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THE CRYSTAL STRUCTURE OF SODIV SUPEROXIDE  °€® ¥

By David H. Templeton and Carol H. Dauben
" Abstract

1. The crystél structure of sodium supe:oxide has a face—centered
cubic la,tice with & = 5.490 % 0.005 8. The structure is lile that of
sodium chloriée with OZ- ions occupying halide positions with disorderly
orientation.

2. The bond distance in the superoxide ion in this crystal is
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By David H. Templeton and Carol H. Dauben |

Department of Chemistry and Radiation Laboratory
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The"superoxides of potassium, rubidium, and cesium ;bz, etc.) are

readily prepared by reaction of the elements and have long been knoﬁn.l The

(1) (a) 4. V. Harcourt, J. Chem. Soc., 14, 267 (1862); (b) ¥. Holt and

W, E. Sims, J. Chem. Soc., 85, 432 (1894); (c) E. Rensade, Ann. Chim.

phys., 11 {8}, 348 (1907).

corresponding compound of sodium hes only recently been prepared in & reason=-
ahly pure state by the reaction of sodium péroxide (the hirhest oxide ordinarily

obtained) with oxygen at approximately 500°C and 300 atmospheres pressu're.2

(2) 8. E. Stephahou, . H. Schechter, 7« J. Argersinger, and J. Kleinberg,

J. Am. Chem. Soc., Z;, 1819 (1949).

We have determined the crystal structure of this compound from x-ray powder
. ,
diffraction patterns.u

(3) Tle are indebted to Dr. S. E. Stephanou and Professor Jacob Kleinberg of
the University of Xansas for a number of samples containing sodium super=

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

0 RbOz, and CsO, are known to be

. The crystal structures of X0 a

[

e e L e ..Pa,g.e 4 . S .
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isomorphous with calcium carbide. In this structure a face~centered

(4) (=) ¥W. Kessatoschkin and 7. Kotow, J. Chem. Phys., 4, 458 (1936);

(b) A. Helms, Z. Angew. Chem., 2;,;498 (1938); (c) A. Helms and '/. Klemm,

2. anorg. allgem. Chem., 241, 97 (1939).

oy,

(5) Cll-type, Strukturbericht, I, 740 (1931).

oy

tétragonal (pseudocubic) lattice of matal ions is interpenetrated by a similar
face~-centered lattice of 02- ions, to form a distorted NaCl structure. Fach
pair of oxygzen atoms is oriented with the 0-0 bond paralle; to the tetragonal
¢ axis, and consequently ¢ is somewhat greater than 8, as listed in Table I.
Tﬁe existence of 02- ions is demonstrateé by the x-réy studies and is in
agroement with magsnetic measurements which indicate one unpaired electron for

each two oxyren atoms.6

(6) (a) E. 7. Neuman, J. Chem. Phys., 2 31 (1934); (b) ¥'. Klemm and H.

Sodomann, Z. anorg. allgem. Chem., %E?, 273 (19357,

The samples were received in Fyrex capillaries as mixtures of sodium

~peroxide, sodium superoxide, and hydration products, ranging in color from

bright yellow to:white. Powder diff;action pictures teken with cbpper

Ka.x-rays (filtered‘with nickel) showed a face-centered cubic phase (a =
5.490 ¥ 0.005 R) whose relative intensity corresponded wifh the degree of yellow
color. The relgtive intensity also corresponded to the Naoz content reported
for eéch samples, except in some cases where lirht color indicated exposure to

moisture.
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Table I

Unit-Cell Dimensions of Alkali Superoxides

1

Comnound 8 () 3 ) px | (g.cm.'s)
Ha0, 5.49 | - 2.21
K0, & 5.71 “ 6.76 C 14
Rboéa 6.01 7.04 3.07

050, . 629 7.28 3.81

®Dimensions of Helms and Klemm, Z. anorg. allgem. Chem., 241, 97 (1939),
are multiplied by the factor 1.0020 to correct to the basis CuXa, =
1.5405 8. The densities are recalculated from the resul ting numbers.,

Exposure of yellow samples to moist eir caused them rapidly to become

white and destroyed the cubic phase. In a sample containing 70% NaO2

only +the
lines of the cubic phase were observed. In all other samplés; various com-

piicated patterns were also present. From thesc obssrvations we deduce that

the cubic phase corresponds to sodium superoxide. e 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 caleculated intensitics noted below makes it unlikely that a large defect

in oxygen content exists.

Disordered Structurcs = The intensitioes of the lines of the Naoz phase

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

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

values, adjusted by a factor to make {22@} = 22, are tabulated in Table 11,
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_These intensities can be explained by a structure derived from that
of NaCl by substitution of an 0, ion for éach chloride ion. To have face-
centered symmetry the oxygen pairs must have some kind of disordefed oriente-
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 Intensities for Disordered Structures

: 1. (xob)a 2. (Rotation) 3. (xxx)* 4, (xx0)?
hkl obs. x=0.119  x=0.119 x = 0,072 % = 0,086
111 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 7.8 6.8
222 8.7 3.7 4.8 B4 5.0
400 1.6 2.6 1.6 0.7 1.3
331 5.6 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 B jLe9\ 1.0X /0.7} |
511 Lgig 2.9, ‘s.o)
3.0 \ 3.1, 5.0/ tgf;'

440 <0.8 0.3 0.5 0.9 | 0.4
531 1.4 5.0 4.8 4.0 5.1
442 £0.2) ,,0.93 /1-6 1.3y
O I e ¥ R 4
| 0.8 1.2/ \ ni 1.7 1.5
620 ¢0.8 2.7 0.9 0.2 0.6
5353 0.8 5.7 2.6 1.8 1.6

-

a . . . . . -
Coordinates of a typical oxygen atom, if center of O2 ion is teken as origin.
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1. FEach pair of oxygen atoms is oriented parallel to one of"
(the three cubic axes.) :
2. The pairs are rotating with no preferred orientation.
3. Each pair is parallel o one ofthe four body diagonals.
4. FEach pair is parallel to one of the six face diagonals.
Intensities werc calculated for each arrangement for several values
of thevoxygen parameter, according %o the cquation:
1+ c03229 2 -4 . '
I==220022 p dF) 10 (1)
sin Scos® ’
where © is the Bragg angle, p is the permutation factor, F is the structurc

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= + Sfo)/4 and

values of fo,fo= and fNa+ were taken from Internationale Tabellen17

(7) "Internatiomalc Tabellen zur Bestimmung von Kristallstrulturen", Born-

-tracrer, Berlin, 1935, II, p. ST71.

N,

Tt was found that the ratios of {31% to {222 and {351} to 4420}
arc a sensitive function of the oxyren parameter, and that in each of the
four cases these two ratios are satisfied for practically the saﬁe oxygen
paremeter. The best sct of intensities calculated for each case is listed in
Table II. The final oxygen pareameters and 0-0 bond disténces, obtained by
graphical interpolation, are listed in Table III. The agreement of observed
and calculated intensities is reasonaﬁly good in every case, and one cannot
nke a2 definite choice bctwgcn the stfuctures. The ratios of the higher order
plancs arc perhaps more favorable to arrangement 3.

It will bec of infcrest to obtoin heat capacity and x-ray diffraction

data at low temperaturcs %o sc¢ if disorder persists to low temperature, and
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to attempt to dctermine the degrec of frecdom of rotation of the O2 ions.

Table IIT

~

QXYGEN PAPATEZTERS AND 0-0 BOKD
DISTANCES. IN NaOz

Oxygen Positions ' X 9-0, R
1. x00, ctc. 0.118 ¥ 0,003 1.30 £ 0.03
2. Freo rotation | 0.121 I 0,005 . 1.33 % 0,03
3. xxx, ctc. 0,071 % 0.003 1.35 = 0.06
4. xx0, ctc. 0.085 = 0,003 1.32  0.05

1.33 £ 0.06

0-0 Bond in Koza ' 1.28 £ 0.07

“Kassatochkin and Kotow, J. Chem. Phys. 4, 458 (1938),

Ordered Structures - One must éonsider the case of ordered structurcs

not having the facc-centered cubic symmetry (Oh5 - Fm3m) of t?c above disordered
structurcs. Parallel orientation of the oxyecen pairs, like in the tctragondl
K02 structure or the fhombohodral NaHFz structurc (molecqles directed along

onc body diagronal) would certainly distort the unit ccll an obscrvable amount
from its cubic shape. Other non-cubic ordered structures we consider unlikely,
hecause of distortion and, also, because other weak lines should be observed
since the structurc can be face-centered only if the Oé“ ions are cecquivalent,

The orientation of one O, ion per unit cell along each of the four

2

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

Onc such arrangemcnt is the pyrite structur08 (Figure 2) which has symmetry
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(8) C2-typc, Strukturbericht, I, 150 (1$31).

ThG-PaS. This is thc most cconomical structure with regard to space, because

if the unit cell is subdivided into & smallcr cubes, cach such cube contains

one oxy~cn atom, The other ordered cubic structure is that incorrectly pro-

poscd for calcium carbideg, with symmotry Ohé-PnSm.

(8) Strukburbericht, I, 174 (1931).

In this case two of the small cubcs each contain four oxypens, while the
other six havc none. Intensities for planes having hkl all even or all odd

are the same for these structurcs as for disordered structurc 3 ahove, An

_oxamination of the intensitios of other plencs, howevcr, shows at least four

in occh case which should be observed (Table IV), and so those ordered structurcs

ars both ruled out. There may be short-range order corresponding to the econ-

“omicsl packing of the pyrite structure, without long-rqhgc order. This is

rcasonablc becuuse sodium lacks the direetional valence ‘propertics of the iron
in Fesz,vand stacking disorder can be had with this structure without putting

twro oxyrens in the same small cube.
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Obscrvaed and Calculated Intcnsities for Ordercd Structurcs

333

*Thesc raflecctions should bhe obscrved.

hkl obs
1100 ¢ 0.8
110 ¢ 0.8
111 < 0.8
200 55
210,120 < 0.8
211 < 0.8
220 (22)
300, 221 ¢ 0.8
310, 130 < 0.8
311 6.3
222 4.7
320, 230 < 0.8
321, 251 < 0.8
400 1.6
410, 140, 322 < 0.8
411, 330 < 0.8
331 3.6
420 2.5
421, 241 < 0.8
332 ¥ 0.8
422 1.1
500, 430, 340 &£ 0.8
510, 150, 431, 341< 0.8

N
oS

onle

™
0
0
0.02

53

4,5 *

5.0
22
1.1

7.8
5.1

3.3 =

4.4
0.7

1.8
0.8
3.4
2.4
0.3
0.1
1.9
1.2
1.8
5.7

6-Pa3

*

sk

*

cale

Ohé-Pnsm
o]

5;8 *
0.02
53

0

0.7
22

Ted *
B4 %
7.8

5.1

1.3
0.7
0.1
0.01
3.4
24
34
1.2
1.9

0.3
5.7
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The difference betweeﬁ the structures of sodium and potassium super-
oxide is reasonable on the following basis: For larger cations, the duﬁbbell-
shaped anion has relatively more room. If it has enough room, its coulombic
cation-attraction will be dominané, and it can he expeeted to oricnt in the
direction of the nearcst cations (i.c., along an axis) as it dbes in KOZ'
Howcwer, if the‘cation ié very sﬁall, the repulsivo forces will determine the
oxvgon oricentation, and it is plausible that this will lead to some other type
of structurc. For examnle, body diazonal orientation of the pyrite type (with
or without order) cives rreater atomic distances on the avcrage.

Oxygen Bond Distonce -~ Althourh we cannot definitely describe the

oxyzen positions in the disorderly Naoz structurc, wec cen say that the oxvgen-
oxyren distoncc is probably in the ranze 1.33 = 0,06 &, (Table III) which
includes the probable crror ranges of the four structurcs. considered. The
agreement of “tho four structurcs is due largely to the fact that the finite

size of the oxygen atom makes the cleectron density appreciable throughout the

~spherical shell in which tho oxygens arc located. . Also for this reason it is

not necessary to consider any morc complicated sct of oxygen positionse. If
onc divides the observed intensities of {33?}, + {51§ and {44?} + {60@ in an
arbitrory manncr, electron densities can be calculated, because the sodium atoms
control the signs of all F wvalues which arc observed. An electron density

scction was calculated for the xy0 plane splitting these intensities to it

structure 1, with thc rcsult shown in F&éure 3. This shows the Oé-v;on as &
hollow and morc or less spherical shell of electron donsity, with rclatively
small penks at the alternate sites of oxygen nuclci, It also gives confirma-

tion to the vnlue of the oxyzen paramcter,
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If the supcroxide ion is considered to have a singlc bond and a

three electron bond in the Pauling scnSe,lO then it may be expected to be

(10) L. pauling, "[he Noture of the Chemical Bond", Cornell University

Precss, Ithaca, 1945, p. 264,

apwionte

intermediatc in bond distance botwoen the oxygen molecule with a single bond
and two three~electron bonds and the hydrogen peroxide molccule which has a
Kll

normal single bond. Thesec molccules have the distances 1.2076 and 1.47

¥ 0.02 312 respectively, of which the average is 1.3% ﬂ, in excellent agree=

ment with our valuc,.

(11) G. Herzberg, "Iblceular Spectra and Molecular Structurc, I. Diatomic
¥olocules™, Prenticé-thl, Inec., Now York, 1939, p. 491. Cnlculated
from spectroscopic moment of incrtia.

(12) P. A. Giguerc and V. Schomaker, J. Am. Chem. Soc., 65, 2025 (1943).

Measurcd by elcctron diffraction.

Acknowledgoment - The x-ray diffraction pattcrns were taken by
Mrse L. Jackson. % wish to thenk Professor Kleinberg for thc samples of
sodium oxides and for his intercst in the problem. This rescarch was sup-

ported in part by the Atomic Energy Commission.
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FIG. | |
POSITIONS WHICH MAY BE OCCUPIED BY A PAIR OF OXYGEN ATOMS IN THE FOUR

'DISORDERED STRUCTURES PROPOSED FOR NaOp . THE CENTER OF EACH GROUP IS AT
A HALIDE POSITION IN THE SODIUM CHLORIDE STRUCTURE.
g | | - 0Z.474°
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THE PYRITE STRUCTURE, DRAWN WITH ANION 'PARAMETER TO FIT 'NaOp . THE
PAIRS OF SINGLE CIRCLES ARE OXYGEN, THE DOUBLE CIRCLES, SODIUM

-
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FIG. 3

ELECTRON DENSITY MAP =xyO PLANE OF NaOp, CALCUL ATED
WITH AMBIGUOUS TERMS ADJUSTED TO FIT _STRUCTURE | .
THE CONTOUR INTERVAL IS 1| ELECTRON 7 A°. THE SHADED

AREAS ARE NEGATIVE. THE FOUR SMALL .CIRCLES IN -
EACH O, GROUP ARE MAXIMA; THE CENTRAL CIRCLE,

A MINIMUM. .

0Z. 475



