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. \' ·.By.· T~tzuo: ~ki, Allan. Zalkin and David ·H. Tetrpleton .. - '·' .' · .. .. ·, :·, .· 

:.! ·. Lawrence· Radiation Laboratory and Department of Chemistry,:·,:·~, 
. '• 
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. ' . 
. • · .. ·· .. r ? '·' . . 
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1',' "•' ~·.;,Crystals of Oso4 are monoclinic, space group £2/£, with 4 mol~c~l~s.· 
'J', .: ;/':.:;· in the cell with dimensions .... 

·' :o ·, . . . -

··;,, a~ 9.319, b • 4.515, c .. 8.632A; ~ • 116.6° •. 
. . - - - . . 

. .: ·By least-squares refinement of three-dimensiona.i. x.:ray diffraction· -.· ... , ' 

.:·-. ·· ~ data the molecules are tetrahedral with Os-0 • l. 74 1 (unc~ITected · : 

. - · for thermal motion) • 
·, ·, ~- • 'i •• 

The molecular arrangement is approximately cubic 

'', ... closest pa?king. · The intermolecular 0--0 distances exceed 2.98 A 

·.and are consiste.nt with weak intermolecular forces .in9icated by 
. ·," ....... _., 

: ~, · '·.;: ·the high vapor p~essure and low melting· point~··· 
' ' ~ ,·: · ..... ~ .... 

.' .· "· .' :. 

,-,.,,._ .. 
. ~-:: ·3' 

.Introduction .··!- ,. -;, . .. .... 
:··'· '.;. IWNNNNNI¥Nt¥NNN 

.. • ; . ~-:' . . 
. - I. •• ~ •• ' :; 

'·' '· f 

~ 1 ' ~ . 

' . , : : . ·-~The crystal structure of oxmium t~troxide was, ~nvestig~ted, :previously by. 

'·'! 

' '! . ' . . . . •. .· ) . ' . ~ . ' ' ~ . . . .· . . 

··. :<_'- X-ray photo~aphic.'methods (Zalkin Jc ·.Templeton, 1953) ,·.but ·o~n positions. 

, .. · .. 

. . :, were not determined from the ·intensity data. ~hB:complete· structure has 
.. ~ 

, . now _been established with intensity data from the .direct counting technique •. 
'~. 

' ' '~' . 
,•_J' I 

. '··_._,': ,, 

-~ . ' 
'·. ·, -:'···.-, . ' ......... 

.· .. · .. .. 
.· .. -'-·:·:.;' 
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.• 

··~ I .'• . ,; 

, The neW'· study· shows. that' the old unit ·cell must be. doubled arid· that the 
. . ' ' ' . ·' . ' . . . . . ~ ·.· '' . .• . :· . . . . . . .. 

·.· ., .. '•\ ;,· 
_:.:, ,·-·· 

space group had been· chosen •. ·.·. 

. . " ' . . ~- . 
. . .. ·; .. ~ .:·· . ' 

• l •• ···/_.. 

... ~;. ,; -,~ :/. . \• '·: · .. , . 

~!E~r!~D~!! · .. · .. · 
·. 

'·-,· · .. :··, 
·::. i. '• 

..... · . .. ,•; ·. \. . . :: :J- .... ~ < 

· .. ' 

.; ·.· ...... 
.. 

. :· :-: ;. ··.,:,..: . 

.Crystals of, Oso4 were g:rown.in sealed glass capillaries by ~ublimation at 
·.1 • .i'; • .. ·. i ·'~.-. ' : .. ,·.. .. 

.room temperature. ~w crystals w~re obtained frcmi·A. D. ,Mackay:, Inc. 
.' ,· .. ·. 

Rotation, oscillation and Weissenberg photographs were . taken using Cu 

.,:· ... -. 
,, 

. _:~ .. ~~ 
. ' 

J : ~· •• • ·~ 

. ' 

~radiation with Ni filter.. A crystal with dimensions 0.19 )< 0.063 X· 0.092 mm·.·. · .. 

:was mounted in a goniostat on a General Electric XRD-5 apparatus equipped 
'· . •· 

.. ··i ·.·' 

., with a scintillation counter and pulse height discriminator. ·Accurate ce11·.: ... , 

dimensions.were determined using the goniostat and Mo]i«:J_ radiation (A. : 

0. 70926 A)~- Intensities were measured ·ror each independent reflection . . . ' 

· with sin9/A. less than o. 71 (29 < 60°) with 10 seconds counting time for each . . 

reflection. A total of 479 independent reflections were measured exclusive 

.•" .,J ·. 

of space group extinctions. The lineat:' absorption coefficient is estimated .. ,, . 

.. to be JL • 394 Cm-l for Mo.!fa radiation, and the absorPtion ,effect is appreciabl~',,, ' 

Absorption correctionswere made after:partial refinement of the structure, 

' : ~ · as described later. No correction was made for extinction. 
;,., .. 

~-r'" .. 

Calculations we~~ made with an IBM,-7090. computer using our version of the" 

. Gantzel-Sparks"'!Trueblood full ma~rix least squares program (unpublished). 

_; The .fqnction minimized was 

'r ··\) 

' ~ . ,.. 

f~ '~-•. :!-.· 

·.:..;·:·· 

. t ._:.·· 

''· ·~·'. 

\. . . \- .:-' 
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' . ' . 

. ' . ' ~ 

.-,.,,, 
· .. ·· i._:: ·' . 

'.. ~ 

·· -vapor pressure (Ogawa, 1931)~ ~They are:monoclinic, _with .• :'''.: . . . ' ·. . . ' ·. '• ''. •' .' ;· 
•', 

•'•, 'c 
. : ; ~ ' .. ' 

', .. ' 

. ; ,. " 

: ·. ' 
-~: . ' 

; . 

..... ; . ' ... 

: I .'. ~:, , 

'"' t' 

~. 4.515 ±_0.002 l (4.52 1), 

.£ ... 8.632 ± o.oo3 l · (8.66 l), . 

. ~ .. 116.6° :t 0.05° 

y D 330.1 13. 

(116.7°), 

. \,,. '·. 

=·:·' .·. ;.: 
. · .. ···.• ..· .. 

··~ ·. . . ' , ... 

:_ .. 
. . ' ~ 

· .. '. . ' ~ : .: .. · : -~ ., ~~- ' : . " ; 

• ' I' ': ,, The values iti' pa~nthe se s are from Zalkin ~ Templeton '(19S3), chang~d. ' 
. :.:. :.~ : ~ ·. _,.· ( . ' .·. 3 ' 

.·' to the new setting. With! • 4 the calculated density is 5.10 g em- , 
'. . ~ 

'·. ";· compared with 4. 95 observed by Krauss .. ~ Schrader. (1928). The systematic <. 

· .·: .... '::· (:<· ·;:;_: absences: 
. ' . . ' 

. < . ;'' • ~' . 

. .. _.; ..... · . 
(!!0_!} absent if h r 2n or .if ! r· 2,!! . 

. •. · .... 
'' '. -~. are characteristic of space groups Cc and £2/_£. The .centro symmetric group,· 
' ' 

C2/c,· was chosen.t and later it was c~nfirmed by the· successful result of - - ' 

the structure dete·rmination. Reflections are strong if .h + ! • 2£ and 

h + .e = 2nl .. <>therwiae they are weak or absent.· · If these weak reflections ... -~ -
were all absent, the lattice would be .face-centered, and a smaller C-centered ' 

•' ''·· , ' •; •' •' ,.,.I ,,,,. ',01 ' - . 

cell could be Ohosen. In the previous; study (Zalkin ~ Templetpn, 1953} · 
·";-. . . I ' 

i 

these weak reflections escaped notice,' and the lattice.was described on the 

i 
I ·. 

- ·>., ·smaller cell. 
•• ! .:_ .. .'>_:·· . ;· ·. ·~ ... , 

' . . ·.:, 

I • t ; , ~ ~ ~, ~ '' '; .. 

' ' .... 
I .. :· .·>: .·.'·· :_: · .... 
! · .. :.:·::. : i The osmi~ atoms must conform closely to a face-cent~red ~tructura to 

,. ' .... Determination of the Structure 
NNNNNNNNNHNNN NH NNN NNNNNNNNN 

••. ! • 

I , ... . ,·.-: ·i '.,.explain the strong· reflections. , In sp~ce group £2/,£ this, is possi~le 

( .-. · ... with spe~ial positions 4(c}, 4(d), and 4'(e). · Since we expected ~so4 
. ' ·::..; '·~ to be tetrahedral, the sets (c). and (d), at centers of. in~ersion,' were; ,·,:. 

. ' ..•. :.";:~ :. : 

.· ... 
;:. . . ' ·• ~ ' . ' 

' 

~--

i . , ·/; •.. :.:· . .' ·. discarded, and the' set' 4(e):· •• .. 
·. ' . '," ' "{ '. ~ -. ,: ' ' - ·"' ' . ; ,,• . '', ' .· l l '. ' . ' 1 ' ' 
.; ... ; · .. (o.·.o, o~ ~~ ,, o>.: .. • .'<o, r,';. 4>. .. · · , ·" 

,
1 

'!.\+ ,. •>, , . ! ,' • • I' ' • . . • . '-I• • '.l "'.~ '. ' 

·' o'' '.,, •,(,' '1 ·.} :'_)':,t,,·, 

.. _: 
, ••• ! ' ',·. 

. -·······' ·. ·, ' . ·""' 
····-.. · 

. · .. \. 

. ~.' :·:;. ,·• ..... ''·, '.'/ 
: j' . •,,, 



I 

I 
~ .. 

'.: 

. ' :~-. : ·. 

.. '· .... 

. :~ . - . 

( yuc~~·l1.~49::··/:.• 
.. .· . ~· 

~ . . . 
' . 

.. .. ·.. \'~¥,~1~f·:h. </ 
_was Chosen with z appro:ximatel.y .0~25. 

.. . ·, ·' ... · .. :· '- <:~ .. '·. ··: ... 
• · This structure for' _the oxmium atoms explains t.he l~rg~st:peaks .~in the' 

Patterson function. On. the basis of.'. smailer 'peaks· in· the Patterson function 
.,·,, . 

and expected molecular dime.nsions, two sets of oxygen atoms were placed .in ... · ' 

8(f): . 
·'•: 

(0 0 0 1 1 0) ( . . .l .. ). ·. , , · ; 2' 2' . :. . _!, z, .!J :f, -z, ~ + ! 

with coordinates (0.12, o.o5,- O.l9) and (0.12, o.45, 0.4.3)~ :. This .t~ial 
. structure was refined by least squares with unit weight assigned to· each· 

the 479 reflections. With isotropic temperature factors of 'the form ... 

e:xp(·B 'A- 2 sin2e) a~dno correction for absorption, the discrepancy., ~ndex, 
~II F 0 1.:.1 F c II/ L IF 

0 
I was reduced to 0 ~ 170. • 

·At this stage the discrepancies between the· observed and .calculated 

·. •' ., 

< .• '• . structure factors were fairly large; therefore some of th:e intensities were ': 
'.,I ·. ~ ~·· ·: '":'"· . "\' ' ~---~ ... ;· . ~~: .. :-:·, 

remeasured. Another sertes-of-lea·st~squa-re-ret-inement-l'eQ.uced-R-c:-to:-O-.-l65. ·_:,: _-,~·.··:> ,:·:: ·, .. ··-· 
. ' ' : . ' ' ' . ·'. :.'· . . . - ' ' < ,: :, · .. ·:>~'<:~<:· .. ~~;.:;< _.j"<>'·-~. 

Inspection of the structure factors t,hen revealed a sY,Stematic discrepancy ',,' · · · . 
. i' .. : 

which we attribute to abso:rytion errors. In general, IF~I exceeded IFcl 

''·for negativ~ !'·and IF
0

1 was less thari IFcl for positive !• The intensities 
· .. ;· . 

: were measured with ~hi .less than or more .. than .33° for thes~ two classes 

of reflections, respectively. Measurements of .(020) ·and. (040) as a function· 

...• of phi (the spindle axis of the goniostat) in the full circular range showed 

that their intensities varied in a manner that could be approximated by 
.. ·, .· .• :;.-.?· 

·. "j..:·. ;. 

a sinusoidal curve: The ratios 'Of ~bserved to calculated intensities for ·,<· 

'strong ref.lections, when. arranged as a function of phi, tend -to follow 

a similar variation (Fig •. 1). ·.While the apsorption eff~ct cannot be a ~~cticim.:.' 
•, ,; . 

or phi, it·o~viously has a ~trong correlation with .thi~ ~ariable.- ·: 
• ' .. • ' ~ ' ' ' I, ' 

intensities were corrected with the empirical relation: 

IF0 1 2 (corr~~ted) ~ IF
0

12 (l + ~-;~5 cos(2+ + 64°))-1•. ·.·:· ··. ,. ·,, 
' ·, '. 'l ' ' • ' ' • • . ' ,' ;! • ' '' ·' • • ' ,, '. . • ,·" ·" ' ; 1 • • '' : •. \ o- ' .'' ' ·> .•; . 'I ~,' 

:·- .· :•. ' ·-'. '.',: . .' ~ .. ' ~ - ' .. • .. ' ·' · ... , ' .. . . : .. ' .. , . ~ .. : ;\ ... \.\ 
-~··.·· .. •':, ,, ·.,·.·_.: .. ,', · .. t< ·.· :.<'' ,-.::~·~·;,: . -~'· ' 

' ,'• 

, .. ·. 
~ . ·' .. . ;\ 

·.-/· ,:,,. 

.... . : 

'· 
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· .. · .. 
. , ' . . · .. .J .. . , ... · .. 

. ... ' 
' . ' ,>,' 

· · After this correction, refineJTl9~t reduced R to 0.107. · .. 
. . .'·: ',. -

With an anisotropic temper~ture .factor of the·form e~·(-~llh2 :-~22k2 · 
2 ' ' . ' .. 

··' - -~33t -2~13ht) for the osmium atom, !! was reduced_ to 0.0~2. _. The final 
'' 

series ·of refinement was carried out_ with similar anisotropic temperature 

factors (except .that all three cross terms are included) for the oxygen 

atoms. The final R • 0.082 was no better, the sum of squares of residtials ·•.· - . . ... 

i : . decreased only slightly, and the deviations from isotropy of· the oxygen 

atoms hardly exceed the standard deviations. No coordinate changed as 
_ .. , .. 

much as 0.001. The final pararreters are listed in Tables 1 and 2, and ,, ,, 
I 

the observed and calculated structures in Table 3. 

.• ·, · ...... ,• 

': ·.r 

Discussion 
NIWNNHNN#f/INN 

. Bond .lengths and angles are listed in Table 4 with standard deviations,;.· 

. The deviations from tetrahedral symmetry of the molecule are . n~t experimentally · .. -

significant. This result is in accord with the interpretation of Raman and · 

infrared spectra by Woodw'ard 2e Roberts (1956) and Dodd (1959) •. The average 

Os--0 bond distance'is 1.74 z 0.02 l, ~corrected for thermal motion. The· 
·.- ... 

l 
I < 

r.m.s. interatomic distance is larger because of thermal motion by an 
·. -. ·' .. . 

·.· ·· ;:: ..... ·amount which is estimated as 0.02 A (with th; assuinption 1;-hat oxygen rides 
I . ' 

• .··:·'. ,. • t' '. I 

· ·.on osmium), but the magnitude of this correction is doubtful because of 

.. ~- . t,\ 
. the ·low precision of the thermal parameters. An early electron-diffrac~ion · 

·· ... , .. .' s~udy (Brockway, 1936) gave 1.66 A for the Os-0 distance, but this. result.- . 

'' 
· · · ; · · is likely to be in error because of failure of the Born approximation r. ·: <;·:· :·'··'·;·(Glauber ~:Schomaker, 1953). · A. check on our result is given by 'the 

,· . . ~ . 
I , · .. '· , '', , 

! · .:> ':: . .':... : · consistency of the iso~lectr~nic sequence wo
4 
- 2, R~o4-, Oso

4
, with bond 

~ 

. '; 

·.;, .. 
. . ~'. ' 

: ,· ' distances w-o • 1~79 A (Zalkin ~ Templeton, '1964; Kay, Frazer~ 'Almodovar, '' " 
·, 

·, 
•. ' ; . 

.. ; .. ' .' ~ ' \ :!~:I ' 
-.; ;t •• ' ··, .. · ' . ~ .. 



. ·. ···: · . 
. ··· .. 

. -6;.: ... 
: ·' . ; ' : · ~c!tt.:.:~.l449 · . · · 

·: :· "• ' . ~ l .·': • . . : . .··. . ' .. .·. 
. .. :,. . 

. .. 

;, ·,·_·· ··_,\ 

1964) a~d R~~o·'~ .. i~-77 f (~orr~~; 196o):. 
._ .. ~;_:· 

.·•· .. '· 
• ' :.. 1 -

~ . ~-
. . -~: 

.;···' 

· The crystal· structure (Fig.· 2) can be described approximately S.s ·.,. ·. 
···· .. . :· 

'. '. _,.~·. ·_,_ : . 
, ....... .":'::. 

· · · . cubic closest packing of oxygen atoms, with osmium in tetrahedral .holes. 

' ·, 
. :- .. ~ . 

·The pseudo-cubic pseudo-cell corresponding to the close packed oxygen 
::·. · ... , 

': ·:"' 

. , : ... ·:. ;.:' ... 

1 1 . . . . 1 
2 0 4 I 0 1 0 I 0 0 2• From a different point of view, the structure 

. ,.-'·.: 

' 

. · .. 
·.·. ·.·-

'. ,. 

:, '. 

. , ·. ' .. • .... : can be described less accurately ·as cubic. closes~ packing of Oso4 molecules, : ... , 
,... . ,' ' • .i ',; • ; •, ~ , I ,' -/ • , 

·, -~ : 

' , an arrangement which is common in crystals of spherical or nearly sphericai >' ·.·· . : ~-. : 

molecules •. The axes of the pseudo-cell describing this packing are derive_d·:: " ... 

-:; . . . 1 ' 1 1 1 1 1 .', 
from the monoclinic axes by the matrix 2 0 · -2 I 2 1· 2 I 2 -1 2' In 

' ; ,· 

!,,>this packing each osmium atom has 12 osmium ~ighbors at distances ranging 

..... ·.::'.-from 4.52 to 5.20 1. The intermolecular 0-0 distances exceed 2. 98 A. and . · .:~ .,. ~ :•.· 
' ·~ ~ ; . : : .. :·. ·.··.'· 

....... ·· ·< · are consistent with weak intermolecular forces indicated by the high vapor·. 0;, '·· .·~ ... , : 

'· ,. .··.-,_, 
:·.·: 

· pressure and low melting point. 
-~ . ..--.· ~--~---,......-~:------~--=;...._:::___~-~ ---~~ ~---"-''~ ... ;..-"·.,.,.,;.-;c+"_.,.;::......~-.:.__.....;__c--,--~~~~~~..:,..:_; 

..... · '•.. . .... 
'>.~: · .. '· . 

.:, L 

References . <·. 
·.;i .. ; ··~·· : ... ' .~ 

NNNNNNNN.,_f¥ 

) : 
i .: 

r ··, :: • 

. ! 

BROCKWAY:. ·L~_·o •. (19.36).< Rev. ~· Phys. ~~ ?6Q, ·" . 

···,, . ,· .···•·· ..... ,··. ::~~: :: ~1:::~~::.·~. F:::~.so~:~~ke~;o~~~J~l~~,J~~l~~l,!(:.; , .. . . . 
. ~·_, , -~· mERS, J. A •. (1962). International Tables for _!-ray.Crystallography/_~Vol .• ~II, . '>;i 

·.~ 

.. ··.:. 

pp. 202, 212. Birmingham: Kynoch. Press. 
~-' 

. KAY, M. I., FRAZER, B. C. ~ ALMODOVAR, I. (1964). 

-:KRAUSS, F. !t SCHRADER, G. (1926). Z. anorg. Chem •. _!zg, ;391. 

::_MORROW, J. C.· (1960). Acta Crist. !J, 44.3. 
.',;'' 

~ .. \'. 

OGAWA, E. (19.31). Bull. ~· ~· Ja~,>an 2, .302. . . . , .· :.·: ', 
1.· 

WOODWARD, L. A. 2t· . ROBERTS, H. L. (1956) ., Trans. F~raday S~c, 2~}-, 61$,~ 
,. ' .. • . 4,' 

ZALKIN, A.· It TEMPLETON, D.· H •. (195.3). · ~- Cryst. · 2:. 106~ 
J _;· .. ~ 

..... ~.: 

·,./; •\: 

· .· 7.ATXTTIJ~ .A.. Q... 'I"F.MPT.F.'I'ON_ D. H. (196h}. J. Chern. Phvs. "h0--~01~ .·· •' .'.' . 

·. -·. ; 

. ' '·.. ..~ ''· :· ... '. >.: 

.-· .· 
' . ' "./. 



i 
! 
L 
I"' 
I' ,I 

:' 
' 

I li 
'I 
I' 

' 

I 
' l 
!· 

l 

I 
I • 

·" 

\. 

.. .,- .. · 

-7- UCRL-11449 
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. ' 
Table l~·· ·Final coordinates and estimated standard deviations 

.. ·1. 

~~ ;· ~ ., ' I, . ·. 
. . . . . . 

.-·· ..... t 

.'' ·'' 

•,' 

'· ·' 
':;.,. 

f·1 · . 

-~-- ··· ·--:·. -·!··: Atom . X 

.. ' : 

· .. · Os 0 
., . 

. '• 

•:, : _-. ~i·-' 

. : ·-

. ..... ; 

. · .. 
. .. ... '~-

•' To'> ... •, >' 

. ,. _-; 

.. , . 

. ··.I .,_ I ~~ •. ' 

•.: 

0(1) 0.121 .. 

0(2) 0.115 

l. 
·. 0.2601 

0.038 

0.476 

z 

1/4 

0.190 

.. 0.425 

... , . 

0.00.3 

0.003 

· ·· a(z) , a(,!) 

· o.ooo4 

.· 0.007 

. 0.006 

o.oo4 

0.003 

·, Table 2. Final thermal parameters and estimated standard deviationsa. ' 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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