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THE CRYSTAL STRUCTURE OF SODHI ')U?ERJ:~IDE 
Pace 3 

By David H. Templeton and Carol H. Dauben 

Abstract . -
" 

1. The crystal structure of sodium supeloxide has a face-centered 

cubic la .tice viith a = 5.490 ! 0.005~. The structure is li)~e that of 

sodium chloride with O2- ions occupying hal ide positions with disorderly 

orienta tion. 

2. The bond distance in the superoxide ion in this crystal is 

. 1. 33 + 0.06 R. 
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THE CHYSTAL STitUCTUK:: OF SODItJ:: SUFERqXIDE 

By David H. Templeton and Carol H. Dauben 

Department of Chemistry and Radiation Laboratory 
University of' California, Berkeley. California 

The' superoxides of potassium, rubidium, and cesium :OZ' etc.) are 

I readily prepared by reaction of the elements and have long been known. The 

(1) (a) A. V. Harcourt,~. Ch,em. SOC"~I 267 (1862); (b) VI. Holt and 

W. E. Sims, J. Chern. Soc., 65,432 (1894); (c) E. Ren~a.de, Ann. Chim. --
phys., 11 te), 348 (1907). 

oorresponding compound of sodium has only recently been prepared in a reason-

ably pure state by the, reaction of sodium peroxide (the hic:hest oxide ordinarily 

obtained) with oxygen at approximately 500°C and 300 a.tmospheres pressure. 2 

(2) S. E. Stephanou, ''T. H. Schechter, ~". J. Argersinger, and J. Kleinberg. 

J. Am. Chem. Soc., Z1. 1819 (1949). 

-iie have determined the crystal structure of this compound from x-ra.y powder 

3 
diffraction patterns. 

(3) ~7e are indebted to Dr. S. E. Stephanou and Professor Jaoob Kleinberg of , 

the University of l~nsas for a number of samples containing sodium super-

oxide in various amounts, and for analytical data concerning these samples. 

The orystal structures of 1{O2' Rb02 , nnd Cs02 are known to be 
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isomorphous with calcium carbide. 4 In this structureS a face~centered 

(4 ) (a) liT. Kassatoschkin and :,'T. Kotow, J. Chern. Phys .. , 4, 458 (1936); 
........--.. """" 

(b) A. Helms, Z. Ane;ew. Che~., ~, 498 (1938); (0) A. Eelmsand '::. Klemm, 

~norr,. a11v,em. Chern., 241, 97 (1939). 
,-""",,, 

(5) £ll-type, Strukturbericht, l: 740 (1931). 

tetragonal (pseudocubic) lattice of mateol ions is interpenetrated by a similar 

face-centered lattice of O2- ions, to form a distorted NaCl structure. Each 

pair of oxygen atoms is oriented with the 0-0 bond parallel to the tetragonal 

~ axis, and consequently ~ is somevJho.t greater than !, as listed in Table I. 

The existence of O2- ions is demonstrated by the x-ray stUdies and is in 

ar;roement wi th magnetic measurements which indicate one unpaired electron for 

6 
each ~vo oXYGen atoms. 

(6 ) (a) E.:'!. Neuman, ,J. Chem. Phys., 2, 31 (1934); (b) Y;. Klenm and H. 
v... 

The samples were received in Fyrex capillaries as mixtures o'£, sodi urn 

peroxide, sodium supero;~ide, and hydration products, ranging in color from 

bright yellow to white. Powder diffraction pictures taken with copper 

Kn x-rays (filtered with nickel) showed a face-centered cubic phase (! = 

5.490! 0.005 .R) whose relative intensity corresponded with the deeree of yellow 

color. The relative intensity also corresponded to the NaOZ content reported 

for each sample 3, except in some cases where li[ht color indicated e;~posure to 

moisture. 



Compound 

1-10.°2 

rro n 
.C Z 

RbO a 
Z 

Cs02 
a 

'\ 
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Table I 

Unit-Cell 0imensions of Alkali Superoxides 

a (R) -
5.49 

5.71 

6.01 

6.29 

-3 
t~'JC (g. cm. ) 

2.21 

6.76 14 

7.28 3.81 

aDimensions of Helms and rner:un, Z. anorg. all gem. Chem., ~il, 97 (19391 
are multiplied by the factor 1.00Z0 to correct to the baSiS CuKa = 
1.5405~. The densities are recalculated from the resulting num~ers. 

Exposure of ye How samples to moist air caused them rapidly to become 

whi te and destroyed the cubic pha.se. In a sa.mple containing 70% lVaOZ only the 

lines of the cubic phase were observed. In all other sumples, various COIn-

plicated patterns were also present. From these observations we deduce that 

the cubic phase corresponds to sodium superoxide. 'Je cannot exclude on this 

basis the possibility that a solid solution range exists corresponding to less 

oxygen than the ideal NaOZ' However, the excellent agreement of observed 

and culculatedintensl tics noted below makes it unlikely that a large defect 

in oxygen content exists. 

Disordered Structures - The intensitios of the lines of the lVaO
Z 

phase 

were estimated by visual comparison with a set of standard marks made on similar 

film with CuKa x-rays with exposure times 1,2,4,8, etc .• , units. The resulting 

values, adjusted by a factor to make {Z20:' = 22, arc tabulated in Table II. 
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These intensities enn be explained by a structure deri ved from that 

of NaCI by substitution of an °2- ion for each chloride ion. To ha.ve face­

centered symmetry the oxygen pairs must he..ve some kind of disordered orienta.­

tion. Calculations were made on this basis for four sets of OXYGen positions 

(shown in Figure 1). 
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Table II 

Observed and Calculated Intcnsi tics for Disordered Structures 

1. (xOO)a 2. (Rotation) 3 .. (xxx)a 4. (,(xO) a 

hkl obs. x = 0.119 x = 0.119 x = 0.072 x = 0.086 

III (0.8 0.03 0.02 0.02 0.06 

200 55 59 57 53 56 

220 (22 ) 22 22 22 22 

311 6.3 5.5 6.1 7.~ 6.8 

222 4.7 3.7 4.8 5.1 5.0 

400 1.6 2.6 1.6 0.1 1.3 

331 3.6 5.3 3.9 3.4 4.0 

'420 2.5 3.6 2.9 2.4 2.6 

422 1.1 1.1 1.7 1.9 1.4 

333 

r::) fOO\ (0.7\ 

~) ; j 
511 2:2. : C) 

~.O \ 3.1, 3.9/ . 5.7 4.1 

440 < 0.8 0.3 0.5 0.9 0.4 

531 1.4 5.0 4.8 4.0 5.1 

442 

i 
002

1 
' 0.9\ 11.6 .. C3~ I ' 

600 
\ 1

0
0 

( Q.2 \ \~) 0.2 I -;:;; -·-'-1 -----:- ! 

0.8 ll.l) , 1.7 1.5 

620 -<' 0.8 2.7 0.9 0.2 0.6 

533 (0.8 5.7 2.6 1.8 1.6 
• a 

Coordinates of a typicul OXYGen ("tom, if center of O2- ion is tnkcn as origin. 

.. 
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1. Each pair of oxygen atoms is ori~nted parallel to one of 
(the three cubic axes.) 

2. The pairs are rotaJdng with no preferred orientation. 
S. Each pair is paral1cl~o one of tho four body diae;onals. 
4. Each pair is parallel to one of the six face diagonals. 

Intensities were calculated for each arrangement for several values 

of thG oxygen parameter, according to the equation: 

I :: 1 + cos
22Q 

sin 2 9;0-;;-
(1 ) 

where 9 is the Bragg anglo, p is the permutation factor, F is tho structure 

factor, and 10-
4 is introduced to reduce the numbers to a convenient scale. 

The atomic scattering power of each oxygen was taken as (fO== + 3fo)/4 and 

values of fO,fO= and fNa + were taken from Interna tionalo Tabellen,.7 

---_._._.---------------------
(7) "Interna tionalc T0.1)0110n zur Bostimmung von Kristallstrukturcn", Born-

traeGer, Berlin, 1935, II, p. 571 • ........ 

It was found that the ratios of {3l~ to {222) and {331} to {42~ 

arc a sensitivG function of the oxysen param~ter, and that in each of the 

-four cases these two ratios arc satisfied for practically the same o;cygcn 

parameter. The bost set of intensities calculated for oach case is listed in 

Table II. The final oxygtnl parameters and 0-0 bond distances, obtained by 

graphical interpolation, are listed in Table III. The agreement of observed 

and calculated intensities is reasonably good in every case, and one c~nnot 

Uk'\kc a. definite choico between the structures. 'rho ratios of the higher order 

pIanos arc perhaps more favorable to arrangement 3. 

It 1llill be of interest to obtain heat capacity :lnd x-r:::.y diffraction 

dn.to. nt love temperatures to soc if disorder perSists to 10'Vl temperature. and 
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to :::.ttcmpt to determine th3 degree of freedom of rotation of the °2- ions. 

Oxycen Positions 

1- xOO, etc. 

2. Freo rotatibn 

3. xxx, etc. 

4. xxO, etc. 

0-0 Bond in K0
2 

a 

Table III 

OZYGcn PA1JI.: :ZTB::S AND 0-0 BOKD 
DISTAHCES. IN Na02 

Xo 

0.118 + 0.003 -
0.121 + 0.003 -

+ 0.003 0.071 -
0.085 + 0.003 -

o.Knsso.tochkil1 a.nd Kotow, J. Chern. Phys. i, 458 (1936), 

j-O, R 

1.30 + 0.03 -
+ 1.33 - 0.03 

+ 
1.35 - 0.06 

1.32 + 0.05 -
1.33 + 0.06 -
1.28 + - 0.07 

Ordered Structures - One must consider the c~se of ordered structures 

5 not having tho face-centered cubic symmetry (Oh - Fm3m) of the above disordored 

structures. furnlle1.oriontotion of tho oxyr:,:on pairs, liko in the totragonul 

K0
2 

structure or the rhombohcdrd NaHF 2 structure (molecules directod o.lonE 

one body dio.rono.l) would certainly distort the unit cell an obscrvo.blo amount 

from its cubic shape. Oth(;r non-cubic ordered structures we consider unlikely, 

hccnuse of distortion and, also, because other we".k lines should bo observed 

since the structure c:.tn be faco-centcrec". only if the 02 ions are equivalent. 

The oricntQtion of one O
2

- ion per unit cell along euch of the four 

body diagonals providos in two ways cubic symmetry with an ordered structure. 

One such arrangement is the pyrito structure8 (Figure 2) which has symmetry 
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(8) .£2-typc, Strukturbericht, ,~ 150 (1931). 

6 Th .. Pa3. This is the most economical structure with regard to space, because 

if the unit cvIl is subdivided into 8 smnller cubes, oach such cube contains 

one Oy.y'":on atom. The other ordered cubic structure is thnt ir:.correct1y pro-

94, 
posed for calcium carbide, witl: symmetry 0h .. Pn3m. 

(9 ) Strukturboricht, I, 174 (1931). 
'11' 

In this case two of the small cubcs each contnin four oxyccns, while the 

other si;: helve: none. Intonsi tics for plnnos havinG hkl 0.11 even or all odd 

0.1'0 the SQmc for these structures as for disordered structuro 3 ahove. An 

exnmino.tion of the intBnsitio.g of other plo,l1os, h0'll10VCr, ShOV1S nt least four 

in e::.:.ch case which should be observed (Table IV), and so chose ordered structures 

nrc both ruled out.' There may be short-rnnge order corresponding to the ocon-

omicnl packing of tho pyrite structure, without long-rnnge order. This is 

reasonnble bCCQUSC sodium Incks the directional valence 'properties of the iron 

in FeSZ' ,and stncking disorder cnn be had with this structuro vlithout putting 

't',!O oxyp:0ns in the sarno small cube. 
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TAJLE IV 

Observed and Calcule. ted Intcns i tics for Orderod Structur~s 

hkl obs oo.lc cn.lc -6 
Th -Pu3 

4 
0h -Pn3m 

100 < 0.8 0 0 

110 , 0.8 0 5.8 * , 

III < 0.8 0.02 0.02 

200 55 53 53 

210,120 < 0.8 4.5 * 0 

211 < 0.8 5.0 * 0.7 

220 (22) 22 22 

300, 221 ( 0.8 1.1 7.4 * 
310, 130 < 0.8 0 3.4 * 
311 6.3 7.8 7.8 

222 4.7 5.1 5.1 

320, 230 < 0.8 3.3 .c 0 

321, 231 ( 0.8 1.1 * 1.3 

400 1.6 0.7 0.7 

410, 1110 , 322 ( 0.8 1.8 0.1 

411, 330 ( 0.8 0.8 0.01 

331 3.6 3.4 3.4 

420 2.5 2.4 2.4 

421, 241 < 0.8 0.3 3.4 ',' 

332 ( 0.8 0.1 1.2 

422 1.1 1 .. 9 1.9 

500, 130, 3<10 -< 0.8 1.2 0 

510, 150, 43l~ 341( 0.8 1.8 0.3 

511, 333 3. ,) 5.7 5.7 

*Thcsc refloctions should be observed. 

~. 

~.,-
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Tho difference betwoen the structures of sodium and potassium super-

oxide is roasonable on the follov-rinC bo.s is: For larger cations, the dumbbcll-

shaped anion has rclnthTt?ly more room. If it hus enough room, its coulombic 

c:,tion-o..ttraotion will be dominnn t, and it co..n ,)0 expected to oriont in the 

direction of the nearest cations (i.e., along an axis) as it dOGS in KOZ" 

HOHC'lCr, if the c~ltion is vc.!ry sme.ll, the repulsive forces will determine the 

oxypn orientation, and it is p1o.usiblc that this will lend to some other type 

of structure. For cxnm"le, body diu;:;ono.l orientation of th:::·pyrito typo (with 

or ':.rithout order) .c::ivos r::rentar ntomic distances on tho average. 

!2.xygcn Bond Distnncc - Al thouC;h we CC1.nnot definitely describe the 

oxyt:cn posi tions in tho disordorly No.0Z structure, we C2.n say that the oxvgon­

oxy:,",:cn distnnco is probc\ bly in the rnn:~e 1.33 :!: 0.06 R, (Table III) which 

includes the probable error ranges of the four structures conSidered. The 

agreement of "the four structures is duo largely to tho fact that tho finito 

size of the oxygen a.tom makes tho electron density approciable throughout the 

spherical shell in which tho oxygons· nre loca.ted. Also for this reason it is 

not necessarJ to considor o.ny more complico.ted set of oxygen positions. If 

ono divides tho obsorved intensities of (333) + {51~ and {44~ + J\60~ in an 

0.rbi trc.ry manner, electron donsi ties can be calculated, boca.use the sodium a toms 

control tho signs of all F values which arc observed. An electron density 

section vm.s calculated for tho ~cyO plo.no splitting th8s0 intensitios to fit 

structure I, with the result shown in Figure 3. This shows the °2- ion as D. 

hollow and more or loss sphcricnl shell of electron density, with rclativoly 

SlJl..'"l.ll pCJ.ks at the alternate sitos of oxygan nuclei. It o.lso gives confirmo.-

tion to the wllue of the oxy£;on parameter" 
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If the supcroxide ion is considored to have a sinGle bond ::l.nd a 

10 three electron bond in tho Pauling sense J then it may be expected to be 

---------------,----,----'"------
(10) L. puuling, "The Nature of the Chemical Bond tl

, Cornell Universi ty 

Press, Ithaca, 1945, p. 261. 

--------,-----------------------_ ... '---------
intermediate in bond distance botvwon the oxygon molecule with a single bond 

and two three-electron bonds and the hydrogen peroxide molecule which has 0. 

normal single bond. These molecules have tho distancos 1.2076 jll and 1.47 

:!: 0.02 5112 respectively, of which the average is I.M ft, in excellent agree-

ment vIi th our val ue • 

(11) G. Herzberg, "I:blecular Spectra and }~olecular Structure, I. Diatomic 

r,'~olocules", Prentice-Ifull, Inc., New York, 1939, p. 491. Calculated 

from spectroscopic moment of inertia. 

(12) P. A. Gigu~rc and V. Schomaker, J. Am. Chern. Soc., 65,2025 (1943) • ..... 
~&3usur'ed by electron diffraction. 

~knovJledf,omont - The x-ray diffraction patterns were t::kcn by 

Mrs. L. Jackson. -,-;e wish to thr._nk Professor Kleinberg for the s-?mples of 

sodium oxides and for his interest in the; problem. This rosoc..rch ViaS sup-

ported in part by the Atomic Energy CommiSSion. 

p • 

. .:/ 
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FIG, I 

POSITIONS WHICH MAY BE OCCUPIED BY A PAIR OF OXYGEN ATOMS IN THE FOUR 

DISORDERED ~TRUCTURES PROPOSE D FOR No O2 . THE CENTER OF EACH GROUP IS AT 

A HAll DE· POSITION IN THE SODIUM CHLORIDE STRUCTURE. 
-( 

~, ' OZ. 474 . 
',),> i< 8\1I:cLLA "\ !" _.' it ' \-1 k: r:·-.: ~ ,,<: ~-=? l;j t.:...i:£ _J~ h 
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6' Th - Pa3 

. "A 
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THE PYRITE STRUCTURE, DRAWN WITH ANION 'PARAMETER TO F.\IT~·Na 02. THE 

PAIRS OF SINGLE CIRCLES ARE OXYGEN, THE DOUBLE CIRCLES, SODIUM 

.:.~ 
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FIG. 3 
'f' 

ELECTRON DENSITY MAP -x yO PLANE OF Na02, CALCULATED 

WITti AMBIGUOUS TERMS ADJUSTED TO FIT STRUCTURE I • 

THE CONTOUR I NTERVAL IS I ELECTRON I 13. THE SHADED 

AREAS ARE NEGAT IVE. THE FOUR SMALL ,CIRCLES I N I 

EACH 0; .GROUP ARE MAXIMA; THE CENTRAL' CIRCLE, 

A MINIMUM. " 

/ 

,OZ. 475 




