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0
: Introduétion

Of the higher 'a:ﬁ.ciés of the alkali and alkaline earth
méta{ls;, ‘only the peroxides of sodium and barium had any extensive
use before World War II, Since the beginning of the war,
‘ ahc"v%éver(,‘*pctassium superoxide, Koz s has been prepared fbf the
,Navy‘i,n ’la.rge quéntities and finds use as a source of oxygen
in breathing apparatus for fire-i‘ighting and reacue work
aboard sh:x.p. - The. ox:.de is used in carﬁ,stesrs in a clased
system apparatus whera its ready reactien wi*bh cm:-bon dioxida
‘v.‘and moisture i‘rom the breath re}.eaaas sufficient oxygen to
supply the wearer's needs. 'Ji‘his development, borne of war
time need, has pointed out the :ina.dehc»;uacy 'oi‘ our knowiedga

of this type of compound which is suitable for alr
- purification,

This study repressn’os a two-fold purpose. The first is
to éumarize the work. that has been done on these oxides and
to evaluata it cri'tically whenever possible. The second is
to prepare and study the peroxides and superoxides of the
alkali and alkalina earth me’oals which have not previously
been investigated. These purposes have been only partially
fulfilled, |



Historical Review

Ihe axides of the alkali and alkaline earth metals may
‘ bediv:.ded into three classeéwnamsly, monoxides, peroxides,
and s@érd:ci.des. The "normal® oxides of the alkali and’
alkalina ‘éAai'th; metals, of 1l;lheae gehera'l formulas Mp0 and MO', g
’erespectively, may be cons:.dered to be salts of the weak acid.
,water. 'I‘hese oxides react wn.‘c.h Water to g:we, in most cases,
highly ionizad hydro:d.das. The members m‘.‘ the second type
ef md.des s tha peroxides » are derivatives of the weak ac:.d
‘ilhydrnger* peroxida and’ contain thez 0 “ion, of the structure

2
By definitiony peroxides are compo\mds which give

0 O
a so;gtign of hydrogen peronde ‘_when, fc.raated with a strqng
,ééi‘dd“":Sinca' they are salts ci’the Wéak aé._id hydrogen peroxids,
‘: "oﬁ;perc‘x:d.dey are extensi'.*raiy hydrolyzed; their strongly
alkalme zolutions are ac’c.i.ve ox:.diz:mg a,,ents. "Ib‘he least,
famliar class is i;hat group cf oxides referred to in- the
~ recent hterature as superom.des » a name auggasted by Bray
and_Eastman .(l). The superoxides are aalt's of the unstable
acid Hoz, ‘which decomposes into hydfégeﬁ peroxide and oxygen (2).
Thé.,‘éu;iéroﬁ.da salts react similarly in water. This investiga~
ﬁi'on Vvia concerned primarily wi’bh’ the last two classes of
oxides—~the higher oxides.
The Alkall Metal Oxides

Fumerous investigators have studied the oxides of the
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: a'flkali» matals, Som§ of the first expérimn’cs were performed
by such well known pioneers: in chemistry as Berzelius (3)

and Gay Lussac (L)s As would ba expected with the equipment
,availabla at that time and the tachniquea employed, this
work was not axtremaly accurate bu:b did serve as & basig - j

- for further research.. Thav first reliable Work vaa,s:_done by

| Héréqtn't (5).¥ho found that the 'highast prdduet of the

, 'diié’ct- oﬁdation of ‘pe’oaasiuﬁ is E,0; 5 but he. caulci isolate -
1o :x.nbermedlata mdes. Som»s‘bime le.ter Lupton (6) publiah@d
:»da’oa indicatxng tha. the peromde, Kz s is ‘obtained by the
'}cnntlnv.ea action of: dry air or oxXygen on potassium. . He also
deacribed the complex oxides KB h KBO (probably
aggregates of the dlfi'eren’o oxides in wrarying proport.ions)
wlu.ch h@ abtaincad by analyzing dz.fi'eren‘b parts of the product
| Bhovjring different colorse

" To clear up some of ‘fhe eérli‘er_ diacpepénqies’ 5 Holt -
andjs'i’.ms (7) felt it‘,éééirable to repea:t_;,f this: work, - Their
work was by far the ~b';e's’€,f and incidentally the last reported
in ﬁhe‘ litefatuﬁé on the direct oxidation of ‘the alkali .
‘metals in absence of a séiif‘erit.-‘ A few ;years*;i‘re’xribﬁ‘s to:
~their work it had been -shom'}n by Baker' (8) that oxidation in
cartain cases pfoceeds with extreme difficulty in -i:berfeﬁtly
dry oxygen, and since Holt ahd_ Sims! work seemed to ;‘,ndicate
this also, _’vc.hey‘car‘zfied out experiments to see whether
‘pc‘ttassium ﬁould react with ‘extrensly dry oxygen. In order to



7 .
ﬁés‘b this a tufaa of thick glass‘ was constricted to form two
'chémbers. Into one . and Was placed a sealed tuba of potassium
'a.nd in’oe the other soma phosphorus pentoxide. After a tima
” the ’c.ube was shaken, thus break:.nz, the potassimn tube and |

exposing the fres meta’l; The brn.ght surface ramained unchanged

: i‘or savemal days at room temperature s and even When the

| matal Was. heated until it vaporized, na evidence of oxidatlon

| (_:ould be seen. The same results were. obtained with sodimm
In view of these f:.ndmgs, Holi: and Sims dried the

o:grgen used in their e:mer:.ments by passing it through about

‘eight :mchas of calecium chloride. They found that when

potassium (@on’,o_%in?d in a sheet-iron bév;m in glass tubing)

is. héaped in a stream of oxygen, the oxidation prqcéedg .

without a broak until Kp0) 1s obtalned as the final product.

By us:\.ng m*trous oxide as the oxidim.ng agent both K2¢32 and

K 03 were prepared. -Thig waﬁ accomplished by oxidizing the

patass:v.um in a small flask wh:.ch was ‘heated by a fusible metal

bath and connected on e:.ther side by & cylindrical gas holder,

By alternately raising and lowering the _gas holders a known

amount of gas could be passed over the metal sample and the

oxidation . stopped when tha theorectlcal amount of gas had bean

absorbed to form the intermediate ozd.des. - The K203 8o preparad

was buff-'colored and the Kzoa sulfnrnyellow in color. The

Ky0, upon exposure to the air slowly deliquesced without
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further oﬁda’c.mon, bwb the K20 was oxz.dized 8o vialontly
that a rad glow spread through tha maas and the o:dde became
fusede

‘The same inwfesti.gators prepared sddium for oﬁdation
in the follom.ng manner. A small flask Was fillad about
three-fmn'ths full with toluene, and the air in the flask
d:.splacad by m.trogen; small lumps of sodium were then
intraducad, and -bhe flask was heated on a sand bath until
vtha me'bal melted, a.nd then violently agi.tated unt:z.l tha |
"mix’cure coaled. The tcluane was thea removed by wash::.ng ,!
ﬁ.rst wz.th benzena, and then saveral times with pure dry |
ether, and i‘inally heated in dry nitrogen. By this means
the aodium was obtained ina very i‘ma a’oata af division,
and with a bra.ght aurfaca. Soma of this sodium was then |
heated in an iron boat in a stream of modera.tely dry o:xygan;
it was soon coated over with an o:dde film bu‘o no definiw
oxide cauld be abtalned balow the malting po:mt of sodium. Ii‘
heated alightly abeve its meltmg point, :l.t was i‘ound t.he sodium
vronld catch i‘ire, and if the tempemature was kept below 180
and ’ohe 3upply of oxygen 1imit.ed, the greyish—whita Nago
was i‘ormed. ) The htter also was formad when scdium was uxidized
slowly with nitrous oxide at a ’temperatura of 180-200° | By'
using larger quanti‘biea of sodium and by raising the tempera—-
ture rapiclly in an excess of oxygen, the yelle‘w-mhita I\!& 0,

22
was formed. Both sodium and potassium were found to form
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mixtures of nitrites and nitrates with the red oxides of
'niﬁfégén; '

An attempt was also made to prepare J;Lthium perox:.de‘
T’hen tha metal was hea ted to 250 in a stream of axygen, it
burned with a br:.gh'b white flame, i‘orm:.ng almost pure Li20
,with only traces of the peroxn.de in ite

In their ‘work, Holts and Sims substantiated the damposi—-

: t:.on ni‘ aweral highar ox:.des but were unable to prepare

,'Kzo. Ramrade (9) claimed to have obtalned ’che monom.das Nay0,
~K20, szc, and_ﬂséoy by direct o:d_dat:.on in “the presence of
;excess’ rtetal mth subsequant removal of thls excess by
«s,disi;il;aticn :I.n a vaquum :

Sofar onlythadiract methods of oxidizing ‘Bhe‘ various
netals have been considered. There are at least two other
méihéds ;uséd"v‘.'s;)'prépzirét aikéli ‘metal oﬁdes‘;i" The first of
these haa been’ used only as a m@ans of prenar:mg I.iaoa‘

In 't.hn.s me’c.hod L:.oﬁ is dlssolved in ethanol (95%) and ‘upon
th_e a@ciition of 30%,. 3202 ; thery'g_ is formed a precipitate oi‘ :
14,0,H,0,°3,0 which may be dehydrated %o give pure Ti,0,.
This means of preparation has been used by B’iumen{;hal (10) -

-and a sinilar method by deForcrand (). Lithium peroxide
d:.ffers from the other allcal:. metal oxides’ in that it is not
hygroscopic and has uttle tenaancy ta react with carbon
dioxide at raom tamper&ture. This techniqué is limited in

its applications, but the second method, that of oxidizing a
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‘solu"oion- of. the metal in liquid ammonia, has been uged\’to ‘
preparé a number of the oxidéé ‘aﬁd prgbablﬁkité .p'c&s'sil.bilitiea
have not ,,ret. baen fuilly explored. : | -
One of 'the first inveptigators to use ﬁquid axmncnia as
a solvent was Joannis Who contributeé mu.ch .’1.!1 th::.s field. His
work (12) on che oxidatlon of sodw.m and potassium in l:.qm.d

axmon:.a degerves particular at.ten’elon as the present investlga»

tion is an ex’censmn of th::.s work and tha{; of Kraus ‘and Whyte /

(13). Joannis claims to have prapared K202’ KZDB’ 3 Haao NH4

2
and Nazoa. Appare"xtly he d:.d prepare the three potass,:;.lum
compaunds but. probably, as w:l.ll be showm 1ater e did not prepare‘
the two soda.um compounds liated. ,

Joannis realized that the two compo‘unds of sodium that he
repor’oed ‘would sometimea i‘erm s:.multaneously. He :f‘ound that by
a controlled onda.t:.on of sodium in nqmd axmnonia a pale rose
colored compound corresponding to the i‘ormula Nazc NHB Was
formed. The' method oi analysma used in thm imestigation
cons:r.sted of welghing the. metal as such before ‘the exporimant
Was started and ai‘terwards in the form of ‘the sulfate. ‘The
amount of pxygez; was taken as the incrgase 1nvwen,gh!tg,c_iuring
the ':E_zscperimentg in some cages the am(_)ur;ﬁ ‘of gag 'ébsorﬁed ?wa’s"
measured, The ammonia was analyzed fvolt;metrically after -
separation from the hydroxide by distiilati‘qiﬁ_.’f_ _ o

- 'The following is the only analysiié:} gj.vén ’ﬁn this ‘compound,

No indication was given as to whether this ‘amount of ‘oxyzen was
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‘& mbasured volume or reported as a difference in weight,

Calculated for Found
Na3 0l
Na, 58,235 58,L5%
KHB 21,52 22,08

0 20,25 19.15
He further claimed that the compound Na20-NH3 may take up
two more equivalents of oxygen but no more ammonia to give
the pale rose colored HagOs. Upon treatment with water it
supposadly liberated oxygen ahd was transformed into Nap0,«8H,0.
FblloWing are the only analytical results given on this compound;
no explanation is given as to what becams of the ammonia

molecule attached to the Nan0.

Calculated for Found
Naz03 1 II
0 51.06 51,26  50.M1

He does admit that the composition is varié.ble if the oxidation
is terminated at the moment of disappearance of the blue color.
Due to lack ’of details these data are severely limited in their
usefulnessa,

Rengade (9) made a stﬁdy of the oxidation of potassium,
cesium, and rubidium, in liquid moﬁia, and established the
existence of the oxldes corresponding to the formulas“ Hzoz,
nkzoy and Mp0y, He also showed that in the case of cesium and
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rubidium the product formédvin liquid ammonia depends upon
the rate of oxidation. With rapid oxi.dation the initial
product corresponds to' 4,0, and the final product to 450y,
on slow oxidation the initial product is a mixture of the
hydroxide, MOH, and the amide, MNHp, which is further oxidized
‘to the nitrite.‘

The only research on these oxides so far ;'epprted in the
literature in this country was done under the direction of Ir.
Gharles Kraus, ons of the pioneers in the liquid ammonia field,
Two importan‘o investigations on the oxides of sodium and
potassium were condueted undsr ‘his. direct.ion.

In the first paper (13) in agreement with Rengade's work,
it was shown that upon slow oxida’c.ion of e:nther sodium or
potassium solutions the initial products are the hydro:d.de
and amide, and upon i'u;fthar oxidation the ‘amide is ozd.dized to
the ni‘orite. |

More complete data are givén by Whyte (1) on the formation
of the amide and its subsequent a}ddatibn. In a study, first
in the case of slow oxidation, he attempted to prepare KQO.” This
may be accompliahed either by carrying out the oxidation with
extreme slowness or by admitting the calculated amourit of
oxygen necessary to form the monoxide., The latter method was
adopted and gave a white, gelatinous precipitate and a rather
“yellowish liquid. The weight found was ﬁnmh greater than the

theoretical value and the excess weight corresponded very
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ciase].y 'to‘ that of one molecule of ammonia. He 'a:ssumscﬁ that
,énnioﬁdiyais ‘had taken place, 'yiéldi‘ng potassium hydroxide and
potassinm amide as ind:n.cate!d by the equa*hmn,
0§ W s KU 4 R
Sincef i’c. waa not cartain whe%,her a‘ complex- ioompound'or'a :
mle.ure of I{OH and KlH, was produced a separatmn wag attempted
by means of a two~leggeci glass tube 5. Buch as. 'hha’c. used by
_Peck, (15). As potass:z.um amide is very soluble and ‘potassium
hyﬁrozc!.de .18 insolubla in hquid atmmnia it was establn.shed
that ,“?_has? two compounds. we;ca formed and that ‘the?,,amivs:;e: can.
be oxidized sither in solution or in the dry statei Whytels
da.t,a',iﬁdﬁ.qated that the re’acﬁie{h isé '
2KNH, + 3/202 KOH 4Ny
Upon rapid oxidation of the metal solution he was able to

Viﬁsgl:ate ‘both the permd.de.and; @11@ sgpe;;gxide";but nqt 'the;
trtoride, |

. This investigator also s’otidiéd"tha; oxidation of 'éoli;ﬁﬁiohs
of sodium in liquid ammonia, He found, thattheinit:.al
produd’s.was‘ always the ”moixu:ﬁide and that this ammonolyzes with
the fprmation of sodium amide and sodium hydroxide‘& ‘I‘ha
émide was converted to ‘c.ﬁe nitrite upon further oxidation,
this reaction appeaxing to be identical with the a;néiogous‘
reaction in the slow oxidation of ;)otéa'aimh. The publication
(13) based on this work sﬁatad that the ﬁérozd.de is formed
upon the rapid oxidation of sodium in liquid ammonia. This is
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in contradiction to the findings reported in Whytes'! thesis.
This first ‘work of Kraus? was carried out at or near the

2

boiling point of amm‘onj.a,and‘uazo' wag reported as the highest
oxidation product of sédiuin‘.t - Joannis claimed to have obtained

NaZOB' by working at A-Sd@. In Eraus? secc‘»nd‘paper (16) the
oxidation of potassim;x was carried out at 7506 and very nearly
pure samples of both K00 and Kzah were obtained. By allowing
o;’qrgen at low pressure to react with X0, at ’rc‘)ém temperature
the unstable chocolate colored KQGB"Was preparéd.;l

In Eraus' original work the proéednra used consisted
essentially in passing a controlled stream of oxygen through
a solution of the metal in liquid ammonia contained ina
weighed tube at liquid=ammonia temgeraturess The volume of
o:qrgen‘ absorbed was measured and the weight of the 'prdaﬁcté of
reaction was determined by weighing the tube at the end of the
reaction, The metal empioyed was melted*ih a vacuum and run
into small sealed tubes of known weight. 'fhesé tubes were
broken just prior to introduction into the liquid ammonia. - In
Kraus! second paper (16) the same mothod of handling the metal
was uéed;, but the analysis consisted of decomposing the oxide
and measuring the evolved oxygen as it was realized that the
weight of the product_ férmed was not a gatisfactory bcritar\f‘\.on of
purity. The oxygen evolved on ﬁrea’.’c.ing the higher c;ddés with
ice water serves to determine the amount of oxygen combined in

excess of K2°2‘
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K0, + a3 = K0p-ad. + 0,
K0y # aq. = KpOpead. + 30p
When Kn0p i‘a;'dissbived;in ice cold water, no ‘oxygen is
evolved, at least theoretically.  The éﬁygeny‘evalved on
heaﬁ.ng the resulting solution indicabes the amount of potassium
présent in the form of the peroxide , ‘K202.
' ¥ith water vapor, Kzi)h ra’ac’dsi ‘axzc'ei'ding to the equation,
K0, 4 3320 = xzo»anzc + 3/205
Once the breakdown o:E' some ai‘ the KZOI; is mitiated, it
decongoosea ccmpletely to pot.assium hydroxide,- Wh:i.le the remaim.ng
Kzoh remains intact. 'I‘hia is indicated by the fact that cn
'part:.ally decomposed K'z’% the oxygen evolved in the second
stage of the anal’ysis‘fis one=half that of the first stage
(addition of ice water to the sample). 'W‘a‘ter é‘.dded to K;_»Oh
éiispended in iiquid ammnonia shows o 'indicétion of Teaction so
1ong‘ as '}.iquzfld ammonia or ammonia vapor is present.
Kraus alsa showed that K202 and K203 absorb definite
quantities’ of Water vapor without evolution of oxygen.‘
However s this .met.hod of ‘prepé.ration of the ‘hydrates was found
to _’bé uhsatisféctéx‘y because of the 'réari-angement of the
hyﬁraﬁas. A be’ttex‘ méthod is to introducé the necessary
quan’o:.ty of water into a suspension oi‘ *bhe oxides in 1iqm.d
almnonia. By this method K202'1120, K20202H20 and K20 Hao
may be prepared. These hydrates rearrange slowly at room '

temperature in’ the dry state to give Kzoh and KOH hydrates. By
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the two stage analysis prev:.ausly .described the follQWing
rearrangements were studa.edg

3(1{202 'Hy0) = Ka"u E hKOH + Hy0

B(Kzoz 2320) = K0, + 2(1{20»3320)

3(5203‘320) = 21:;3% ¥ x20~3n o
The f.u:*st rearrangement shawn above goes rather i‘ast. and to
completa.on, the second one goes a lit’ole slower, and the third
much slower, 3 but with def:.m.te mdicat;.ons of ‘au’coonda'bion.

Aééérdingﬁ to aefdi-érénd (17) KZOh ‘16535 63qygén above msv

malting point with the formation of Kp0,. Holt and Sims (7)

°3
found tha.t ’che final 'product, on hea‘cing KQG in glass,
corresponds to the farmula ch, reac*bion presumably taking
pl;ace between ’che ox}.da and ths glaaez. Kraus (13) rapea‘oed
this work and found that Kaf}h, when melted in pyiﬂex' or soft
glaas s gives a product. which by amlysis correaponds to Kao.
It heated :Ln an aluminum boat, however, the final product is
KQO ’ Which is in agreement, with deForcrand's work. Kraus
also observed ‘that Kat)h, after exposure to the action of moisture,
loses oxygen irreversibly between 100° and 200° At tempen*aturea
above 300° it. disgociates revf>r91bly but the equ:.]ibrium
pressxmes,'appegr to dépend on the oxygen content of the solid
phase.

" ‘Previous to this work of Kraus , the: dissociation of the
peroxides of sodium and lithium, and the superoxide of potassium

had been studied by Blumenthal k(18).. Shortly after this wark
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appeared Tzentnarshver and Blumen*bhal (19) published data
giving the melting pointa s dissaciat:.on temperaturas at a
pressura of one aﬁmosphere, and tha heats of formation of the
known higher oxides of the alkali. matals. Alsa » estlmatad
melting points for’ the unknmm o:d.des L1263 y Nazo s Li Oh and
N“ZQL; were ga.ven.

Recantly an at’c.emp‘c has been made (29) to prepare the
higher aJd.des oi‘ sodium and potassium by tharmal decompos:.tion
of the ni‘hrates at tenmeratures ranging from 750° to 1200°.
Sodinm nitrate was i’ound to decompose gt 800 to form cmly a
little 'peroxida‘.' H:Lgh péro:d.de conﬁent was obtained orﬂ.y by
bheating the salt rapidly to a high temperature. Tt was found
necessary to heat ’ohe potassimn salt ta about 1000° Where
appreciable quant:x.ties of the s’oable black molten parozd.de
were oﬁtained. Upon cooling , the melt was yellaw to dark brown
in calor dus to the presence of various axides of potassium,

Alka]:l. metal oxides of the ganeral formula 1120 have until
recentl,,r been called alkali tetro;d.das in the belief that the
substances were analogous to the tetrasuli‘ides .and contained the
01;‘“‘: anibn with the structure:

—.6 § »
:Q: 0:
e
According to Pauling (1) the discovery of the three-electron
bo;;d sugg;e:sted"(';ha'-b the;se_ alkali oxides might contain the 0‘2*
:!.or; with the Structure 0 e 0. v}hich involves a single bond and
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a three-sglectron bond betweenj the two identical atoms. This
#as pr‘m\red by ‘meaéu?ing, the magnetic susceptibility of the
potassium compouné. s.'fhe, " éuperpxi.déian 00" contains bné
unpaired elec:’tron‘and thér’efore should be paramagnetic which
was found to be the case, whereas the 0, ion %oul’d be dia=
‘magnetic.. The existence of the éupemxide ion in crystalline
’po’*ﬁéssium %up»erc}d.de} has also been verified by"x-‘-ray examination
(22), and the crysf;al structure shows the potassium and superoxide
ions ﬁo bé arranged in a sizﬁple cubic array. Accordingly, the
formula }&02 is imiica‘ced rather than uzoh. Several . investiga-~
' tors have reported alkali metal oxides of the. empirical formula

‘1520 Magnetic and X-ray data ou the rubid:c.wa and casium

conpotmda prove that these contain bcth the pero:d.de and the
v‘suparpziy.dg ion (22) and that j’c.hsn.rv structures may therei‘qre be
represented by *bha formula Mzoz‘?zmz.

Kazarnovskii and Raikhstein (23) have showm by means oi‘
‘dlssccla'oion s‘budies that K203 xs not a definite compound but a
mixture of K0, and Kp0,. This is in agreement with the findings
of Helns and Klemn (’22).;

‘l‘he structure and propert:.es of the univalent supero:d.de ion
ha.ve been studied by KaSatochkin (2L), who also gives an elec-'
tronic scheme for oxidations which involves this ion, Attempts
have also been made (25) (26) to study the reaction mechanism
operative‘in the reactipn, of Water with the superc:d.&e, ion to

liberate oxygen. Supposedly the HO, radical is involved in this
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procesde

_ The A:ﬂcahne Earth k&etal Ozd.des

'i’he Eterature on this gmup of anmpounds is somewhat more

. scan%y than on the rela.ted alkali me’oal compounds. Like ths ‘
alkali granp s three ’oypes of o:ddes of the alkaline earth metals :
' are kno*wm.

| ; rTh'a monbxidea are the most common type found in 'ﬁﬁé;
fami.ly. mse mddes are foi'méé whénl tha‘ hyﬂrbﬁdas N éarBOnates
or ni’erates are decomposed by heat, the stability of thase '

- compaunds being raughly para?llal to fhe strength of the ox:;.das

aa bases‘ ‘évhereas the hydrmd.des or carbonateﬁ oi‘ the alkalies
cannat be apprec:.ably daconqaosed by heating s those cf this group

‘ a:rs all dacompoaed at high 'bemparatures., The nitrates of ‘the

' alkali metala are ‘decomposed 'bo n:.trltes on heating, while thoae'
of the heavy metals give oxides wi‘shout the nitrite staga.. At
modex-ate temperatures the nitrates of the alkaline earths

, g:n.ve a mixbure of om.da and nitrite, with complete decomposn.tinn
to the oxide at very high temperatm*ea. Barium is nearest to

the alkal:i. metals in thig property—nits carbonata is the moat ;
difficult to daeompoaemﬂvhile magnesium (and beryllium) is most
unlike them. As is in the case with lithium, the lightest
member of the group approachea At’he élements -of the nex-b heavier

‘ group of tha pariodic system :Ln i.ts properties. .

‘ Thez method of praduction ordinarily used ’oo prepare these
o:d.des is that which involves the decomposition of the carbonates,
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but own.ng to the high tenper&‘wre of decomposition of barium
’carbcbnate ‘bha hycﬁ'mde 15 usually employed in this case, The
oxides are crystalline _whex} prepared at high temperaturek, but
laisfbr&inar‘:iv.ly‘v zﬁépnﬁfactﬁfed]they aré in the fdrﬁ;“ of a loose
powdar, These oxides are very difficult to melt but are
.]iquefled in the ‘electric arc. Their rei‘ractory proper‘oiea ¥
comb:.nad mth the:m :z.nertness to man;y- reagents after they have
'been ignlted, makes them useful in the construc'bien of furnacé |
lininrfs » e'bc. Ignited Be0, like alumlna, is J.nsoluble in all
kacids w:.th the exception of concentratad snlphur.:.c acid.

. The pefdﬁdés of this group are not as ‘easily prepared as
are tfxe‘a‘ alkali :nictal pero:;:i:des* The forﬁation of stable
pe oxi.des at hi.gh tempara'bures is characterist:.c of the nore
e}ectropositive ‘alk:aline earth mtals. This proper’oy is not
verfj préiioﬁﬁced in Iithiﬁxh ‘and is1 entirely absent in beryllium,
while of the a.lkaline earths, barium forms a paroxide most
readily in the dry way. The oxidatlon of calcium monoxida with
ko:wgen at h.igh pre:ssure and temperature produces no permde,
and only a 15 per cent yield of strontium peroxida is obta:.ned
by the oxidation oi‘ the mono:d.da at lLOO G and 98 atmaspherea
prassure (27). Qn tha obher hand, bar*}.um monoxide is readily
converted ‘ho the pero:d.de by' hsating in air t,o I;OGOG. This
peroxide is readily decomposed at 1ow pressm:-es or at temperatures
above h00° and bafore the advent of 1iqu:x.d oxygen, ’chis Tem

act:x.on was tha basis of the Brin proce\,s i‘or the manufac’cnre af
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oxygen,

Attempts have been made to prepare the alkaline earth
peroxides by mfida'bidnd of the hquld ammonia solution of ‘the
metal, Only a poor yield ia‘obtainaﬁls,by the action of oxygen
on thé calciuﬁ solution, although thé preparatign of the strontium
compound has been reported (28) in liquid ammonia,

From t};e above discussion it ié readily apparent that
thereiis1a~direct‘rélationéhipkbeﬁwasn the size of the ion
of the alkaline earth metal ahd,its abili%y'ﬁé form a‘éaroxide.
The peréxide of the'comparativéxyviarge,barium ion is readiiy
obtained, whiieftﬁose of the smaller strontium and calcium ions
are 1ess'yread‘ily formed. HMagnesium pefo:c’nde has been obtainable
only in the form of the impure hyﬁrate,,wharaas it has thus.
far proved impossible to make the psroxide of‘beryllium, the
ﬁémbar of the group whose ion is amallésta

~ The reversible ,equi;libméim betﬁeen barium oxide and the
péroxide indicates the great stability of this compound. |
The radius of the Ba ion (l.3-l.k A) is close to that of the
potassium (1433 A)ééndirubi&ium (1,48 A) ions, so that,frdm
the standpoint of crystal chemiétry it is to be expected that
Baoz and Kcéfghould be qamparable?in stability,‘31n¢e baﬁh;
have the calcium carbide type of crystal lattice with anions
of similar dimensions: 0-0s1.28 A in the O, anion, 1.31 4 in
’the 0p™ anion, - As the radius of the cation decreases, the
stability of the peroxide falls relative to that of ihe

monoxides (28), as was indicated above.
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Hildebrand (29) has stﬁdﬁ.ad the dissocilation of barium
peroxide and found that the dissociation depends on the
presence of small quan?ij;ies, of water and that a rather large
solid solution range complicated the determination of the
dissociation curve, Blumenthal (30) has studied the thermal
'decampcsipion of calcium peroxide and found it to /Abe reversible;
this is m disagreement with the work of Fischer and Ploetze
(27) previously cited,

 The alka}iné earth peroxides show a decidéd tendency to
form hydrates. These peroxide hydrates are formed from the
hydroxides of the metals and hydrogen peroxide, by the additi;:n
of Nag0, to solutions of y-th‘g salts of the metais, or by pre=
cipitation of solutions of the salts _cont#ining H20, with
éxmnon_ia (31)s There _ére two distinct types of these compounds.
The hydrates paroﬁ.des y Moz‘fzd’lac, usualiy contain eight mole=
cules of waﬁer of hydration, Théy form pearly scales which
lose their water without decomposition if carefully heated
and which are slightly moré soiuble than the metal hydroxides.
A aecdnd series of compounds are formed containing hydrogen
peroxide of erystallization with the type formula MOpxHiyOpe
Most of these contain two molecules of Hy0p, though a barium
compound containing one molecule is also known. They are
formed in the cold wheﬁ cénéén’crated HpO, 1s useds At higher
temperatures the peroxides are obtained free from both watér
and hydrogen peroxide{
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It has been found that Baozoﬂzoa deepens. in color upon

standing, es;aacially whan exposed to ultra=violet light,: and
“then evolves oxygen upon treatment with water. .The change is
attributed to ’ths* fcrmationof ~~.Ba0h,» although the compound

has. not been isolated in the pure state, . These colored com=
pounds car best be mads by the action of 30 percent Hy0p:

on the hydrated peroxid;é.f By ‘l';his« procedure Traube and Schulze
(32) were able to prepare mixtures of about 8.7 per cent

Ca0y in Ca0p, and about 8 per cent Ba0), in BaOy. Presumsbly
the. 10%! yields were due to the decomposing action of »the water
presént during formation of the superqxidé;, Magnetic s’cﬁdies
on impure Ga.Oh (33) demonstrate the existence of_t:he;_qz“ ion ‘i.n
this 'com;ﬁound, thus proving the similarity of the iﬁghest oxides
of the 'alkall and alkaline earth metals,

Discussion of Previous Worlé;

It has been shown that Joannis (12) claimed to have
'prepai'ed !\!«5&203 by the oxidation ?f a solution of sodium in
liquid ammonia at =50°. Insufficient data were presented to
substantiate this claim as is shown by the following. This
author advanced two argumgents in proof of his claim of ’pr‘a-_'.
paring Na20f34. The first was that the product liberated oxygen
upon treatment with water and was transformedvintb Nay0y*BH,0.
No analytical proof of this was given., It must vbé remembered
that it is almost impossible even to add water to Na,0, without

the liberation of a noticeable amount of oxygen. The undecomposed
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peroxide would presumably form the octahydrate.

The second point of proof was the analys:.s oi‘ the product;
these analyses s however ’ depend upon the per cent by welght of
Bodium in ‘c.he compound, as the parcent of oxygen was calculated
by dli‘ference. The glow oxidation of sodium :i.n liquid ammonia
| gives NaOH and Namz in the ratio of 3 to lor a mixture oi‘ the
empirical .formula of H%G;NHB Which contains very nearly the same
per cent of sodium on a we;ght basis'as ‘c}oes NaZOB." Thus th;es,a
analytical data are practicall‘y worthless. The claim is further
invalidated by the author's sta’oement that the initial compound
(Na200RH3) may take up two more equivalents of ox;y'gen to giva
| the Na203. This is obviously impossible as undoubtadly the
Nazo NHB was in reality a 1 to 1 mixture of NaOH and NaNH, as
was shown by Whybe (1L).

| Also thera are reasonable grounds for doubting the claim
by Kraus and Whyte (13) that Nazoz is the prqduct formed by the
rapid o:d.da};ion of sodium dissolved in liquid gmménia at =330, |
The data givaﬂ are rather écanty and the only proof of the
compositicn of the product formed is the amount of oxygen absorbed
by the sodium aolution. Further, this claim is in disagreement
with the findings reported by Whyte (1L).

Because of these appgreh‘bly vconi‘licﬁng data an investiga-
tion was begun (3k4) to determiné ’che oxldation products of
sodium :!.n liquid ammonia. No single defini‘ca compound (or

compounds) was found as the result of this work. It was found
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though that by passing cxygeh gas through‘éolutions of sadium
in liquid ammonia at abaut ~77° that a prodnct was obtalned, |
whlch upon analysxs, was shdwn to be between ﬁaZOQ and Ha203
in composition. The resnlxs, however, were not, consmstent;
hence the oxyzen uptake of sodium.in liquid ammonig at ~779 c
was studied quantitatively. T}ﬁg in turn led to a series of
attém?ttha form the higher 6xidé‘5y bufniﬁg ﬁhe sodiuﬁ‘in‘é
épfayybf éodiﬁﬁ#liqﬁid amménié séluﬁion.- Flnalxy from thla
developed 2 rapid oxldation studies ln‘which a solntion of a
mﬂtal in l;quid ammgnia ia passed sluwly 1nto 1iquid ammonia
; through which a streamfof oxygen is paasmng.
Thesa last three phaaes of tha investigation are the subject

of this thesis and will be presented in chronolcgical ordar.
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| Experim‘_ental. Methqu_ and Results B
O}é}geﬁ Absorption StudiéséEiq:erim'antall

The appara‘bus employad (Fig. 1) is suitable for use only
at. temperatures at which ’she vapor pressure of the solvent
has a knoWn, modera’csly low value. The volums of gas absorbed
by the solution can be . calculated i‘rom tha observed change in
volume :m the gas buret C; :Lf tha reactlon is not too rap:.d,
it is possible to detarmn.ne its rate. ('

| A sampla of sodium of the desired size is cut in a dry- :
bo:ﬁ containing phesphorus panto:a.de. , The metal is placed in
'bhe tared sampling stopcock G and the plug is rotated. After
the ground glass cap has been replaced over the male jomt,
the stopcock :.s removed from the dry»box and weighed. ‘The
sampling stopccck is then placed at the pomt shovn (Fig. 1)
in the system, which hag been prev:wusly dried by flushing
k‘for a considerable time with“s’mhydrous (driad over sodium)
‘ammonia.

- The system is again flushed with ammonia, the stopcock
Jis closéd ~and the required volﬁme of ammonia is condensed in
the reaction cell F by means of the cold bath E, which
consists of a mixture of equal volumes of carbon tetrachloride
andwchlc‘)roform to whiqh dry ice has been added. The tgmperatura
of this mixture, with which the reaction cell is surrounded
during the process of oxidation, as well, is betwéén -17°¢c

and -79° c.
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When the ammonia has been condensed, oxygen is pemmitted
to enter thraugh the drying tube By which contains dnhydroua
magnas:.um perchlorate, until the bm:-e*b O J.s almos’o fn,lled. _ ‘I‘ha
system is then isolated by closing tne stopcock above tha dry:.ng
tube. At thia poin‘_b, with tha: eccentr:.c pump turned pn, oxygen
'i‘i'ém the buret i‘sb forced 'bhi'gugh ‘tﬁe reac'i;ibn cél]l.y and is
cbllécﬁed in tﬁe' x‘eser’véir'!e Wlth the manipulation of the
’appropriate stopcccks the gas is returned to ’ahe buret, and
the cycling process is ‘bhen repea’ced un'bil the oxygen and the
hg\ud ammonia are mutually saturated. During the cyc'.Llng
process and ‘bhroughout subsequent operatiens , the level of the
cooling Riquid on 'bhe reaction cell i.s kept as nearly comtant
as possible in order to avoid cha.nges in oxygen volume. This
is necessary because the sampling stopcock cannot be covered
by the ccoling bath.

Once the' :.nit.:l.a_l static volume in buret c'hé.s beéomé
constant, fhef pump L 1s turned on, and with the proper adjustment
- of atopcock:s, omen at a rate of 850-900 cc. per min. is
cycled through tha reaction cell. . (,By regulatad clamping of
the rubbe: 'bubing leading\ to the punip s the rate of o;xéygen flow
may be adjustéd to any desired ’lc\iwe'r' véltxe.j By tufning
’stopcock G the sodium sample is drommd into the liquid ammonia.
The system is kept at approxtmately atmospheric pressure during
the oxldatlon by rai.;:mg the mercury 1eve11ng bulb of buret c
to con’cinually higher levels as the oxygen is consumed. When

the c:d.da'bion has proceeded to the point where there is no
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longer any notlceable change in the. mercury level in the
burat, the pump is turnad off, the system "Jermi’oted ’co come
to apparen’t. equi]ibri.um, and the final st.atie volume obtained.
The chanm in volmne :3.3 than corrected :t.‘or temperature, pressure,
a.nd the vapor pressure of liquid ammonia ‘o give *’c.ha standard
volume of oxygen absorbed by the known weight of sodium.
. After the absorption data have been obtained, the cold bath
is removed and ammonia allcmed to boil off 'bhrough the’ trap K
to the Waste jars. A slow flow of o;q"gen through the reaction
cell 1s maintained during the removal of ‘am,raonia; "ﬁhie swaaps
the l.ast tracea of amonia from the systam, thus preparing :Lt
i'or the analysis. j
o For tha analysis , the cell, now cooled by an ice-water
bath, is connected vd.th the measuring buret only, and both the
cell and ’ohe buret contain oxygen at a’cmospheric pressure. A
10 ml, portion of catalyst solutlon (to be described below)
‘is added from H and the cell, which 18 connected to the rest
of the system by means of Tygon tubn.ng, is shé.ken to hasten the
_decompoaition of the ox:x.de (or cxidea); the quanti.’cy of oxygen
liberated ia calculated from the volume change in the buret.
,The dacomposition oi‘ the cold, dllute, acidic solutionu of
hych'ogen pero:d.de, i‘ormed upon the' additlon of a.cz.d to per-
md.des and 3uparox1das of ‘the’ alka]i metals > is catalyzed by a
‘solution which is 0.6 molar with respect to hydrochloric acid

and,\g molar with respect to ferric chloride.' To carrect for
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the volwna change due to the addition of the catalyst, a blank

run is made with no oxide pmsent.

A Absorption studiss o D:.scussion of Resul’ss
o Smns twanty-seven runa were mada on thn.s apparatus of
wnich twelve are reported in Table I. ’fhe runs not repcrted
‘includa the ﬁ.rst dozen or so which were necessary to develop
.' the apparatwa in the fcrm in which it is shown in F:Lg. I.
The first run was mada with no pump in the ‘set up but the work |
»involved 1n handling all the mercury necessary to cycle the
oxygen wag too great, A pump was designed and .tried. but was
not Saiisfacﬁéfs;, ﬁiien‘the ﬁodel s’hownr b*’n‘as bu:.lt and prpv'ed} ‘
| ta be adequate for 'hhe ;jo’b. |
The next problem sncountered was ‘bhat of getting a known
weight of sodium into aoluhmn in tha amonia in a short 1ength
of timm : In the i’irst i‘aw runs a short 1ength of gla.ss 'hubing
’(hmm.) contaim.ng 8odi.um was dropped iﬂto the ammoxﬂ.a a‘b the
appropriate time. This was found to be unaatisfactorj as the
sodium 8hows a decided tendency to i‘orm some sort of compound
with the 1iquid anmonia at »77 . Thus a dark blue :Lnsoluble
‘precipitate would form in the glass tubing and was found to be
most difficul’o ’co remove. As a result of this dii‘flculty the
sampling stopcock G vas designed and proved to be quite |
satisfactory.
Another source of - difficul’c.y was t.he rubber tubing in the'

pump. Gum rubber tubing was fmmd to ba "bhe mcst. satisfactory
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for this use, bub 1‘b ha.d to be rsplaced frequently due to
vexcessiva wear caused by 1mper£ections in tha construction of
:tha pump. Aftar each chanﬁe of tubing the first run made was
'found to be belaw averaga. Apparently this was dua to 1nsuffi-
cient drying or removal of organic vapors from the rubber bafore
sy -

After thase and other minor problems had been Mrked out
the data given in Table I were callected.

Thsse data shﬂw that ths sodium’ammsnla aolutlens pick
fup nearly the quantity of oxygen needed to form.ﬁa@a. When
’thasn data were published (35) it was concluded that Na,oa was
‘formed at ~77 but that it decomposed in the process of boiling
off the ammonia at —33° This was assumed to be the case as
Kraus and Whyta (13) had stated that only slightly impure N 2
18 formed in the rapid oxmdatlon of sodium at ~33° By
conparzson with the potassium oxidatlon then, one wnuld expect
to get a more nearly pure oxlde at the lawer temperature; thus
the possmble ammonoly81s uf the axi&e at tha 1owar Lemperature
was not taken into accoun‘h. This assumpta.on of the validity of
Kraua'iwork was not justified ag will ba shown 1ater and leads
to the 1ncarrect inmerpretation oi the absorption data.

| From the work rsported later in thls thesie it 13 apparent

Athat NaOH and NaNOz_wera formed even‘atvthe low temperature.
Neverthelesé,maog must have also been rormed’ané it accoupts for

the‘analytical,data gliven on the final product, as appreciably
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more oxygen vas liberated than can be accounted for otherwise.

Spray and Evaporation Studles = Fxperimental

With ﬁhe’ complstion 'c;»f the absorptiéﬁ stﬁdi.es on. sodium
sous axplaratury exparimants were begun in an effort ‘to deva.sa |
new ways t,ai make ‘the superoxides. One method in par‘oicular
was thought to have exceptionally good possibilities; in this
'procaas a metal—mmnonia solution is sprayed into an oxygen |
atmosphere‘ | assentially, this should give a low temperature
"éurz_ﬁ.ng of the ‘metal which is desirable_ ag it 1s thought that
burnlng of the metal vepors direqtly{héat‘sfthé products abbve'sv:
vtﬂe’" decompoSitioﬁ'temperaturé of the: suﬁero:d.dei Further R
by this, method, it should be possible to control the temperature
of burmng to a certain extent by varya.ng the ratio of metal ‘
to 1iquid axmngnia.

B Attg’zmpts were also made to oxidize the metal azmgniates
by a mixture of oxygen diluted with gaéaoué ammania. A few
milli]iters of liquid ammonia were condensed in a cell a:.mlar
to that shovm in Figure I3 nex'b the me’bal sampla was added and
the excess ammonia boiled off }.eavix}xg a gold colored px'oduc‘b,
which( waél ﬁrésmnably thé’ ammoniate of the metal, Then a
mixture cf air and ammonia or oxygen and azmncnia was passed
over thls and the ammonia. thus remomd and ‘the mstal o:d.d:.zed.:

of coursa this procedure can only be used With the matals that
form annnoniates - the alkaline earth mstals and lithiume

' Serveral runs were made using calcn.um bu’o the product obtamed
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was usually blue to pink in colbr.- In some of £he rﬁns~hydf¢-
gen was knownkto have. been evolved during the analyses dnﬁ to
the presence of unoxidized metal. In four runs which yielded
a pink colored material the analyses 1ndicated prcducts which
liberated 6 8, 9, and 10% as much cxygen as theoretically
ghou;d have been liberated for the known‘weight of calcium
in the fbrmyqf Ca0,.

| Only onekfun was;made'uSihg lithium:aé during the,oxidation
process a rathar sharp explosion cccurred which shattered the
reaction¥cell. It is probably that this was an ammonia~oxygen
exploéionvinitiated by the burning llthiqmc; Laper e;perimgnts
with sodium'shawed £ﬁis to be'quiﬁe‘a cqmmqpkoécurencevﬁniess
the ccmpositién pf;the'oxygenwémmonia mixture isrkgpb outeids
the explosivé limitsa

As this 1ine of 1nvest1gation did not appear very'promising;
attempts were made to perfect the spray process prev1ously
'described. Becaus» of the naturc of thia prccess, it was found
most difficult to work with on a 1aboratory scale. Tha oxida
formed by-thls method'would be expected to be 11ght, and in the '
gas volumes necesaitated, would be vary'hard to collect.
Because of the characteristica of the oxids all m@iature must
be excluded, not only dnring}thevsynthesis,of the product, but -
during any.subsquent;handling nécegséry'baforé énai&sis.
First an attempt wés made to spraylthg_metalQammoniq

so;ﬁtion into a small reaction cell;inﬁwhich,the_§x1dafcoﬁ1d.

afterwards be analyzed, The initial trials were made with a
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hypoderﬁic'syriﬁge,wbich wasuthrﬁst thfough’ajtuﬁber‘¢ép and
by means bf'whichxthe solution was sprayed into the reaction
cell thfough'ﬁhichfa’sﬁream af‘oxygen‘flGWBd;“Thié'expériment
was not comoletaly successful, however, sxnna the spray‘waa too
coarse and the amMQnia did not evaporate quickly‘enaugh; the
1iquid struck tha oppasite side of the cell where the ammonla
evaporatad and“gllcwed the sodium to oxidizes Neverthelesa
this gave promise of yielding the superoxide bacause,a yellow
'colbr'was shown by the.oXide‘Sa‘prodncéd;

" In an effort to -obtain a flner spray of liQUld a Kantlaek
madlcal atommzer, such as is sold at drug stores for nose and
throat medlca ion, was obtained. This was mounted through a,
Tubbsr stopper in‘a smal1 Dewar‘flésk'with‘thé“jeﬁ end in a
four‘litef:thfee ﬁe@kéd flask through which oxygen was passing.
By méans_"of the .’atomizer bulb sodium{a;zmonia solution from the
Dewar was sprayed into the oxygen atmosphere in the flask.

’In the initial_attempt the 5pray became clogged and it was
impossiblé to get even sprayingg in spite of thiSVGirficulty‘f
some yellow product was obtained. In the next attempt oxygen
was passed through the atomizer and although some plugging of
the atOmizar 0¢curred a gooé yellow product was obtainad, |
Finallyftﬁeitip beéama’plﬁgged, was removed, cleaned and
replaced, and after starting the atomizer again an exceedingly
_sharp explosion occurreds No glassware was broken but the

Qperaﬁar's'hands wera burned. Apparently the oxXygen-ammonia
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was caused tc explode by burm.ng metal as had happened before.
Hera aga:i.n tha nxi.dat:z.on did not taka place in the vapor
phase, but ’ohe spray s’oruck the sz.de of the flask where the |
mmnania avaporated and the mai;al was oz:}.dz.zed. Althaugh the vf
experimants were no'z; completely successful, the yellew calor
of ’c.hez produc’c. ind:.catad that this mathad was worth invastlgating
further,_. ~
o Next a p'ii.'eéé“of giass 'hubiﬁg h’%o inches in diameter and
suﬁeen :.nches in length was adapted as a burning chamber. |
The atomizer was fit‘cad into one end and was opecrated with |
oxygen pressure. ‘ “The at’oempts usmg this appara'tus Were une
successful as the tip bacame plugged vn.th sodium and ‘the runs
ha;i 0’ be discontinued, The oxygen iflov; reduged the pressure
and thus pu‘.liec:i the solution up to the nozzle, as was r;ecessa;ry,f
but the pressure reduction caused'such*ra:pidrevagoratian of the:
ammondia from the solution thatiﬁhé _inlet._slots became plugged
with sodiumé '
~ Therefore, the atomiz'er was répiaéed by two hypodéfinié, 1
needles which were used to atomize the solution. A small |
(#27) needle was placed vertically in the tube and conducted
tha solution from Séloﬁ’. This hé_edle bpéhedbénéath and in the
center a.f thé opem.ng 61’ a larger (#20) neeéle placed |
horizontally in the comter of the gias’é burning chamber
prévibﬁal} tdeé'crizbed'. This latter neadla was pressur:.zed

with 15 cn of mercury back pressure of air, By reguLati.ng ’ohs
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ni’orogen pressure on the metal sclution the i‘low up through
the needle could bs cmtrolled. Th:.s worked faa.rly well and
van oranganyellaw produc‘o was obtained which was later 1os'b |
when the anmonia gas burned and its oxida‘oion products des’oro:yed
tha oxide. Ho axplosmns were eyperienced in th:.s run but at
three di ‘fewent tlmes dur:.ng the run i‘lashea could be seen in
the tubewtvfice they were small and ba.rely noticeable but the
| uhird time the yellow product wasg destroyad.

The sod:.am salut:.on used in the above run contained less
than one~ten’c.h of a gram oi‘ sod:mm d:.ssolved in h0~h5 nﬁ.ll:v.liters
of. liqm.d ammon:x.a. 'ihe flow of solution wag intermittent due
\*bo heating up of the solu‘bion in the capillary tubin° and needle.

| Two: runs were made pressuriglng uhe:, lm‘gg neadla With
oxygen Eut :m ﬁbfhh cases expléasidna 4ccc'urrbed‘.v In an ,atteyxzq:t’ _
’to pfeven'b‘ such‘echiosioﬁs the oxygen was diluted with gaseous
armonia. Trouble was also experienced with plugging of the
| lower neédle.

In uslng this anpara‘bus it was observed that the yellow
product formed When drops of the solution hi’c the walls of the
burning chamber allcm.ng tha axmnonia tc evaporate with |
simultaneous oxidation of the sodium. It was or:\.ginally hoped
and thought tha.t the evaporatmn and oxz.datlon would all take
place before the solution hit the walls of the burning chamber
bu’o in such a small—scale apparatus t}ns was found to be quite
dlfficult ‘to accompli he Frqm the ‘color? of the pz_'od_uctyso far
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obtained this yapor M*oz&&éﬁibﬁ? does not seem nscessery
although in the case of lithiun and the alkaline earths it
would be desirable bacause of the férﬁ;ati&n of ‘a.xmnb.nia’oeév by
these metals, ‘It is possible that the stabllity of the ammoniates
would prevent the quq;:frisé cld.datibn"df ' thésé: mmpbun&s.' *

" Due to the manner in which the sodium was oxidized in the
above expei‘iﬁsnts it was decided to make the metal-smmonia
solution in one cell and to run it slowly into a second cell
zf;(f,‘hxjough which oxyg‘ah"was: passing so that the solution would "
é*fa.poraté and the metal be oxidized. Thé'\i'éac;ion jéé}ll’ could
then be’ disccme'é’oéd from the ’SQIuﬁian cell aﬁd the rééulting“
produ;:‘b\ analyzed | in the. cbnﬁén’oidnal' way., The method of g
analysis had to be modified slightly, however, as a known =
weight of sod:r.um could riyo_t» be useds A w&taﬁ-&x{noz sus;:ehéi.on =
was used to ca%':.zil’y‘ze the oxide decomposition éé.hdf subsequent
titration with standard acid was used as a ﬁeaswe of the

. amount of sodium in the product. Thué the composition of the
oxide couldbe asder’c;aiﬁed. ‘ 'Uéing the ‘acid titration ;as an
indiéation of the amount of metal in the sample, the assumption
is r;iadea that all the metal is present in the form of the
hyﬁrojd.de , sone ,one'l (or more) of the oxides, or possibly the
amide, In at Jedst one run the final residue Agavel ‘a positive
qxia]itati\re test fdr:nitrités ' In geveral of the runs the
color of the product might have kbeanfdue ‘to amide. It is seen

that the oxidation p‘x:‘bdﬁcts ‘of the amide may be present and
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would affect the accuracy of the analyses, as any nitrite or
ni’craté present would not be titratable wi’ch acid and thus the
apparent yieliis would 1nez high. With an increase in purity of
the oxide, the analytical accuracy would increase proportionally,

Several runs were made in world.n‘g oui; the details of
this ervaporaﬁion process. In the first few runs it was thought
‘that the sodiun-amonia solution should be kept at about =78°
80 the solution would bs reasonably cold dux;i.ng the evépdrationf;
Eventually it was realized that it madé no difference whether
the solution was kept at =78  or at the boiling point as it
was warmed up to the boiling poin£ while being forced into.
f;he reaction cell in both cases, Therefore in the later runs
'the metal solution was kept near its boiling pointj’ the
temperature was so adjusted as to just force the liquid over
by means of its vapor pressure when it was so desired.

Another reason for keeping the solution at =33° or there-
abouts was that at =-78° and even at =55° the sodium metalv
showed a definite tendency to form a compound with the liquid
ammonia. At both these temperatures a blue precipitate was
formed and stuck to the sides of the solution cell as the
solution was being removed during the course of a run. At
-33° this was not observed.

A number of runs were required to determine the best
temperature at w.hich to keep the reaction cell. No bath at all

was tried, as well as a room temperature water bath, an ice bath,



ko
and an ice~-salt bath. It was finally dec:f;ded that a room
temperature water bath was at least as good as any othera.
With such a bath the am&;onia wag evaporated quickly, ,thué'
giving a rather rapid oxidation which seemed desirable,  All
the later funs were made uging a roomk tempm'ature'm*atef bath
on the reaction cell. .

It was also thought that the design of the reaction cell
determined, ﬁo, certain extent at least, thev,yield of the highe?
oxide, In some runs the solution ’,was sprayed into the cell .
through na'rés,tricted nozzle., Later it was‘décided"bhat, a better
préduct was obtained by’.&liawingl the‘solution to .trickie;ddwn
the side of the ,ceil. This allowed tﬁa sodium to remain in‘
solution‘whi}.e:being oxidized and then the ammonia would
vaporize leaving the yellow to deep orangs colored product -
behind..

In this series of runs, trouble was experienced periodically
with explosions, or burning of ammonia in the reaction cell,
which ruined the product. Air-ammonia mixtures were used part
of the time with some success,. but _evéntually it was found more
convérﬁ.ent to use oxygen~ammonia mixtures of known concentrations.
Two orifice flowmeters were caiibraﬁed oy means of ’a wa{'. test
meter:and these were used to adjust the ratio of gases and the

'voluﬁlas necessary for the satisfactory oxidation of the ammonia
solutionss In a geries of rung it x’r:asii‘ound;necessary to use.

lessythan.fcur per cent oxygen in ammonia to obviate any
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possibllities ‘of the ammonia exploding or burning. In the
later runs a three pe’r;j.cant- mixture was used with a total £low
of gas of about two to utwo and one-half liters per ﬁinute
passing through the reaction cell,

Spray and Evaporation Studies—-Discussion of Results -

A total of twenty-two runs were made by the evaporation
'proces"s using sodium metal, Seven of these runs were completed
successfully} and é‘nalyses on the produect obtained. : The accuracy
of these runs is probably. not very great but the yields,
reported as per cent NaO,, are given below, The only signifie
cance to be attached to these yield values is that they B
represent the percentage of the theoretical amount oit‘» oxygen
caleulated for pure superoxide actually obtained from each
pfodﬁé'h. As indicated above, any sodium present as nitrate or
nitrite would not be titratable and would give abnormally high
pereen‘aage'yieids.v As Nagbz gives off one third as,mﬁch[oxygen !
as HaOp for equal :amcun.ts‘«of sodium, it is seen that any yield
below 33% indicates that. the average composition is less than.

the peroxide so far as available oxygen is concerned,.



Run Noe Yield
(as N&Qa)'

- b9t

A9 .23 .
22 19
By the same procedure ome run each was made with lithium,
.caleium, «ba:ium;and;Strontium.f The ‘iithium and-barium rung
were ?compla“ded succasafmy and analyzed; the ‘analyses indicated
9% Iizoa;and,QS%,Baoz, .and in boi';h.cases the product was white
in color. 1In the calcium run a white product was formed at
first bub toward the end of the run the ammoniate, which had
concentrated in the bottom of the solution cell; came over too
fagt and was not completely o}d.dized;"thus spoiling vthey‘rum ‘
In the strontium run some of the -’ammbnia vaporized off the
solution in the capillary tubing thus plugging it with a golden
colored product; It was found impossible to force this out of
( the capillary at moderate ‘pressuras ‘80 the run was discohi:.i_.ﬁued.
From the above data it seems probable that the product in
eaéh case was a mixture, The.ysllow color indicates that -
appreciable quantities of the. superoxide were present, The

analysis of Run #3 also indicated superoxide. Mixed with this
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superoxide one would expect some nmitrite, hydroxide, and in some
cases Pos’siblyperoxidev”a;zd i)érhaps ‘ev‘eﬁ .s»ém"e amides

" Thus the indications are that some of the same ‘prn'a'ducta :
were obtained in this series of runs that have been previously -
reportad by the slow (and fast) oxidation of the metal ammonia
solutions. This suggesﬁed a remvestigation of these studies A

the reaults of which are given in the next sections
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Rapid Oxidation in Solution =

The early work on the Tapid oxldation of sodium in liquid
ammonia supposedly proved that Naao‘g was the highest oxide
formed under such conditicns. The experiments indicated in the
above sections seemed to show that this might not be true.

With .the absorption apparatus it was impossible to stud;y'
tha oxygen absorption at the boml:.ng pomt. of ‘ammonia’ due to
interference of the’ ammonia vapor., This apparatus (without the
pump) was, h’owéver,? 5ﬁséd to make a series of runs in which ‘the
sodiuwm~amaonia’ sﬂu‘bion was kept at -30°' 5 =35° with 'a dry ice=
golvent baths Oxygen was passad through the solution 'at a rate
of ‘about 60 cc/min. in tm.a series of runs, From the known =
we:.ght oi‘ sadium and the amount of oxygen ‘1iberated upon adding
a catalyst solution (1 M'in HCL, 2 M in I*‘aclB) an indication
‘was given of ‘the composition of the product. Tn such a manner

the following data were colldcteds
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Run Wte of Na - }IEIB vol. . o Dilution Analyses’ % Nay0,
No. - (grams) mli at ..33 ml, Nij/g.Na Op Evolved (ml) yngicated

Cale, for Obs.

Hay0,

27 .08 9 180 1201 T4 6L
28 w66k 13 190 6.1 1.2 82
29 L0669 7 250 6.3 b 88
% Loms W 10 188 1.6
i .3 W ET IS T A
32 ‘.0529 28 5300 153 12,9 117
33 .82 33 oo “*19.9' 20,3 102
L1229 1300 66 80 121
3 o2 90 83 1Lz 19
36 .o 58 1350 0 19 118

Although thege data are not vecry consistent ‘they do definitely
show tha‘o Kraltuswas wrong in }:u.s claim ’ohat Nazoa :5.3 the highest
oxidation product of sodium at =33%, :This is indicated by the
‘color of ‘the product (mixed white and yellow) as well as by
the analyses s since in one-half of the above runs more oxygen
wag evolved than could possibly have been liberated by tha |
peroxide.‘ Thua format:.on of the superoxi.de is indicateds

| 'I.‘he above da'ba also seem bo indlcate that. the auperoxide
reaction ia favored by increased dilution of the sodium. The>
hrger the volume of ammonia that one starts with the more N
oxygen is immediate’.ly available for o:d.da’c.ion. As oxygen is

qui’t.e eoluble in 1iqui.d ammonia, it is seen that this m:n.g,h*b
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account for the greater tendency of the superoxide ’oa be formed
in more dilutg sqlutions. AS was. shown praviously thers are :
undoubtedly two 'competing ‘reactions in sﬁc}h_ a-s&éte{n. \ :On‘ the .
“one hand there is the oxide formation and on the other. the
amide formationj the latter evembually gives,nitrite and
hydroside wnder ‘cxidising conditionss

It wéuldéeémvthén that the beghway to, insure the oxide

' z;eaéﬁion'WQu}.d be to oxi.dize‘ the scéiﬁm"by‘ droi)ping it.ina
'sufficiently large, voluma of l:.qm.d ammon:m, satura'bed with -
oxygen, ‘80 'bhat the reaction would be easentially ins’cantaneousu
Thia ig not’ a practicable method but the aame effect is obtained
by me‘ar;s’ bf“tlie"appar‘atﬁs shown in Fi@e IT.

| ‘ This appai*a'bns"nis used by condezising ammonia in both the
reaction cell F (which may be thermostated at any\deéired‘.
temperature between ~33° and -78%) and in the solution cell K.
The latter, in this series of runs » Was main‘oamed at about -

tha boil‘ing point of liquid ammonia throughout the run. By
adjusting the t,emperature‘of the bath, M, the desired pressure,
as indic/atéd,‘ by the manometer shovn as N, can be maintained
above the solution, With the reaction cell ‘at the desired
temperature and oxygen bubbling through it the metal sample

is added to the solution cell by turning J. By controlling
the pinch clamp I the resulting solution can be added at the
desired rate io_'tha? ‘oxidizing 'solutioh‘ in the z;eactidn cell F,

With this method it was found possible to add the solution
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slowly enough 80 that the liquid anmonis in F retained its
'colarless ‘appearance excefpt for ths "fugltive“ blua calor |
‘Been at the inlet. Ag a rule this coler persiated for only a
,{rery‘shgft'time’,aé the metal was oxidized almost im’m‘ediate’lyf ‘
under éuch‘ ccnditians; ¥When the fad&iti«;n gé‘b out’ éf cantroly,'"
and the reactwn ‘cell solution turned blue for any appraciable
length of time; the resulting product shcwed a smaller oxygen
‘content, and the final solution gave 2 positive (qualitative)
test for the nitrite ion. Thus the amide reaction was indicated.

o After all the solution =is"avdd‘edl the solution cell is |
‘diaconnecteﬁ, the. armonia allowed bo evaporate off and the
;‘.‘inal brb&ucﬁ’ -ériélyzed bjr the Mthodvpr.exfiouéi;(y.described.
Here again it was"fk found neceésarj td-decdmpa‘se"r)he"product with
an aqueous 100, suspension, and to titrate the resulting solution
with standard acid in order to obtain the data‘nac‘esséry‘ to
cal@late the composition of the oxide obtained. ‘Af‘oer‘ titrat«-
‘ing the solution it is boiled nearly to dryness and a quali’cative
| ni."r,“rita, teé‘o’made ﬁsing sulfuric acid to acidify the solution
‘and then adding ferrous sulfate solution. A green to browmn
célor indicates the presence of the nitrite ion. Tﬁe series
of runs tabulated below were the first ones made by this method;
these results justified the building of a larger apf;araﬁué Which

proved more satisfactory..
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%g?' W%érgfm})!a gﬁiéﬁﬁ Cali 62%3323 (ml) %nggggted
. (from titration) Bath =~ Cales for
St T  Nao,  Obs.
1 .0096 : - }in@héfmggtated 6.9 ’. 2.7 | 39
e wmx ms we w
3 Loms a 23 131 Sk
b 0503 . 6.6 183 50
5 .62 =30 to 3% L. 6 2.8 6
6 oh:m :-30 o ~3§° 30.3 :w. h?
a ,,165‘22; =30° to -35° 38,1 "3.9,,6 51
8 ‘.oé‘usz "-»30 to _—-35° 8.0 BIWB
9  .0276,5 | -3€> to -35 '29.1 )ih.Sl ?2

1

s 33% Naoz correSponds to the composition Nago (as far
as 02 liberation is concerned) 1’0 is seen tha‘b all nine oi‘ ‘ohese‘
runs yielded a product w:i.th more available oxygen than 1s found |
in 'bhe peroﬁda. Fm'thermore the las’e. two runs 1nd1cata a
product containing more oxygen than is availabla in Hazo

3°
Thus it seems likely that NaO may be prepared by thia

2
method. No tests for nitrite were made on these runs. ,
In an attempt to improve the product thia apparatua wag
rebullt with a reaction cell of lhﬂ ml. capacity; the volume
of the solution cell wag about 90 ml. With thia apparatus more
dilute solutions could be used thus favoring ‘ohe oxide reaction.
With the larger volume of amonia possible in the reac'bion cell

it was hoped that the metal solution could be added without
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coloring the reaction solution. In most of the rung this W&vat
found possible. The following data were obtained with thig |
modified apparatus. |
Run VWﬁ.‘ of Ha | Temp, of Reaction Analyses % Wa0y

%' (ggzmii).tration) e B@h g%l?.m%‘gd ) Indic%ted,
L | a0y  Obs.

1 0478 Untharmaﬁéﬁéﬁ%a&. 3B 205 59 |

2 0551 . 13.0 30 79

3 092 02, =75 39 28 T8
T o 3.0 287 718
5 .ol Unthermostated 20,6 233 719
6 _,.0583 . 12,3 285 67

- In thia series of runs the . first and Mat runsg ylelded a
.‘produc"b m.i;h appreoi.ably lasa availabla oxygen than was found. in
the oﬁhm- runs., In,both t}hese.v qases tronble was ezq:erienced in
tha: addition of the metal solﬁticn to the reaction celly thig
poor control resulted in the appearance m‘.‘ blue color throughout
the reaction cell liqus.d for appreciable lengths of time. This
differencs in reaction rate is definitely reflected in the |
yiaid #alues. Attempts wore made to get nitrite tests on the
i‘inal solutions in these runs but because the solutions were (sc' .
dilute £he results were meaningiess. In later runs the Bolxrtiéna
were 'evaporated nearly to drynéﬁs and then}satisfactory tests
were found possible‘.

The product from the above runs was predominantly'yallow
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in color with small but daifi#ita amounts of white materisl
‘visible.

1‘:’: the nex:b SQries of runs lithium and calcium metal were
‘used as it was thought tha’o at lea.s'o tha pura peromdes of these -
vmetals aheuld be formad by tha ra.pid oxidation method, ' ‘i‘he
‘i‘olla‘ﬂing data were collected.

Run  Wt, of Metal Temp. of Reaction Analyses'.. % Peroxide
~ Hoe (grams) Cell Bath 02 Evolved (ml;) Indicated
v (i‘rom titration) S Calcs for -
” ey Paroxida Qbs,
7 .0301 e 1 Unthermostated 21;.3 22 9
8 .owg n "o 103 1301
9 o2gm  ca -1° 9.0 2.8 3
: 19 .0396 g.pa Unthermaatated 11.lv_ .2 s 2
11 ..0128 g I ;ca,.A ~75 103 1.7 oo

From the above it w aeen that there is a decided tendency;
\i‘or Li202 to be i‘ormed under such circumstances. _‘ The nitrita
: tesﬁa on ’ohe i‘i.rst twa runs were unreliable but runs %9 and #11
gavca posztive tests for the nitr:.te icn in spite of the fact
,,that the aolution was added ta the reaction cell with gaod
control. This might. indicate that the am:.de reaction took
,;place in *hhe salntion call. . In these runs the matal was
;drcpped into the cell and tha ammonia condensed on it bacausa
‘thaae mtals rea.dily piclc up ammonia gas and ga into solution;
therefom thay can not be added after the EHB is condensed as
ie possible ‘with sodium. v

In the calcium run no de.f.'a,mte indication was glven of the



52
xforma’oion oi‘ 0&02 as the volu:mea of oxygen liberated (<2 cc)
ma.y well be. within the e:qzerimntal error of the spparatus. The |
xﬁ.tm.te test r'wag‘ »negative ~thus showing -’c.hat the amide reaction
did not take place to any great extent either in the solution-
cell ol:rﬂ: dur:mg “the Qgidati:r;»n process,

' Th§ visodium-runs checked so consistently it was thought
dasirabla to try a few runs uslng potassn.um metal becauaa thev
oxidation prcducts ‘of this metal in liquid ammonia avre well
Xmown. , Thase runs were ta be uged as a check on tha aystem to
83@ if evary'bhi.ng was working right ag it was somwhat puzzling ,
’c.hat cmnsn.stent rasul’cs could be abt.ainad with a compoaition less
;ﬁhan tha-t. of I\Fa.o o The follom.ng data were abtained.

Run  Whe of K : " Analyses - 4Xo :
‘No. - (grams).. 02 Evolved (ml) : Xndgcatedf .
C8le. for - T

‘‘‘‘‘ Ko, om. ]
2 .43 as 18 8
13 L 222 19,8 8
Loz 20,3 16,9 8
,jls f j".eh97' . 20,8 19,2 9
26 Ol puetag of X by sdato 4o dagprop catagyt
7 L0562 2.2 19.2 79
18 f{.osss 28,1 206 88
1 vz a1 s 8%
20 L0500 215 '12.5“' 58
21 ;.ouéo ,‘:19'.8"; 12,1 61

22 checked for reactlon of X with the" gaseous impurity in
~  liquid ammonia solutionu
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A.ll tha runs of the abave series were made with the. reactien
,cell -bhsrmoatatad at abmxt ~75%. In the first thraa rung &
uquid ammonia solut:i.on of potassium was added to hquid anmonia
‘satumﬁed with oxygen. Bug:x.ming m.th run number :fiftean tm |
potassiun was added, by means of the sampling stopceck, drectly
to liquid amnania‘in the reaction cell, By this{mea.ns it was
hoped to duplicate Kraus! results on the rapid oxidation koft‘ ‘
potassium. The color of the product in all cases was yellow
afhd'aﬁpaarfe& to be héxhagsﬁééﬁé fhrqughoht and in all cages 'Ehé"
qualitative nitrite tests proved to be megatives But in spita
ai’ ‘bha gaod appaarance af the product ‘and the ‘abgence oi‘ any ’
m.‘brite, tha y:.elﬁa were found te be discouragmgly low, Finally
after eight runs had been mada With no maz'ked degree of succasﬂ
it wasg decidad to dry ‘gome amonia over sod:mm and use it.

Such ammoma had been’ used in' the’ abscrptmn Tuns but camercial
anhydmua ammoma was usad in the later runs as o advantage
could be observed in using the dried anmonia duz'ing the earher
expemments.

Runa number t.wanty and twan‘ay-ona vere mrkedly lower in
yield than the’ previous ones.. Tt had been noticed that a
conaiderable quantx.ty of a gas (prasumably hyﬁrogen from the =
reaction of sodium in ‘the Jiqu:.d ammonia cylinder) was present =
in tha axmnonia used in‘these runs. A def:.nite but 1esser amaunt
of gaa had been notlcad in the ammonia from the commercial

cylindm‘. e this increase in gaseous impura.’ca.es apparen’oly
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‘resulted in a 1cfwer yleld of KGZ it was decided to maka a run

,(;“22) ta determne whather pot.assx-um m)ulci react ( decoloriza in

solu’omn) m‘bh the mpuritie_ the ammoma.
: To study th:.s about 36«-35 mle of nquid amonia was. condensed
V::.n the reaction call and a potassium 3ample wag added to 11',.
e cold bath (<75°) was kept on the cell and more monia
cbndeﬁs’eii until 65«-»70 ml, Was present; then the cbid“path}vasff
‘remeved and tha ammonia wag allowed ta b011 off., xhe 'blﬁe coiof
_persisted un’oil a,ll the ammonia had svaporat»d off ’c.hus shomng
_that the ma;;or pnrtion of tha potassium d:.d no’c. react; 'l‘he. :
residna showad that. some reaction had. taken place as a def:.m.te
Varsa c:f raaction waa vis:.ble immediately below the: inlet tube
‘i.a the cell. Whether the reaction was su.fflcxent ta ac:count
, ,for the 1ow yields in the other runs is not kna'ﬁm
Thia poged . 2. dlfficult problem since no way is known Whereby ‘
;hydrcgen can be satisfactorily removed from hquid ammcnia‘
“'_Apparently tha hydrogen (J.f hydragen is the impurity) ia no‘b
easlly aeparated by fractionationf or it would be removed with;»
,‘c-ha first a.mom.a used from a cylindar, Sﬁch'is*n‘bt the '.cése .
,hrmever, as. the commercial cylinder had been in use- :f.‘or several
..vmonths but still gave oi‘i’ a gasaous impurity that was detacted
"\\by pasm.na the gas through water. ’I‘he anmonia was rapid]y
.; absorbed but i'ine bubbles of the :meurity would: pass’ up through
: the Wai;er‘

A8 no solution o this problem was immediately available
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i’s wa.a dac:.ded to try. om.dation of ‘sodium a,gam to see if the
consistem; resnlts could again ba obtaz.ned. , ‘rhus e:z.gh‘b runs

wem mada with tha fellow:ina results.

Run W’t; of Ea. Analyaw 2’: Naﬂg
o (§1g~§:m§5).tmmoﬁ) 3%13"%2?;“ (mlq' ' Foaieated
HaQ - Obse
23 063h ns.s' 17 37
2l 0372 27,2 19.6 72
o5 Run was rutned,
26 L0270 19.7 12,3 62
27 olo3 29.5 22,9 78
28 40536 39.1 310 8o
29 40535 163 36.2 78
30 .032; 23,7 18.7 19

In the first i'our runs of th_s sern.es ’cha ammonia

vbeen d‘r'ied. cver aodlum, in the '.Lam four runs i’r. Wae condex;éed
directly I‘rom the conmercial cyhnder previously mantionad. -
In tha firsi:. run the solution was added ta tha reaction celi
“with poor control, thus colcr.v.ng the s::lutien. As a consequemce
’the vield was very poor and the resulting solution, ai‘ter |
'analysis s when boilad nearly to dryness gave a posn.tive ni’orite
test. In the remzaining runs the solution Was added under control
‘and the qualita’oive m.tr:.te tes’os on tha final solution were -
:fou.nd to be negative. ‘

| It is seen that the yields (in the above table) in runs |
’twent,,r-four and twenty-six were low, presumably for the same

reason as :l.n the potassium runs, In the last four runs using



the comercial ammonia the yields were consistent ‘Wl'bh each
other and W:».th the previous runs ma.de in. a Jn.ke manner. ,

By calculation it may be. shovm that a product which
releaaea 78 per cen.t as much ox;ygen as. does Naoz carresponds
alrwa“b exact.lj ‘oo the emp:.r:.c:al formula Nacl 67 s OF in mtegral
numbers to Na 05. E:Lgh'b runs have besn made that, :x.nd:.cata suchyl
a compound.v Four of thesa shm':ed 78 per cent, three sho*ved 79

per cent and one showed 80 per cent Nao ‘These values checkw'

2
| mth:.n the assumed accuraay of this type of apparatus s and '
bemg the only set of values checking so we]l in this invasti—
'gation, saem to pm.rﬂ' to a def:.nite (molecular) compound. .
The empirical formula N 3 5 sugges’os a mixtura of 3uperoxi.de
o percaxida in the ra‘bio of four to one. . The molecular
compound 1,5203 s Where 1‘! represents ei’oher rubidium or c@sium,
A ..has bean shown tc contain both the peroxide and the supero:d.de '
ion and the atructure may be reprasented as M202‘2M02. In a -
hke manner ona would expact Ea305 to cont.ain both the peroxida‘
and superoﬁde ion; n.‘bs struc“bure migh‘b be reprasented as
Na202~bﬂao

Although these resul‘os aaam to indicate the formation of
NaBQS thare are reasons i‘or questioning this conclusion. . For |
one thi.ng the color of the product was not homogeneous in these
rums. In all the runs but one a small but. dei‘inite amount of |

; white color could be seen along with the yellow. If the whi’oe
materlal ind::.ca.’c.ed inzptmities then one would expect tha analwea
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to show slightly less oxygen than is available from Na30 .
Instead of this the correct amount of oxygen or slightly more
than the theoretical qﬁantitg'was liberated, Of course thig
might bé accounted for as "experimental error" but the positi&e
de#iatiops may be indicative of somefather,pfqductkthan that
suggéste§ by the‘formpla.Nqacsg ‘

Two pieces of data seemed necessary to subsﬁaptiate this
formula, First ammonia‘wnuld have to be obtained of sufficient
pu#ity sq‘thatipure‘Kﬂé might be pregared, ‘Then byzuse of
similarly treaied ammbnia the rapid oxidation studies with
sodium shéuld be repeated. If NaBOS were atill/indicaﬁed a
sufficient quantity of the material should be prepared on which
to make magnetic measurements., These‘data with X-ray diffrac-
ltionﬁmeasuremenﬁsz should prove concluéively'the composition of
the oxide,

Preliminary experiments were made toward this end; se#eral
runs were ﬁade,in an attempt to. obtain purevammonia and with it

to prepare pure KO, The following data were collected,
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Run . Wte of X ~ Analyses KO,
No. - (grams) Og Evolved (ml) Inda.cated

for KO,  Obs.

31 The NH,, produced from IH)Cl and Ca0, contained water and -
no superoxide was obtained.,

32 0661 29:3 21,2 7
33 .0lL70 20,2 16.5 82':
3L L0l69 20,2 16,7 )
35 .0558 24,0 18.3 76
36 | 0500 2.7 17.3 80
37 +0517 22.2 17.5 | 79

In the f:l.rst run (#31) of this series a nﬁ.xbure of }lﬁh(:l |
kand Ca0 was heated together and the resultlng gases passed
through a dry:.ng tower, packed with soda lime and qun,ckl:.me, which
vias expected ta remove t,ha vater vapor. : Aﬂpar’ently tha :drying
tower was not very effect:we in drying the gas as the liquid
amcma that wq.s qondensed in the xjeaction cellpontai‘ned,
wa’oégr'f kTheraf’kore no supéro;%ide was i?_imed and only a white‘
precipitate was visible after the ammonia had evapor'atec}.

In two more tins (#35 and #36) the ammonia was made in the
sérée way but better means of drying the gas were uaed; In
these runs the gas was passed £hr’ough a‘glassv trap _immerééd in
an ice-salt bath at about =15 to ~17° C. This removed the
major portioﬁ_ of the water vapor. | Next the gas was passed
through a 10 to 12 inch bed of soda lime pellets that had been
heated to 500~600° C in a muffle furnace. It was expected that
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the soda lime would remove the remaining traces of water. As
,,.ahom by the results this e@ectation wgs :apparently ﬁot

: realized as the yields remained lbw.

‘..Jv:_tf»fas, algo thought that pquibly the gaseous impurities
couié'ﬁbe flushed from the liquid ammonia by bubbling oxygen
‘phraugh it for a period of time. The remaining runs of this
~series were made to test this hjpoi?hesis;v,

In run number thirty-Wdabouij: 75 ml, of ammonia was
cdi;déizée‘ad in the reaction cell,_i;_he amxﬁonia was 21llowed to
_ warm up £ill it started to boil ah;l then oxygen was bubbled
through it for fifteen minutes, The ammonia was then cooled
to abgﬁt =752 and oxXygen 'paased through it for an additional
‘ferty-‘-‘five} minutes. After this ;tr’e,atment the potassium sample
was aaaed to the ammonia and the run made in the usual manner,
‘”In, run number thirty-three the flushing time was extended to
~an hour and in the other two runs (#3k4 and #37) to over threa
hburs. As 1s evidenced by the ylelds of these runs, this

mothod of ammonia purification "seems ineffective.
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‘Suggestions for Future Resoarch
‘}.‘he attempts to mak:e pure K02 have so far besn unsuccess=
Efforts shoulci be made to prapare pure ammonia or to
purify the ‘commercially available a.tmfnon::.a and with it make
pnra Kaza ﬁ'here is a poas:.bility ‘bhat 'che trouble may not be
;in the anmonia but in the potassimn metal uaed. When thia
diff:.cul’oy has baen ra‘maved the rapid Ox:.da‘hian studies of.’
sadium should be repeated using amoni.a of proved purity.
Hext, gram quantimes of the Na 05, ‘or of any higher
. o*cida found, should be prepared and magna“bic measuremants
mada an the prcduc*t. ‘I.‘hus the' ratic of suparo:d.de to pere:ﬁde
, fon can be es’cablxshed and mth pawder d:x.ffraction data tha
formula and atructure oi‘ the md,ds ‘can’ be definitely estabhshed.
| The pralimin&ry runs in which lith:i.um metal waa oxn.d:.zed
by the rapid omdatian method showad promise of y:.elding 1.120
It 18 ukely that t.he addition of 1ithium metal from the
sampling stcpcocl:, ‘after ammonia is condens_ed in bo*bh tha
solution md reaction cells, msy lead to a higher yleld of
Liaﬂaland that the amide reaction may‘be eliminated,
~ The alkaline earth metals should be studied by the same
: method as outlined for lithiume Although the first run on
calcium by the rapid o:d.dat:wn method gave no indication of
fornﬁ.ﬁg the peroxide, the suggested change of mathod\in
handling the metal may well make a difference in the product

obtained. The more electropositive metals, strontium and barium,



61?
.s’shcmld show greater tandancias to form the higher oxides
*under thase cond:lt:.ona.
v Ii' i‘utm-e work shows that the poer KO ylelds were due ta

2
hydrogem (ar nitrogen) mwmtmeﬁ in ’ohe 1iquid a.mmcm,a, 'bhe

pc ";t.ble react:\.ons of.' hyﬁrogen (and m.trogen) with solutions

4[of the a]lcah metals in hqu:.d ammonia should be investigated.
;Should hydragen prove to be tha mpurity respansible ;f.'or the
MW yields ‘c.hen the..,e stud:.ea should include the efi‘ect of such

‘hy&rogenation catalysts as may be uae:i’ mth li' m.ci avmonis

soluuons ‘of the alkall and alkaline earth matals.
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Summary

It has been shown, contrary to Kxaus' statament, that )
Nazee is not the highest oxide ef sodium.formed by the o
;uxldaﬁion of sodium 1n 11qu1d ammonla. At 1east one highar
 oxide 13 formad at ~33° or. at u77 s as is shawn by the results |
of three dlfferent methcda of inVestigation‘ The compasition of
fthe product has been found to be more dependent on the methad of
. oxidation than upon the temperatura at Whieh tha exidation
jtakes placa.

Sodzum, unlike potassium, undergoes tha amide reaction
'even wb -77 e methad of o:d.dation has been developed that
e}%@igates-thig reactlon:almosﬁﬁentlrely~ove:zthekentire 1iqu1d*
amonia range—fron -33° to ~T1% Tith this method a solution
 offﬂha.Q3t§lwip liQuid’gmmon;qvigfédded‘slowly to:liQuid‘
‘amonta iwough which oxygen s being passad.

,;Evidénca,i3 presentedhwhich indicates the formation of
a sudium~oxygen compound of ﬁha empirical formula NaBQS
This mdlecular compound is probably mada P af a mixxure of
Bodium suparoxide and peroxide in the ratio of four to one
(Naaaz'hmaoz)

v, A%k metel, when oxldised by the repld oxldation
method, shows a definite tendsncy to form the peroxide,
Lip0pe.

. Suggastions have been offered for fubure work to complete

this 1nvestigation.
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