

Nag0y;  Time (hrs,) 86, Op {5.T.2.) Caloulaged

2. at 4,00° Q. evg%v;gaggitg. £ Ned,
15.0 1 198 36
12,0 g 242 60
10,5 50 281 8
10.4 100 286 88

11.0 259 291 89

a The initial oxygen pressure for each run was
2000 1b, per sq. in,

b Corpected for the 1% impurity present in the
starting material.



The Propeptios of Sodilum 3upoeroxide

wiﬁh increasing oxygen absérption by the sodium
paroxiéo in the bomb, at increasingly hizher
tenmperstures and presaures, the celor of the final
product changes from a felnt vellow to a bright
ya}loﬁland finally, at temperstures above 3509, becomes
bright orange., If the reaction temperature is bigher
than 300° &., the finsl product has the appaarancé of
‘8 fused hcmogeneoua.maas ﬁhioh may readily be pulverized
in e mortar. The po&&or thus obtained i3 uniformly
yéllow and highly hygroscopic. Upon exposurs to
atmospheriec moisture it evolves oxygen &nd graduslily
losas its yellow color, UOContinued exposure to the
atmosphers leaves e white residue which 1s a mixture
of-aodium perdxiée and'hjéroxide. The yellow
materiel resots vigorously with water with the
formation of oxygen and sodium peroxide in solutiocn.
The meterial appesrs to be stable inﬂsfinitely when
8torsd in a desiccetor over phnosphorus pentoxlde.

The sddition to the yellow meterial of a 20
per cont (by volume) soluticn of glacial rcatic
acid in cavbon tetrechloride causea the oxygen

abzorbed by the peroxide in the bomb to be releesed
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almost quantitatively. (Data showing this sre given
in tna section entitled "Analytical Methods™ in this
report.) The enhydrous omrbon tetrachloride was used
a8 an 1nert.d11uanb £or‘£hd scetic acid, Traatdent
of the Eesiduo with an excess of potassium 1od1da
solution and titration of the fodine 1liberated with
standard thiosulfate solution showed the prasence of
about 95 per cent of the original peroxide used. The
'resction with watsr described above snd the behavior
towards glacial acetic scid is exeotly that to be
expocted of a suparoxide. Kbaué snd Parmenter (19)
heve shown that potessium superoxide decomposes in

water in scoordence with the equation

HoO

2K0; > K02 £ U3

Acldification of a superoxide would be expected to
give the unstable seid HOp which would decompose to
‘hydrogen peroxide and oxygen.

The chemical composition, physical appearance
‘and resctions of the yellow materisl formed by
roaction betwesn sodium peroxids and_qugan leave no
doubt that it contalns large percentages of sodium
superoxide, Nelp. Horeover, msgnetic studies (dis-
cugssed below)_shbw thst the meterlal is highly pars-

magnetic, the moment calculatad for pure sodium
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supsroxids beling in excellent agrsemoat with literature

velues for potassium supsroxide.
fiegnetis Studies

As shown in the preceding seotions, tho reaotion
‘between aodium'peroxidé and oxyzen at elevated
preasurses and temperstures yiélaa prpduats sontaining
a3 much as 925 sodium superoxide, Since superoxides
‘exhibit a meried paramegnetism {20, 21, 22) owing to
!the-pvasanoe'of an unpaired electron in the lon
L3l s Uy 7 *}, 1t wes declded to study the magnetic
'propertiea off the new sompound in order (1) to
determine its effsotive magnetic moment, and (2) to
’1nveatlgate tha poasibiliity of employing magnetlo
measurenents for the quantitative estimation of sodium
saﬁeroxlde~in the presence of diamagnetic impuriﬁisa.

‘The suscepbibilities were messured with & Gouy
magnetic balance equipred with an eleotromagnet of
the typa,dascrﬁhed by Shaw (23)« The apparatus was
calibrated with demerated distilled water and air,

f&v which the volume suscaptiblliities at room
temperature were taken as -8,720 x 106 end
£0.029 x 10-5, raspectively.™ All magnetle

# The deteils of the calibration and 8 samnl@ saleulation
are given in Appendix I.
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susceptibilities in thia report are given 1in 0,Z.8.
hunits. A1]l messursments wers made st room tempspature
usiﬁg a maximum {1a)d strongth of 6800 gsusses. The
oylindrioal sample tubey empléyed had erosa-sasctional
aress of 0,495 or 0,187 sq. em,, and, when f&lladlﬁo

a fixed mark 8§ om. from the bottom, containsd about
5;;3'ar sample, The samples wers prepared by subject-
ing sodium peroxide to high oxygen pressures at
different temperatures acﬁdrﬁiné to the method already
desorived. The fused product obtained from the
regotlion in the bomb was gvnuhd gn an agata‘ﬁnrtar

in a Ary-box and the‘powﬁar‘tranéfarrad'ﬁa the sample
tube, After an average of several magnetlc raadings
was obtained, the total éxygen evalved (co. at ﬂ.T.P.)
per gram of material in the tube was determined by the
gaé volumetric method a8 previously described. The
gream auscaptibilitiea. cnluuletaa from the Gauy change
1u waigﬁt and the known rield atrength. wers correctad
to 20° v., asauming the validity of Burie's Law.

X& = -9-, wnerujxg is the moler susceptibility, G is
tha Gurie oenatanﬁ end T the absoluua tamperatur@.

The valuea thus 0bha$ned ware plottaé against the

% The eguations and method of ssloulation used in
obtelining the gram suscaeptinvlility of a sample are
deseribed in detsil in Appvendix II.
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per cent sodium suparoxids es ealoulsted from'the
totel oxygen evolved upon ﬁaeoﬁpasltiom with hydroe
ehiloric acid~fevric chloride matalyﬁb golution., 1t
is estimated that the magnetlo messurements are
accurate ﬁﬂ‘f 3% and the shemicel analyses (from the
total oxygen evolved) to 2 1%. Part of the error in
tbe.susaeptibiiiﬁy measurenents ls due 4o non-uniform
packing of the powder in the sample tube.

The magnetic data obtalned gre summarized in
Tables IV an&.v. The déta of Table IV wers plotted
to obta;n the eslibration eurve showa in Pigure II.
It 48 evidont from the wvaluss of the gram susseptl-
bilitios shown in the tabdles that the reasotion bstween
oxygen snd sodium peroxide at high temperatures snd
pressurss yields a highly parsmagnetic product.
Furtharmare,_hha gram susgoptiblilty of thia product
increases linearly with the quantity of oxygen
absorbed {indicated in Fig. 1I by an inersssing
qalquiatad weight % of sodium supsroxide). Extra-
polation of the straight line in Fig. II to a quantity
of oxygen abgsorbed corresponding to 100% converslon
to sodium supsroxide glves for the gram susceptlbility
of this substance s valus of £ 33,0 x 108, The
"effective magnetlic moment," p, for pure sodium

superoxlde wes caloulated from the well-known relation,



31.

p® 2,83 /3?&”?, where T is the ahsolﬁﬁe temperature
end Y. the molar susceptibility. The value obtalned,
2.07 moler Bohpr magnetons, is in excellent agreement
with the moments of other superoxides (20, 21, 22)
reported in the literature. |

| The fact that the plot of gram susceptibility
v8, weight of sodium supseroxidse 1s linear indicates
that Wisdemann's mixture lew (2l) is being followed.
In this case, the law sssumes the familiar for,
’L=Aypy # Xop,, whers X is the susceptibility of the
mixtﬁro;"xl and Y the susceptibilities of aodium
peroxide® and sodium superoxide respectively, and py
and pp the respective weight frections of the two come-
pounds, The linearity is of significsnce in two
respectss (1) 1t indicates thst when.aaéinm=peroxide
rescts with oxygen et high temperatures and pressures,
the formation of an oxide ilntermediste hetween the
peroxide end superoxide is quite unlikely; and (2) slnce
the oontribution of diamagnetlie subatences is gmall
compared to that of the superoxide, 1t permits the use
of magnetic messuromenta for the rapld determination of

godium superoxide in the presence of dlamegnetic impurities.

® The sodium pevoxide used in thess expsriments was
found to be dlsmagnetio, having & gram susceptibility
of -0,23 x 10°0,



TABLE IV

Magnetlc Susceptibllities of Heplp - Nalp Wixtures

Used In Plotting Calibration Qurve (Fig, IX)

ec. 0p evolved % Halp 8. susceptibllity
per g, product (ehemicsl)® x 106 at 20° G.
142 0 - 0.23

1610 11 £ 3.75

199 37° Fl2.5

22® 50 £16.9

225 53° A1T.4

249 66 A21.4

ash 69 £22.5

261 73 #2342

282 86 #27.7

286 88 £29.5

288 90 £29.2
Hote: The firat four magnetic results shown in

this table were obtained using a semple
cell of 0.495 sq. om. oross-sectionsl éraaﬂ
The other magaetic values were obtained
using a smaller osll of 0.187 8q. CM. CrOBS~

gseationsl arsa.

32.
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Notes on Tables IV and V

‘The weight per cent sodium auperoxide wéa odvreahed
for the 1k impurity present in the stsrting msteriel
according to the msthed‘deacribed in Appendix 1V,

Theae saéplas were synthetic mixtures made by
grinding sodium pevoxide with produet from the
"bomb,

The woight per cent sodium superoxide wes corrected
for the 3% lmpurity present in the stsrting material
acoording to the wethod deserlbed in Appendix IV.

The weight per cent sodium superoxide was
caleulated from the magnetie data by means of
¥ledemgnn's mixture law (24). The method of
calculation 1a discussed in detail in Appendix
Ii1.
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The data of Tadle V show a comparison of the magnetio
with the chomical snelyses. The per cent scdium
superoxide wos caloulsted from the grsm susceptibility
of the sample by means of the élsdemann law, using ghe
value of 33.0 x 10“6'(obtnined by extrapolation f{rom
the plot of Figure II) for the susceptivility of puve

sodium supoeroxide.

Lithium Poapoxide Studies

Lithium peroxide wss prepared by the reaction
of 30% hydrogen peroxite solution on lithium hydroxide
monohydrete (Li0H.H,0), according to the eguation,

2L10H £ 2Hg0y = Lipls.Halp A 2630
Accoriing to de Fororand (25) the precipitate obtasined
has the formule, Lila.H305.3H30. The product wes
fliltered from the mother liguor and dried over
phosphorus pentoxide in a vacuum desicoator for two
months before being used in the bomb, During the
drying period samples were removed snd snalyzed for
poaroxide content. A final product conteining 96
lithium peroxide was used for the bomb studles.

In the first experiment a aémple (12,9 grens)
of lithium peroxide wés pleced in a Pyrex liner in
th@ bowb and trssted with oxygen at various

temperatures and pressures. The moles (n) of oxygen
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present at any time were caloulsted fron the tempeye-
ature and pressure of the bomb by mesns of & modifi-
cabion of the idesl gss lsw eogquetion,

FVB [1 , d(T_gf; - ‘1‘%3_7 ?V@.

N =
ﬁTi BT,

whers P 18 the messursd pressure (in absolute.
atmosphersa); .3_3 ‘the volums of tho bomb at the cali-
bration temperature :{ﬁ _(21"5'8@); X 1s e ocorrsction
factor which includeé,tha espansion of the bomb with
tﬁmperéhuée 88 wall as the temperaturs gradlent in
the connsction botwsan ths bomb and the left valve
(ses Figure I); Vg is the volume of the gages Ty is.
the tempersture of the bomb; R is tha gas aconstant
expresssd in co-atm, psr degres Kelvin, .(Hore
detalled Information conserning this equation 4is
given in Appendix V.) Uage readings teken at frequent
intervals at emch temperature and pressure shown in
Table VI (Experiment 1) gave no evidence of oxygen
sbsorption,

A second experimont was ¢srried out with 1.9
grams of lithium peroxide startinglaﬁ an initial
oxygen preasurs of 153 atm, abt room temperature. The.
temporature waa ralsed by 50¢ ;noranents,_Starting at
10009 Coy buat no oxygzen aba;rption was observed up to

tempersturss of 250° C. and pressures of 254 atm,
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The témparatures?agd prassures at shich observations
ware made in thia study are also shown in Table VI

(Experiment 2).

TABLE V1

Conditions of Temperature snd Pressure at which Lithium
Poroxide does not Abaorb Oxyzen

Tomp., °C. ?rasaure (atm.)

Experiment 1 22 27

| 100 . 33  J

22 3,0

100 ' ;3.6

150 3.9

200 b3

250, b
‘Expeoriment 2 a9 ish
1100 189
150 21l
200 234

250 255
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Studies with Oxides of the Alksllne Harth Metsls

Bnrlum Parpx;ggf gavek's_anhydraua barium
pe:oxi%a {minimum asany claimed, 855 barium pgvoxida)
was anglgsadlby deacoanpnsition with hyafoahloric a§1d~
farric ahlozide solution b} the gas velumgsric method
and was found to contein only 575 barium peroxide on
tng basis of thgltotal oxygen evolved, A éample
(il.ﬁ grams) of the msterlel wes treeted with oxygzen
in the bomb at a temperature of 450° C. and a p§assure‘
of\Bl@‘atm. for 30 hours, ‘The bomb was ccoled to room
te@paragura. the §x§gan bled off, the pbaauot removed
snd snglyzed again, The vesults of the énal&sas
Sofqr&land after trostment with oxygen were as
followa:

cos Oz svolved {at 8.7.P.)
per gram material

quara treatment with oxygen 38 (average of 3 results)
After treatment with oxygen 25.,(evarégg of 2 results)

Loss 10 ce/gram

The product from the boub was a fused homogenecus dark
gray mass whioh could be readily pulverized in en sgate

mortar.,

gelolum Poroxids. Calcium peroxide (furnished

by the gu Pont Company, Wilminghon, Delaware, with a
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minimum assay, 75% caloium peroxide) wes analyzed

by decomposition with hydrochloric soid-ferric
chloride sclution by the gas volumetris method end
was found to contein only 19% ealcium poroxide on

the basls of the total oxygzen evolved, A samnple
(11.8 grams) of the materisl was trested with oxygen
in the bomb at & temperature of 450% U. and a pressure
of 291~-220 atm. for 48 hours. The pressure decroased
from 291 to 220 atmoapherss during the heating becsuss
of 8 lesk in the apparstus. 3Since the final product
_appearsd wet with moisture and hed not changed in
solor st all, it was concluded that the starting
material must heve containad maisturé and it was

very unlikely that calcium supsroxide could be formed
under tﬁeae eonditions, Gommeroial'pevaiaes {exoapt
barium and strontium peroxides) are usually prepared
in the "wet” way, tharefore the starting material in
this experiment was ﬁvobably thes common ooctehydrate,
Ca0p.88,0, Another sample of cslcium peroxide
(miﬁimum asssy olaimed, 60% calelum peroxide),
received from the Buffalo Electro-Chemical Company,
Buffalo, Now Yefk. was also treated with oxygen in
the bomb, The material used in this experiment was
first drled for 6 houra at 55° €, in a vacuun oven

and.aboled in a desicostor over phosphorus pentoxide



overnight. It was then treated with oxygen at a
temperature of §00° 8, and a pressure of 320 atm, for
20 hours, Analyses of th§ f1na1 produet ylelded the
value of 35 ce, Op (at $,T.P,) evolved per grem of
material, which corresponds to 23% calelum peroxide,
The produst did not appear to have undergons any
physical ehange due to the oxygen treatment except
that the slightly tan shade of the starting matsrial
had completely dissppearad.

Oalc;um_ggiég and Hagnesium Oxide. In order
ta‘varify the work of Plscher and Ploetze {16} and
Holtermann (18) the monoxides of calcium and
nagnesium (Baker's C, P, material) were fivrst
ignited overnight at 450° C, and atmospheric pressure
and then trested with oxygen ant temperstures of L50-
h80°-d. and pressures from 285.221 atm, for L0 hours,
The pressure decreased from 288 to 221 stm, during
the heating becsuse of a leak in the apperatus,

The products obtained wers perfectly white as before
witn_nojapparent physical ohange from thelir original
powdered state, Treatment of the residues with
hydrochloric acid-farric chloride solution gave no
evolution of gas which indicated that neither

superoxide nor peroxide waa formed.
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ﬁnalgtioal,ﬁethcda

The method of decomposition with scld catalyst
solution used for the determination of superoxide in
this investigetlon was particulerly ‘suiteble becsnuse
the starting materisl fox the sodium paroxide-oxygen
atudles was 99% pure and contained no earbonate.
8ince sodium paroxide snd superoxide were the only
substences present capable of‘evoiving a pas gnd siuae
the per cent of impurity in the starting m&tmrial
(before treatment with oxygen) wna known, it was
comparatively simple to oceleulete the weight per cent
of sodium auperoxiﬁa'presant‘in the product from the
‘bomb, . However, in other casses, especislly in the
oxldation of metsls direstly or in liquid ammonia
solution, superoxide and peroxide maey be present
elong with such. impurities as monoxide, hydroxide,
amide, nitrite and carbonate. For such mixtures a
direct method for the determination of peroxide and
superoxide 1s nesded. The so-cslled two-atep method
of analysis developed by Kraus (19} is suprosed to
f111 this need, but 1%, too, appeaéa to be ua-
satisfeotory. In ths two-step procedurs, the
mixture of oxides is asdded to ice-cold water, the

oxygen evolved from the superoxide i1s messursd, sand



the resulting peroxide aolution_is catalytioally
decomposed to give a second véiume of oxygen. From
these data and the weight of the metal combined in

the oxides (or the total welght of the oxides), the
composition-of the material cen be caloulated.

Although the theory of the method is sound, in practice
it ia impossible to add the mixed oxzlde sampls to water
without obteining aome decomposition of peroxide
because of local heating,

In the present investigation an attempt was
made to develop s method for the direst determination
of peroxide and superoxide in a mixture of oxides. The
method is based upon the fact thet when asid 1s added
to a superoxide the unstable acid HOz is formed, which
decompogses mocopding to the equation

205 --» Hp02 £ O2.
pasurement of the volume of oxygea liberated should
give & direct value for superoxide oxygen. This is
borne .out by the data of Table VII which shows that
peroxide, under similar trestment, decomposes only to
the extent of 2f. The squations involved in the
method are glven below: |

First step

1. HNa0p ‘;l AoQH = NaOie £ HOp

2., EHOp —» }H20p £ 30z



Sacond steg
1, Hag0p £ WF £ LI~ —> 20eI £ I, £ 28,0
2. NapOp £ Hp0 ==> 2NalH £ 305
The details of the procedure are as follows:

1, About 5 go, of dry carbon tetrachloride
(dried over anhydrous sodium sulfate) sre added to a
mixed oxide sample of about 0,10 to 0.20 grams, This
volume of carbon tetrachloride need not be exsct bﬁt
1t must be added esrefully to avoid splattering of the
samnia on the sides of the cell, The anslysis oall
used in these experiments consisted of a eylindricel,.
riﬁﬁﬁbottamsﬂ, Pyrox glass tube (1 7/;6 in. outside
diamutér) equipped with a 29/42 gronn&-glasa Joint.
The oversll lenzth of the aell was sbout & in, and it
was oonnscted by caplllary gless tubing to a gas buret,
The apparatus was the same a8 thaet used 1n the total
OXygRen determination by the gas volumetric method.

2, The cell is then cooled in an fce bath (at
0° C.) and buret readings taken until equilibrium is
attained in the cloped syatem.

3. Exeotly 10 cc. of ecetic amcid solution (205
by volume, in carbon tetrachloride) sare added from a
10 ec, plpet to the reservolr above the cell and
allowed to pass into the cell slowly with stirring.

{4 megnetic stirver is raquibed.) After all the ecid
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has been added the stirring 1s continued and buret
raadingg'ﬁeken every 5 minutes until a fairly

constant reading (within 0.2 ce.) is obtained.
Depending upon the quentity of superoxide present,
this may take anywhere fronm S to 30 minutes, The
yellow solor due to supsroxide should have'diaap@aarad
complately when the finsl buret reading is taken,

L, Exactly 10 cc. of acidic patasaium.la&idg
solution®™ are then edded, with stirring, end the
stirring continnaﬂunbil a constent buret reading 1s
obtained as in atep 3, The cell must be shaksn
vigorouély several times by hand in this step in order
to obtain complete rsaction of the péroxide reaidue
with the potassium lodide solution. There must be no
solld present in the 2-phase mixture when the final
buret reading is taken.

AS. After washing down with distilled water or
preferably carbon tetrachloride the iodine solution
which may have been sheken on to the upper portions
of the cell, the enslysis cell iz removed from the gas
buret system and the lodine liberated by the peroxide
titrated with standerd sodium thioéultate solution.

* Hade just before use by mixing 5 ce. of 5% by volume
geetic acid aolution in ecarbon tetrachloride with
5 co. of 20% KI solution (equeous),
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The per cent sodium suparoxide is calculated
from the differsnce in buret readings of steps 2 and
3. The volume thus obtainod is corrscted to S.T.P.
and the blank for the acetlc acld solutlon subtracted.
The per cent sodium peroxide is caleulated from the
6o, of stendard sodium thiosulfate used in step 5 and
the oxygen evolved by the decomposition of some of
the peroxide during its reaction with the potassium
iodide, This second volume of oxygen is obtained
from the differsnce in burot;reaﬁings of ateps 3 and
4y corrected to S.T.P. with the reagent blank
subtracted. Results obtained by this method arve
f~aﬁo§n in Teble V1I. For comparison, the per cent
Qodiﬁm superoxide calculated from the td:a; oxygen
evolved upon dqcoﬁpoaition with aold oetaiyat
solution is given in the last column of the teble,

It 1is evident from the results shown in
Table ViI that the per cent éodium superoxide obtsined
using the asetic scld method checks fairly olosely
with that obtained by total oxygen gnalysis. In
every éase. however, the calculated percentege of
sodium peroxide 1s low. In view of the fact that ;ha
samples o:_s&dium‘peroxids (978 pure by the‘total
oxygen method end carbonate f}ee) ﬁnalyzs& also gave

low results by about the ssme amount, it sppears that
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Welgth  cou Oy (ab ST.P.) oo Op (st 6.T.P.)  co. thio. g
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basis of the wt&wgmmlwdmmmﬁmﬁwmﬁwtﬂy@muﬁm
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all the peroxide cannot be quantitatively determined
by this method, Ig 1a signifieasnt that the per cent
sodium peroxide 18 low by an aversge of 103 in the
case of samplss of ﬁixed oxiéea and alao 10% low for
97% sodium peroxide ssmples, Furthermors, the
quantity of oxygen liberated from the pure peroxide
éamplas by the acetie acid corrasponds to the
decomposition of only 2% sodium peroxide, which would
indloate that the superoxide determination eould
poesibly give rasults which check the total oxygen
method to within £2%. Apparently the chief loss of
peroxide (about 8%) oscurs in the second step of the
method, namely, the adaition'ef the ﬁotasaium»ioaiﬂe
and the titration of the liberated lecdine with sodiuwm
thioaulréta solution, The second step, even with
meesurement of the oxygen evolved due to decomposition
of e small portion of the peromide during its reaction
with the potassium fodide, does not quantitétivaly
determine all the peroxids,

X=vay Diffraction Studlies

In order to obtain informatlon concerning the
erystal structure of sodium superoxides, samples of
sodium peroxids treated with oxygen at hizh temperature

and pressure wore ssent (in very fine ocspillary tubes)
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to DYeLeo Brewer of the University of California for
Xeray a4 feraction studi@s. Informetion obtained from
these studisa about the orystal latticss present and
thelr similarity to those of other auperaxidea would
be §r;éonaidarable 1p;eresh and impqrtancq_in,hhe
study of the new aompound, sodium superokidé. Samples
eontaining 12, 70, 80 and 90 per cents sodium super-
ox;dp have been sent, each in duplicate. Preliminery
experiments show the presence of two phssea, one of
which disappears upon exposure to the atmoaphare,

Als0 a cﬁyaenl lattice glzilsr to, but not identical
with, that of potagaium superoxide appears to bve
present. The raszlts ars not yet conclusive, hcwever,
end the work is still in progreas at the Univerasity of
Callifornia,



SUGGRSTIONS FOR FUTURE RESEARCH

The attespis vo wako lithlum superoxide, the
onky clkall metel superoxlde which hss not yot bean
prepared, have zo far bsen uuauccassful. Fore
1ithlum poroxide siould be preparsd according to the
methed of de Fororand (25) or any other mathod which
will give the pure peroxids, end the dry ocarbonate=
£rea materisl trosted wlith oxyzon at hicher tempoera-
‘tures snd pressures than those employed in this
investigation,

in vegerd to the preparation of the supcroxides
of the elkeline sarth weinls, the experiments starting
with peroxidas and monozxldes and tesating with oxygen
at high pregsures should be continued at s series of
different temperstures up to the limit of the
app&ﬁ&tua. in view of the suocess of the work with
sodium poroxide, it would seem desireble to stert
with the pure alkaline earth metal peroxides, if
these csn be obtained, ir thié procedure faila, 1t
would be advisebls to atboempt burning the alkeline
earth metels in oxygen at high temperaturs and pressure.
The oxidstion of the alkallna‘aarth metals llberstes
less heat than does the combustlon of the alkell metals.

The contelner problem should therefors te less difficult
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to solve. Stainless steel crucibles were not tried in
the work with sodfum and might be suitable for buraing
the metals,

Hagnetic studies should be made an<m1xt§rea of
potassium superoxide with diamagnetio meterial in
order to provide a callbration curve which eoﬁld,be

used for samples containing this superoxide.
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SUHMARY

1. The reactianlbetwean sodlum metel and
oxygen at elevated temperatures and preasures rssults
in the formation of a bright yellow product which

contalns sodium superoxide.

2, The resotion betwesn sodium peroxide and
oxygen at elevated ﬁemporaturaa and preasures also
gives sodium superoxide, Yielda as high as 9245 sodium

superoxide have been obtained,

3. Some of the more 1mportaa€ properties of
sodium auparoxida have been studled, . Experimsnts have
bagn perrarmed which ahow thaf godium superoxide
raeembles other known superoxides in its chemioal,

physical and megnetlc properties.

e Mégnetio measurements on the products of
reaction betwesn sodium peroxide and oxygen show a
linear rolationship when gram auscaptibility is
plotted agalast welight ppr'cant of sodium superoxida.
Extrapolation to 1005 sodium superoxides gives an
sf'fective magnetic moment of 2,07 Bohrtmagnatons for
this ocompound, This velue {8 in excellent egreement
with those roported in the litoratﬁra for other super-

oxidesn.



5, The determination of sodium auparbxidé'in
the presence of dlamagnotic impurities may be effectsd
with rensonable acoursey by mesns of th#magnetic

m@thOdc

6. Treatment of lithlum peroxide with oxygen
up to temperatures of 250° U, and pressures of 255

atmospheres does not yield any higher oxide.

7. Ho higher oxides avre formed when caleium
and magnosium oxides sare trested with oxygen &t
temperatures of 450-430° ¢. and pressurea of 221~288

ptmsspheres.

8, Treatment of impure cslolum peroxide with
oxygen at a temperature of oo® ¢, and & pressure of
320 atmospheres does not result In the formation of a

higher oxide.

9. Ko nigher oxids is formed when impure
barium peroxide is trosted with oxyzen at & bLempsrature

of 450° €. and a pressure of 314 atmospneres.
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APFENDIX 1

¢alibration of the Gouy Magnetic Bslance

The Gouy balance uaea in the magnetic messurew
ments was oalibrated with freshly boiled, distilled
water, the volums sussceptlibility of which was taken
a8 0,720 x 109 at room tempersture. The ampty ecell
was lirst waighad_on the magnetic balance with end
without surrent through the electromagnet. Similar
weighings were made with the oell filled to a £ixed
mark with water, From these data and the volume
susceptivility of air, £0.029 x 106, the fid d
strength H of the megnetic fleld was caloulatsd, A
sample calculation for the cell with eross~sectional

area of 0.4,95 sq. om. 18 glvon below:

Cell empty
current off 15.4594 g. ' Temp, 23° C.
surrent on 15,4553 Gurrent .03 amps.

' (change 1n welght) ¥; =-0.0041

Wy at 4.50 amps. = -0,0041 x i&uﬁglg = =0,0051 g.

(4.03)2
Gell with water _
current off 19.4182 Temp. 23° C.
surrent on 19.403h Current .61 amps,



Wz at .50 amps. x «0.014B x,,ﬁ$z_l~ = -0,0141
(h.61)2

Saleulation of Pleld Strencth H

w 52 = (2000)( Wp = W)
(ares) (1,019) (g ~ Kp)

In the equation above the avrea in the denominator refers
to the ¢ross~-sectional area of the cell; the fuqtor
1,019 converts mi;l;grams to dynes; (Ky = Ka) ragrasents
the difference between the volume susoeptlbility of alr
and water and 1s equal to -0.7&9 x 16’6;

42 = {2000)(-0,004) £ 0, 0051).
{0.1:95) (1.019) (<0, 749 x 10°6)

= 47,7 % 200

3 = 6900 geusses

% 3se referenze (20) 1n bibllogrsphy.
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APPENDIX II

Galeuletion of Gram Susceptibility

The gram susceptibllity of a sample can be
calculated from the Gouy chenge in waight WB for
the sample and the calibration dsta. The Gouy
cnange in welght 1a obtslned by ueigh;ng the 9311,
filled to a fixed mark with powdered semple, with and
without osuprent pasasing through thé'elactremagnet just
a8 in the callbration, The daéé and eaioul&tgona for
& sample containing sodium asuperoxide are glven

helows

surrent on. 21,0487 g. Temp. 22° C,
ocurrent off 20,9135 Current 3.50 amps.

2
Wy at 4.50 smps. = 0.1352 x -‘(1**59’—- = 0,2110 g.

Welght cell £ sample 20.1935 g.

Weignht cell alone 154594
Wolght sample S50

(2000)¢ ¥3 = %)

Xg(gvam susae,) at 22° ¢, =
22(area) (1.019) (apparsat density)
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= (0,0832){ W3- %) (vol. of cell) . 19-6
' (weight of sample)

= 12.0832)(0,2110 £ 0,0051)(3.86) x 10-0
(5e45)

= 12,4 x 106

X, at 20° C. = 12.4 x 10°° x 295 = 12.5 x 10~0
& 293
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APPERDIX TIIX

Caloulation of Per Cent Sodiurﬁ‘ Suneroxide From

Hagnatic Susceptibllity

The weight per cont of sodium supsroxide can be
calculated from the Wiedemann Hixture Law using the
value of F33.0 x 10-6 for the gram susceptibility of
pure sodium superoxide ’aﬁd -0,23 x 10_“6 for that of

purs sodium peroxide, In this case, the law sssumes

the fem;}iar fo;’fﬂa K & Xypy AXzpp where X 1s the grem
susceptibllity of thevmixtum. X, and Xa the gram
susseptibilitios of modivm peroxlide and aup‘-@roxida
respeatively, eud Py and pp the pespectlive fw’aight

fractions of the two cumpounds, A sample caloulatlion

using the grem susceptibllity at 20° G, obtsined in
Appendix ' 11, is éhom 'belaw:

X = ,F + %X, R

P, = - P
X = X (1-R) + X, R
x =% + P (%,- ‘X_,)
R = _X_-___':_Z:' "
=%,
_ x #0323 _ 1egtoO-
= T332 332

%ﬁaOa = 12:7 x 100 = 38%
33.2
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APFENDIX IV

Calosulation of Per Jant Sodimn Superoxide From

the Total Oxypen Bvolved

In the preparation of sodium superoxide the
peroxiae is troested with oaygen st high tempsrature and
pressurs and the per cent sodium asuperoxide eslculated
from the total oxygen evolved Ly the sample upon
decomposition with hydrochloris asid-ferric chloride
solution. If no impuritios are present in the starting

peroxide the equation.

[cc. oxyzen ovolved/zram product w 1_.@,]1‘ 100 .= %ﬂao’z
162

is satisfactory, The numerator of bthe bracketed term
roepresents the oc, of oxygen evolved per gram beyond
that vrequired for purs sodium peroxide and the
denominator the difference in co. of oxygen evolved
per gram between purse sodium guperoxidé and sodium
peroxide, In most cases, however, the aﬁ#rting
material 1s not 100X purs and per cent impurity wust
be corrected for in caloulating the per cent sodiua
superoxide in the final product. Commercial sodlum
peroxlde is sold in verying degress of purlity ranging
up to 99%4., The samples of sodium peroxide (du Pont

Ualorlifio Grede) used f{n these axperiments analyzed
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97-99% pure by the total oxygen method.® The follow-
ing empiricel equation was gmployad for the ealcnlnglcn
of the pe§ sent sedium'Suyeraxida; taking into scoount
the lmpurlties prasent:

'100({ce0s/g, product) = 1h(100-% impurity) = Fia0,
162 S |

The per cent imgﬁrity of fairly puvre peroxidé oa&lbé
determined by total oxygen enalysis. Ir(darbcnaﬁo is
prasent, it ¢an bo determinéd by passage of,tha'gaq
evolved through conosntrated potaasium hydroxxda

solution and natipg any deermssevin volume,

ﬁ_ﬂo carbonate was found Lo be preosent in this material.
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APPENDIX V

Calibration of the Stainless Steel Bomb

In some of the expariments performed with the
stainless stesl bomb during this investigation the:
absorption of oxygen by a ziven welght of sample was
rollowad‘quantitativelf from tempsrature and preasure
readings, In order to ascompllsh this it wébf
necssasary to oalibrate the spparastus. The volume of
the bomb and sonnections to the gage were found using
the apperatus illustrated in Figure 3. The system
was connected to the calibrating spparatus through stop-
cock B, pressurs wes applied by railsing the leveling
bulb and the descrarss in volume measured by means of &
gas buret, From the inoresazs in pressure aa meaaured
by the sonstant level manomster and the volume of gas
added, ae read from the buret, the volume of the |
system sould be oslonlated. The mols (n) of oxygen
present at any time were osloulated from the tempera-
ture end pressure of the bomb by mesans of a msdifiaatibn

of ﬁhe‘ideal #as law equation,

n=¥8 /71 AlT5 - TR) .7 , Py
RT - RTg °*

whera P is the meesured pressure {in sbsolute atmospheres);



y_g the volume of the bomb st the calibration temperature
. _z_*_,% (21° c.); X 18 a correction faetor which inoludes the
axpan‘aionlbf the bomb with tempersture &a well as the
tempersture gradient in the connection botween the bomb
and the left valve (ses Figure I); Vg s the volume of
the gege; Tp i the temperature of the bomb; R is the
gaa apnatmt sxpressed in eo.-atm, per deggmev'ﬁclvim
Values ore(_ ware obtained by taking & number of
temperature and pressure readings, substituting in the
above squation, and eolving for A, The averaze valx_ze';

of 0_3 wag caloulated to be L.l x 104,
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