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PINAL REPORT PART IV

THE PREPARATION, PROPBRTIES AND CRYSTAL
STRUCTURE OF TRICESIUM MONOXIDE

by Khi-Ruey Tsail

I. IRTRODUCTION

The sxistence of four suboxides of cesium, Cs,0,
8s, 0, cazo , and ngo, was first discovered by Rengadel
through “e%enminsti n of temperature com sitign
dlagrams sarly in 1909, More recently, Brauer
substantiated a part of the phase diagram by measurement
of the resistivity-temverature coefficients at various
compositione ranpging from pure cesium {o 0500 sze He
aleo checked the phase tranaitions from the xirgy powder
diagrams of the sampies, He observad, however, that the
higher suboxides of cesium gave abnormal x-ray powder
patterns consisting of only a few lines.

It 48 to be noted here that none of the higher
suboxidesg, Cs,0, Cs 23 and Cs30, has ever bassn prapared
and isolated a sufficiently pure stata for xeray
chargscterization, probably mainly because of the diffi-
eulty of hundling such extremely roactive materials.
The usual methodd of praparing casium suhoxides by direct
combination or pure cesiwm and purs oxygen alsd appears
to have tha following difficulties in the case of
reparing the higher-melting suboxides, Cs709 and Cs30s
1) 'The reaction temperature must be raised above the
melting point cf the partially oxidized metal after each
addition of the orxygen towards the later stapge of the
oxidation (approximately 1209C in the cass of Cs»0, and
1709C jn the case of $340}; otherwise a dark surfade
laysr of higher oxides will bte formed and this will
practicallg stop further absorption cof nxygen. {2) On
the other hand, at such high temperstures, an appreciabhle
amount of the cesium will be vaporized and oxidized
esssntizlly in the vepor phase to higher oxides. These
wi'l bhe de¥ositod ag thin fiims above the main reaction
product. (In one sxperiment, carried out in this
laboratory, the uppermost fi.m was found to consist of
pure, vellow cesium superoxide, Cs07, identified by its
x-ray powdsr pattern. On exposure to cesium vapors fronm
the molten suboxide, the yellowlsh £ilm graduelly became
reddish and finally ccmpletely darkened.
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In the pres~.nt work, these difficult’is were
overcome by oxidising pure cesium to Ce20 with the
calculated amount of pure oxygen admixed with
akout 0.2 mm of purified argon., The presence of
this small amount of inert gas allowed the final
reaction temperature to be raised to 1709C without
excessive vaporization of the volatile metal.

In this way, samples of Cs30 were ohtained in dark
greenish, translucent chips, ha¥ving metallic luster,
soft and malleable and therefore difficult to pulvericze.
The following physical properties were obsarved: (1)
melting point: Ca. 155°C, a3 observed in pyrex
capiliary. (2) Density: 2,73% 0,03 g’/cc. at 30.2°C,
as dstermined by displacement cf dried, oxygen-~free
toluene, 83) Magnetic auscaptibilit{ at 30%C:

0.15 x 10-° cgs units per gram, or 61 x 10 6cga unitas
per mol gs compared with «{2 x 35 x 10)x10=%29 x 10""s
-51 x 16' ezs units per mol calculatag from Wiedeman's
law for Cey04Ca, and with®p =229 x 10-0 for metallie
sesium. Thus the suboxide of ecesium, like metallie
casium itseif, is weskly paramagnetie. EBut ths lar
deviation between the observed paramasnetic suscepti-
bility and that ealculated fron Wiedeman's law for
Cay0+la uugpests that the suboxide ia probably rot a
lattics compound of metallic casium 4n the layer lattice
of Cs20. The magnetic measurement was dons by the
standard method, using thg apparatus racently described
by Harris and Lindenmeyer<., (L) Eleactsical resistivity
at 300C: «21 x 10=7 ohm«cm, as compared with

3.66 x 10”2 ohm-cm for metallic cesitm. Resistivity-
temperature coefficient: 0,0025. The measurement was
done potentimetrically by determining the voltage=drop
scross & columm of sclidified suboxide in a conductivity
pinette whizh had besn standardized with mere « Other
suboxides of cesium have h3en found by Brauer+ to be good
netallic conductors also. Thus these observations
definitely show that the suboxide, Cs30, still possesses
the phvsical oroperties of an alkaline metal.

The sample was analv¥sed bv dscomuposition with water,
measuremsnt of the hydrogen evulved, and titration of the
total alkali. In this analysis, the suhoxide may ha
regarded as ecuivalent to a normal oxida plus ewcess
cesium, and the amount of hydrogen #volved on decomposition
with water is a direct measure of the excsas cesiums

q 120 =
s 2qg)0 ——2——3» (24%)GeO0R + A Hy.



T™his method is edaptible to the determination of almost
any gquantity of excess cesiuT. It has an advantage

over the distillation methodis® in that it is not subject
te eny errors due to volatilitv of the suboxide and
corrosicn of the glass by the hot alkaline oxide.

similar vrocedure for determining excesz of metallie
barium in varium oxidg cry:=tals has recently bheen
described by Libowitz/.

1Y, EXPERIMENTAL
Preparation of Semples

A weighed pvrex capsule of redistilled metallie:
cesium was piaced in a pyrex vessel as shown in Fig): i,
The system was thoroughly degassed by means of a
diffusion pump. DPry argon, purified by passgggfthraﬁgh
freehly reduced copper turnings at about 30090+, was
then admitted to f£ill the vessel at atmogpherigc pressure.
The vessel was rotated aporoximatelv 100° ahout glassa
joint J and the tip of the cesium’'capsule was broken by
turning the dbrass fork, F, about the greased O-ring, O,
The glass chips were collected in the side arm, S, for
subsequent waipghing together with the empty casnsuis,

The brass fork was then pulled out of the way to allow
the opened capnsule to slide down to the constricted
mouth, M, of the central tube, The vesssl was slowly
rotated hack towards the vertical position, and the
bottom cf the vesscl was warmad gently to0 melt the
cesium. Then the argon was pumped out slowly to allow
the liquid metal to drip down to the bottom of the
reaction vessel., The vessel was again fillsd with
purifisd argon, and the top part was removed by looasning
%%ass joint X amidst a steady stream of the inert gas.
his was replaced by pyrex caps £ and D, both previocus-
ly dsgassed. After a thorough flush.out, with argon,
the tip of c¢ap D was sealed off with a torch, and the
argon ¥as pumped out until its pressure dropped to about
Ce2 mm, The system was then ready for the admittance
cf oxygen.

_In one experiment, 2.051 g (1.543 x 10~2mol) of
cestum was introduced and allcwed to react with
2.572 x 10~°mol of pure oxygen.,(prepared by thermal
decomposition of pure potassium permanganate or silver
oride, measured and stored up in a gas pipette until
ready for usel, in the edurse of about an hour, in
the opresence of 0,2 mm of zrgon. The oxyzen was
admitted aiowly in snall portions, The reastion took
piace smoothly and rapidly unti” about four-fifths of

(e
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F1G,1., Apparatug for the Preparation
of Ceslum Suboxids and Dezermi-
nation of Electrical Conductivity

of the Sample,



the oxygen had been avsorbed and the molten reaction
mixture had become coppery red. Thea a dark surface
layer began to aovnear, This was decomposed by
inmersing the reactlion chamber in an oil bdath at

150 « 17C°, and the remaining smount of oxygen was
admitted siowly.

; The reaction chamber was ccoled down to room
temperature and filled with argon to a preasure of
about 200 mm. (At this stage, 2 final purification
of the argon by passage through a pyrex tubing cocated
with metallic cesium was necessary to prevent any
appreciable superficial oxidation of the subvoxide.)
Then the stop cock T was closed and the reaction
vessal detached from the vacuum system. e reaction
mixture was digested in an oil bath at 170°C for an.
hour, with the reaction veesel inclined and slowly .
rotated so as to decompose the small amount oi higher
oxide films with the molten suboxide. The product
thus rendered homogeneous was pulverized at room
temperature with a long-armed stainless steel chisel
{previously degassed) amidst a steady stream of
purified argon. The powdered suboxide was loaded into
the sample tubes and sealed off under vacuum.

-~ The sample %ibes for x-ray powder work ware made
of thin-walled ggrex capillaries protected by ewvacuated
glass tubing, e tubing was subsequently removed and
the caplllaries sealad off with a very small flame,

The sample for magnetic measurement was contained
in a § mm pyrex tubing sealed under vacuum., It was
melted by immersing it in a larger tube of hot oil at
1809C and was then centrifuged down to form a compact
column of 7 cm height. Owing to the small cross section
of the sample, the precislion of the measurement was only

?

about 10%.

The sample in the conductivity pipette was also
malted and centrifuged down into position. The
electrodes consisted of thin platinum wires {30 mil)}
spotweloed to nonex-beaded tungsten leads; the spot-~
weld Junetlon and the expnssd tungsten part were covered
by maans of a thin, liquid-tiesht, pyrex-to-metal sezl,
then the electrodes were sealed via the ronex beade to
the thick-walled pyrex capillary (2.5 mm 1.,d,). The
rgsistivisg-tamperature data gave a smooth curve from
0P to 125YC, The measurement was not carrizd ap to
the meltine polnt of the suboxide because of a crack
wvhich develaoped at the metal-to-zlass seal.



The ssmplea for analysie (about 0,05 gram each)
were plaged in pyrex capillaries of about 1 mm i.d.
These were subssquently broken by means of a magnetic
hazmer inside & thoroughiy degassed pyrex vessei
containing shout 5 sc of water, The amount of hydrogen
evolved wag measured by means of a T8pler pump snd
#eleod gauge, and the alkaline sclution was titrated
with etandarﬁ acid by means of a 10 cc miero burette,
The sample of the suboxide thus prapared was shown
by this analysis to have a composition corresponding
to Cs0q, 663

The Debye-Scherrer diagrams of Ce30, obtained
with CuKag radiation and with MoKy radiation in an
1l.L4-cm camera at room temperature, are shown in
Pig, 2, The pattern was readily indexed graphically
by the simple hexagonal system witk a ¢/a ratio of 0.86.

A highly inperfect crystal of Cs30 was obtalned
by melting a small sample of the suboxide in a thin-walled
pyrex gapillary, fllowing it to sool down very slowly
to 150°C and digesting it at that temperature for several
hourz, The crystal was of irregular shape with one
hexagonal a-axis approximately parallel to the length of
the canillary. Rotation photographs taken with C
radistion and with an a-axis as the rotation axis (Fig. 3)
confirmed the hexagonal symmetry with a 5}1de extinction
2® tha hOe#- and Ok-£-type with oda &, 1ne yecoordinates
of the layer-lines and the x-coordinates of the 40:0-
and O0QeLwreflections gave a= 8,72A and ¢ 7.51A, while
the gowﬂor data gave az 8,784 and c= 7.52A, The calculated
density for two Tmolecules' per unit cell is 2.7. g/cc as
comparad with the observed value of 2.73% 0.03 g/ec av 309C,
This density is considerably lower than that calculated for
a mixture of OstCs20 (dx 3.17 g/ce, based upon &{Cg)*1.87 g/ecc
and 4(Cg20)=4.70 g/cc). This low density again indicatea
that the suboxide probably is not a latiice compound ef
mets&llic cesivm in the layer lattice of cesium monoxide
although the same matal has been known to fbgm lattice
compounds with the layer ¢rystal of graphite’,

11T, DETERMIMATION OF THE STRUCYURE

The presence ol strong hk-L-reflections with cdd 2
and the systematic absence of hCef- and Ok-K-reflections
with odd § slow a 11.0~glide, rather than a 11.0-glide,
or its equivalent 10+:0-glide., Of the elaygn hexagonal
space groups with a glide symmutry, only Y4, Cgv, and
ng give the observed oxtinction. The unit-cell dimensions
and the strong 10:C.reflactions sliminate the possibility
~f putting the six cesium atoms &t the combined two and
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FIG, 2a2. Xeray Powder Photographs of Tricesium

Monoxide, Cs830. Upper Photograph Taken
With CuKg Radiation, 113 ma-hr; Sample
Prepared by Distilling a Lower Suboxide
(Cs~0,) in Capillary at 120 - 130°C,

Lower Photograph Teken With CuKy Radiation,
150 ma-hr; Sample Prepared by Direct
Combination of thse Elements,

Y.rav Powder Photograph of Cesium
Superoxide, Cs0,, Obtained as a By-Product
- Y-

sfeliowlish Flimi in the Preparation of
Tricesium Monoxide, Cs40.



FIG, 3, A-axis Rotation Photograph
of Tricesium Monciide Crrwstal,
Cuhy Radlations, 30 kv,
iL? ma-hr.
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four equivalent positions possible with this sysmetry.
Hence the cnly possibility is the six-equivalent
positions, This meens that the six cesium atems in the
unit cell of the suboxide are crystallogravhically
alike, If the oxygen atoms exist as oxide ions b
taking up four out of the six €s electroneg from the

six cesium atoms, then the remaining two 6s electrons
must become a common property of the six cesfium partial
ions in order to make them &ll squivalent.

Positiong of the Six Cesium lons,

As far as the six cesium atoms_are concgrned, the
three poscible space groups, ng, C3,, and Dgy, give
the same set of s8ix equivealent positions: :

‘ we; ouo, uco;

ald; oud; wuos.

The relative intensities of the 10.0 and 11.0 powdare
lines are approximately in the ratio of 5:1; this Tixes
u at about 0.2L4., Ccmperisor. of the observed powder-lins
intensities with that caleulated from the contribvution
of the six ceslum ions at different values of the
parameter, u, shows that u muat lie between 0.2L5 and
0.255, the intensity contributions from the two oxide
ions being small except for the low ordered raflections.

‘Positions of the Twe Oxide Ions,

With ua$ for the 6 C§, the two oxide lons may have
‘one of the following three sets of equivalent pesitions:

1)1 2 32 343 foraC6'Db ur

’ ’ 33( 6) structurs,

?mi Cg-O% 338&-&; ,

(%) %@ %s O$.§o %"%, for a C63/m(02h) structure,
with Cs<0 =3.354; or

{3) 0, 0, %; C, 0, %, for a cé/mcm(Dgh) structure,
with Cal0=2.A84% |
Comparison of the cbssrved intensities of some of the
low-ordered powder-lines with that calculated for the
three _possible structucs with ust shows (Table I) that
the Déh-s%fuctu?e gives the beat Tit of the intenniiy
data, Based upon this structure and i, ths calculated
intensity distribution for the rotsation nhotograch
(Pable 111} was also found to be in gnod cunlitative
agresement. with the ouws~rved datz, thoush in soms canes,
such as the 11:0y 11, mnd 1i+3 retiscvions, ths
abvsorption corrections wpnearsd +o be asulile apnrenishle,

9



POWDER.LINE INTENSITIES IN RELATION

TABLE I.
TO THE POSITIONS OF THE OXIDE TONS

Reletive Intensities Cale; Relative Intenaities Obs.

%idieea
. D¢ %y ngh

10-0 35,2 35.2 57,6

11:0 3.1 9.1 9.1 10

10.2 14,5 10.8 9.2 10




,TABLE II., OBSGRVED AND CALCULATGD INTENSITIES OF
XoRAY POWDEZR LINE3 OF TRICESIUM MONOXIDE

Hexagonal zlegg_gggg;ggg Relative Relative Intensities Calcg,
Ind?iea Intensities %;
g Y

hk d d Observed ale.
%calc, obs. Iobs. u=%: - 3‘36 n=% “%%

ég'g ;og“z) 7.62 60 68.6 5'0766 53.9
10.1  5.35 0 0 0
110 L.39 L.39 10 8.5 ‘Ol 9.6
200 3;8011 6.16- '

11-1 3.793 3.80 100 69.3} 100 100
oo";* 3.760) (broad) 23.3 o O
20- 3.393

10-2 3.371 337 10 10,2 9.2 8,2
21°0 2.875} 2.87 15 6.9} 17.2 17.C
11%2 2.857 4 10.%

211 2.68&3 2.68 50 59.3} 65.0 61.6
202 2.673 Q9.2

30‘0 2’535 205‘{' 2 300 3.8 ip.’.;
00-=3 2.%07 0O 0O 0
903 2300 o 2. % @
212  2.283 2,28 5 12,1 11,2 - 10:2
22°0 2,195 N 1.5 1.4
11-3 2.176 o s 5 15,3 15,5 15.7
3140 2,109 Lol -

22%1 20108 2,103 5 0 } 7.0 7.8
30.2 201611 109 )

203 2.002 0 0 0
1.1 2.031 0 v} 0
LO-O 1.901 12.2

:?’2 lsg(‘«\‘f‘* 3 e 25w c 3:21 E

213 1 R8Y :éi?jAa 15 21.0 [ 38.8 37.0
00<k  1.880) CUTUeR 3.7 )

LA 1804 0 0 0
3}‘0’) },\%;\903 19833 2 :j;oég ()al,-b 6.3
..\vc-iév w*.)hdrjﬂa ] : )
';'1’. 3-3 ;:-szlz;g; 1e?iv€?; 1(?} %ei}% 2»9 300
i 88 L s 128 ) Py i

291 1.6997 1303
L0-2 1,697§ 1,896 10 15.9} 29,0 28,8
20wz 1.688 1k

N

® Basac unon a= 23.78R, «27,524,



TABLE I1I. OBSERVED AND CALCULATED INTENSITIES OF
BRAGG'S SPOTS ON ROTATION PHOTOGRAPHS
OF TRICESIUM MONOXIDE (0530) CRYSTAL

Hexagonal Indices R°°§§$§ﬂ$§§““ lovs, Tealc. (and)
g ) 1
010 o} 2.0 50 37
oa.o} B % ?
8842)} 0 kol 100 100
01-2 0 L.6 10 1
022 0 5.7 1L 1
032 0 7.3 1 6
OhL+0 ) 8.2 5 31
00-L 0 g.z Ii 31
O+ b o) " -
OL+2 8 9.1 6 z.z
021
160 1.72 ;g 72 ;liS
.'0 10” - P
1 1.76 36 63 100
1542 3,76 " 17 18
12=0} 1.76 5,1 21 26
11-2
12-1 1.76 5.5 28 53
13-0 1,76 7.3 3 5
12-3 1..76 7.9 9 26
13:23 1,75 §,2 3 12
ﬁ’-é) 3.52 5*®
2&;*:3 3.52 2.0 80 116
'_5 [ ]
2%'0 5,52 Lol 8 20
2521
gé‘% 1.52 kb 5l 86
2hz 3.52 5.7 5 1,



TABLE III., (Continued)

Hexagonal Indices Reciprocal Lattice Y Icalc.(‘““

hicef g COOrdinaéos

22.0

21‘3} 3052 ) 602 9 21"
22'21

21.33 3452 7.b 6 38
23-1

20-L 3.52 8.1, 7 26
32.0 (5.27) i

311 5027 203 ‘it 171
3.0 5,27 Bk 5 16
3.2 5.27 e 2 9 21
31-0 |
30.2 5.27 5.1 3 17
31.3 5647 6.3 7 36
31-2 W 5427 6.6 2 2
32-1 5.27 Tehs 6 2

e A A T o st

® 947 indicates out of rangs.
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The powder data (Tahle II) zave: as
e 7,52t 0,00A, u30.250 0.001A, Cs-0=
{s-Cs (00.1 plane, bonded to same 0°)s3.8
Cs~Ce (40.0 plane, bonded to same 0*):h.35% 0,034,

Cs-Cs (00.1 plane, bonded to two different 0" )s 5.8030,0LA,
Cs-Cs (10,0 plane, bonded to two different.0*)s5,7280,054,
Thus the Cs~0 distance in Cs30 is very close to that
cbeerved in a cesium monoxidd (Css0) layer crystal

(c? *a22,86% 0,014), indicating that the bond is ionie

as expected; whilsa the Cs-Ce distarce, where there 1s

nc 0° ion interposed, is about 8% higher than the
interatomic distance in metailic cesium (?.BOA &nd

5.78A vs. 2rp 3 5.36A at room temperature). Considering
the polariving effect of the oxide ions on the outer
shells of the cesium atoms [see Part III of :¢hi3 finael
report series), some increase in the Cs-Cs distance is

to be expectad. In conjunction with the observed

metallic properties, the observed Cs-Cs distance

indicates that the ¢s-Cs bonds in Cg40 crystals are
metallic bonds. The structure can b2, regarded as
corsisting of hexagonal columns of Cs50 (formed by,

piling up the pyrimidal tricesium-oxchiium ions, Csq0,
according to a 67 screw symmetry), the colummsbeing
bonded together oy metallic electrons.

The coefficient of thermal vibration amp]ttugg >
estimated from the powder data is about BrslOx10~'Ycm
This appears to be abnormally large, indicating some
sort of lattice defecte as wns to be expected for such
& typns of crysetal.

Iz 1s to ba noted that silver subfiuoride, AgsHF,
haz also been found to possess metallic properties and
partial metallic structure in which the Ag-Ag distance
iz the same as that in metallic ajilver and the Ag.l
diztanes is the same as that in silver fluorids.
Probably this partial metallic character is common
t2 other metal suboxides and subhalides, although the
chemistry of this typs of compound is vet very little
known,



IV, SUMMARY

1. Tricesiun wonoxide, Cs40, has been prepared
by the direct combination oi cedimm and oxggen in the
presence of a small amount of inert gas., xperimental
technique for handling and analyzing suboxides of
casium has been described,

2. The density, electrical conductivity, and
magnetic susceptibility of the suboxide, Csiy0, have
been determined. Tha suboxide has beein fougd to
possess matallic vroperties,

sinple-crystal and powder data, to have a DZ. structure
with two molecules per unit ceil, in whichn e CseQ
has an ionic bond distance ac in the Cs;0 crystal and
the Cg8-Cs has a metallic bond distance as 1in mnetallic
cesium, {Cs-0> 2,89A as compared with C8-0°:2,.864 in
the Cs,0 crystal; Cs-Csx 5.80A as compared with

C3-Cs 2'5,36A in metallic cesium).

3. The suboxide has been found, from Eéray
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