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CONTRIBUTION FROM THE LAWRENCE RADIATION LABORATORY AND DEPARTMENT OF CHEMISTRY,

UNIVERSITY OF CALIFORNIA, BERKELEY, CALIFORNIA

' BY ALLAN ZAIKIN, J. D, FORRESTER, AND DAVID H, TEMPLETON

" Crystals of NahXe06°6NZO were studied by X-ray diffraction, and
i gthelsubsequentfcrystal~structuré'analysis determinedhitschmpositioh;ét ;4ﬂ3
' ;'T;_T:N:_ This material crystallizes in the orthorhombic space group. Pbca, with |
a = 18.Ll, b = 10.103, and c = 5.873 A, There are four molecules per .
unit cell and the calculated X-ray density isv2.59 g./cco The structure"v
- consists of two types of layers stacked alternately in the 2 dlrection,u
and tied to each other by hydrogen bonds. One type layer contains an .
hexagonal.array of all of thé perxenate and half of the sodium ions,
and the second type has all of the water in octahedra about the
remaining'sodiﬁm ions. The perxenate ion in thls salt is octahedral

with an average Xe~0 bond distance of 1.8 * °02 i,

Introductlon

PP NS O P88 I N P A

Malm, Bane and Holt2 produced hydrated sodlum salts of +8 xenon by ".QL:g;5»~

hydroly31ng XeF6 in §odium hydrox1de. Siegel and GebertB-reported the cell "’
dimensions of threeOsuch phases. Hamilton, Ibers, and‘M'aékenlzieh identifiea 3
one of these phases By a crystal structuré determinationvas NahXeoéoBHéO; |
they found the perxenate ion to be a regular octahedron, The hexéhydrate

B Treported nere is a different crystdllographlc species fronlany of the above

mentioned phases. We undertook the crystal structure analysis of this




. ma'berial to determine"i’o's compositiorx, and ‘to s'tudy "bhe chernical' and EE

o iof aqueous ¥eO

‘easy ’oo-'-dist'i’riguish from the granular octahydrate which wasfound: ‘on‘occasion]‘-"i

" in some of the solutions, |
uns’cable. Our first attempt to study the crystal was to remove one from the .
ceased. The patterns were of very poor qual:.’oy, with- e10nga;ted spots - 1nd1cat1ng 7
- a great deal of disorder. The crystal_.physs.celly curled on its mount. A . o
. space group could not be determined from these films, but an orthorhombic
" they report are 10.28, 5.77, and 6. 25A- S L
"- caplllaries that had been iretted by the mother 11quor, and the capillaries L

L © were then _sealed,. In sp:x.te of these precautlons, the crystals decayed during

""'bhe data taking period. The ‘half llfe of the phase (. as measured by mon:.tor:mg

cell with 2 = 10.10, b =5. 87: and ¢ = 6,23 A.was measured :which c'orrespondsh‘""‘ R

e i o = . iy
e el s s 0k P i S . s o e
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geometrlc propertles oi‘ xenon in the compounded state.

Eggerlmentel o

N2 PN

Pren%ratlon.—- Crystals of - NahXe06°6H O were prepa.red i‘rom ‘bhe rea.ctlon

6,7
3

for the product:xon of enough fresh crys’cals to complete ‘the X-ray analy51s.

and sod:mm hydro:cxdeo Several preparatlons were requ.lred

A typ:.cal preparation was as follows. 0,100 mlo oi‘ O. 208 ot XeO (aqueous) and
.06 M NaOH were m:u:ed together resul‘blng in a pale yeIL'Low solutlon, upon ',
settlng in a refrlgerator for one day at 5 ) vcry thin, i’rag:.le, col orleso_ ; h

crystals developed. Th:r.s plate-llke appearance of the he*{ahydrate » makes :1.1',

Preliminary O Observat:.ons .--The crystals of ‘the hexahydrate are fa:.rly

o L LT Y T

mother liquor and to glue it to-a glass flber i‘or the X~ray worke Wen.ssenberg

pat‘bems were taken for abeu'b two days before dn_ffractlon i‘rom ’c.he sample o

~to that described by Siegel and Geber‘l;3 as poss:LbILy a dlhydrate, -the values

‘To keep the crystals from dehydrating they were placed ins1de .5 mm'. v ;

~the Lco reflect:.on ) var:x.ed fron two to twenty'-four hours. Upon decomposn:x.onww_-_

‘bwo phases grew 1nto ‘the crystal in s:.t.u w:Lthout changing the physical shape -.{'
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~ of the crystal. These phases were also unstable as we could only get

diffraction patterns from them for a day or two of photogfaphing vefore

they ceased to diffract. From some pvooxl Weissenberg patterns we ‘measured Two

- phases as ‘well as:We could. One phase is possibly orthorhombic with

a = 6.25, b = 5.16, and c = 5.89 A, The second phase appears to be twihned

and seems to be monoclinic with a - 6425, b = 20.;16,.3-.-1 5.89%, and

B = 91.5° . | :
| Our experience with the 'oc’oahydra_teh showe it to be considerably more
'__A_etable -;t,han the ﬁexahydrate. The octahydrate would undergo X-radiation |

fer days- .wi'bh no aﬁ'parent decomposition, whereas the hexahydrate would
decompose at a) steady rate. The octahydrate coulEi be handled in air for
" several hours with no'_serioti_s ‘dehydration, and uhder the same-coﬁditions
the hexahydrate would be badly desiccated.
X-rgx lefractlono——-Data for this work wreobtained from f:we different

crystals, though more were used for some of the prellmlnar'y mvestlgatlonso

The crystals were fragile thin plafes about 0.3 mm. in the planar dimensions,

ard very.thin, probably less than 0.05 mm. The crystal thickness was impossible
to measure with our m:.croscope as it had to ‘be. v:Lewed through the capillary wall

. into the drop of mother liquor surrounding it, and it just could not be: seen

clearly. The crystals could be rapidly or:x.ented along the b or c axis of

~ the cell with 'the use of polarized light. The a axis is normal- to the crystal.

plate. - "‘he al:.gnment and data taking vere done on a G. Eo }mD-S and goniostat  $ cod

us:mg OoOOl Zr f£iltered Mo Ko radiation ( )‘Kal': 0070926 Ao ) and a )

sc:s.ntllla‘c:.on counter.

«

Ultn.mately 992 independent reflectmons were- measured. ‘The maxdimum 20 v'a‘liie'.”‘_‘ N

was 60°, Up to 30° of 26 all of. the ava:.’lable rei‘lectlons were measured. -

As the crystals had a ’.short! lifetime, we :ﬁ"l::.mted the data :-tak::.ng. in the ‘BOQ.h.."

to 60° region to thoSe-_reflec’cions thafb would give some'economy on set up -

R,




'sf, frequentxy durirg the data takln Small adJustmenus of the normallzlng factors

”d.'were made to&ard vhe end of the work afuer least squares had shown systematlci

'1mod1f1ed least squares program by Ps K, Gant zell, R.-A; Soarks, and K;”N.

fi3fbut were 1ncluded to assure ‘us tnat those reflectlocs that were coserved very

oo o UCRL-11478 . . L

f‘time. Most cr the cata above 30 of 29 were equal uO or below tw1ce tne

T

_background.v  §
The data were adgusted for decomp051tlon and normallzed among the flve

-crystals° The hOO reflectlon aas used as a stardard and was measured

- varlaulons among the five sets of dataov The crystaIS»varledvin shapes and*7
;;~>31zes which accounts for some of the systemaclc errors9 _oecause of tHese fl
:licomolex1t1es absorptlon correctlons were non even attempted.

The data ﬂereﬁcorrected for tHe Lorentz and polarlzatlon effects. All
l:cf the calculatlons were made on an IBM-?O9h us:Ln° a gonlostat—setta.no provram d

kby A. C. Larson, a Fourler and data process1ng program by A. Zalkln, and a ”l'f{7”

H'iTrueblood (a1l unpublished). The functlon mlnlmlzed in the least squares

‘compu ua.'blOIB was E w( ]F {—IF l)z/f wF‘ » where w is ’the weight :Lng factor -

‘and Fo and F are the obse ved ‘and calculated~structure facUorS¢ h9l reflectlons ;f

g;were given unit welaht. SOl reflectlons w1th 20 greater than hO and whose
']ﬂ,lnten31t1es were measured to be . equal to or lcss tnan backgrourd {3 counts/éecond )

were given zero we1ght° The.zero welghted data have 1o effect,On the‘results,

'A,Weak are also calculated very weake Atomlo scatterlng factors were taken for
. Ma 1, neutral Xe, and neutral oxygen (Ibers ) unmodlfled for dlspersmon fe

(Templeton9) which for the heaviest atom Xe is only -O.S electrons.,Af

K3
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Unit Cell ard Sgace Groug.——The crystals are orthorhombic with unit
cell dimensions: -a = 18. b % .01, b b = 10, 103 .007, and ¢ = 5.875.Z .005 A.
- With four molecules per unit cell, the density calculatcd from the above dimenéionsﬂl
is 2.59 Ee /cc., the crystals were observed to sink in ethylene broulae
(density 2.17 g./cc.). The space group is Foca ( Dzh'}, the only one which |
requires the systematic eytinctions- Oke, k‘¥ 2n; h0¢, 8 # 2n3; and hkO, h 4 2n,
. Determination of §tructure.-—The arrangement of the Xe atons was 1nferrcd
1‘from the pseudo face-centerlng 1ndicated by the data,_'Slncevthere were only
four Xe atoms in the unit cell they were placed'at the origin and at the face .
cernters. Threé Fourger projcctions pcrpendicular to the three mcjor axes
were calculated using only.the face-centercd terms, and the signs of all these

1
\ _
' terms being positive. These early calculations were done in sSpace group

P2,2,2, as we had cbserved a few weak spurious reflections which indicated

no glide plane extinctions. We later found these reflections to be absent '
on c freshly brepared crystal° These projectious showed a grouping of small
o pea?s about the Xb which were 1nterpreted as an octahedron of oxygen, a couple
- of larger peaks that were ﬂnterpreted as sodium atoms, and a scatterlng of small
- peaks which were 1nterpreted as belrv water of hydratlon about the sodlum.r Oﬁ
the vasis of these-calculatlons.we:were able to propose the composition as
NahXeoéoéHzoo ThiS'trigljstructure was geometrically and chemically reryi
éatiéfactory, aud crcept for the detailed numbers was substantially the same‘::;
_‘.;tructure at the end of thé énalysis. | o |
We commenced the least squares refinement of the étructure while the .
data were belng taken, and progress was SlOWo When 21l of the data were avallable,lﬁ.
- a 3-d1meu51onal Patterson function was calculated which was in excellent

‘ agreement with the trial structure. The structure being reflned consisted of ‘

one Xe, four sodium, and twelve oxygen atoms all 1nAgeneral‘p031tlons in 3-”




5 tyehyadare.

space grouo P212121‘

terporature factor of the”form exp(—B 1n~6/x ), wherc'B 1s thc thermal param‘te'ﬂ

=All'of the atoms were treated 1sotrop1cally w1th a i

1n A2, e 1s the Brage dlffractlon angle, ard X 1s the X—raj wave length 1n Ad

At the end of the twelfth serles'of reflncmcuts the structure had reflned to

an‘ umcllablllty .:.actor, R V_Z»l lr l-h«* H/z,lr i oi‘ 0.12
A study of the structure 1nd1cated that 1t coula be descrlbed rather
accurately 1n suace group Pbca.” From a lreshly mace sample we obtalned a new
crystal and 1mmed1ately checked for space group extlnc»lono, and 1ndeed found
that uhe ertlnctlons corresporded exactly to Pbca.‘ Tbe non-extlngulshed.
reflectlons agreed very'well with che prev1ous measurementsoflvfdu
In Pbca the Ye 1s in a spec1al lour fold p051t10n at tne orlgln,iwhlch is
1ialso a center of symmetry., Tne sodlum ard oxyge atoms occupy general elght
ffold p051tlons° The 1ntenszt1es were corrected for several blunders such as
:uhe mlstvplng of data cards, and the mlssettlng of the gonlostato ‘After a‘
;series of reflnement the flve scale factors were re-adJusted At the end of
';the fifteenth serles of refanement the R factor wac O, 092 o Although thls
ils a. respectable R factor,» we were haunted by'some dlsturbang features of the
't;;results. “In partlcular, one of the water molecules CHS), was. lcss than 2. l A
ﬂhfzaway from a sodlum (Na3), whereas all the other water molecule dlstances 5
;were greater than 2°3 A.‘ Also 2 few of the weaker reflectlons were in bad
;agreement, a fact that was conflrmed by carefully remeasurlng these datal
;;Temperature factors of samllar oxyaen atoms were qulte d:.fferent° .
| Several serles of reflnements were trled wlth mlnor adgustments 1n the;
:‘structure.v Flrst we trled to vary the z parameter of the errant water molecule.
‘th was moved to a locatlon that gave 1t better 1nteratom1c dlstances, but 1t
”freflncd back to 1ts old locatlon. Then the z parameters of sodlum and the-j
‘”:vother two water oxygens were reset and thlS reflned to a less desarable B

StTUCuure w1tq an R factor of O ll p Xe was given an anlsotroplc temperature factor
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3 , - T »

of the form eypzf 5 =B, .a. “a"hLn /h » Where BQj are the thermal parameters:inuﬁ s ‘f'

Lq 1J1gA
d=1"j=1 R
- -a is the r801nroca1 axis length and h is the Miller indexs This made no basic

change in the structure, uhough 1t'10wered the R factor to, 0.082 .

- Success was hleved AR when the v parameter of the troublesome'f-'f'

water molecule Ws) was reseu 10 a value greater than 0.5 whereas: prevxously )
it had refined to a”valpe of less than 0.5, 'Thls 1ast'change rmade a dramatic .
difference. The bad disfaﬁce iﬁproved considergbly, the temperéture factors  .
.of the oxygen atoms became more uniform, and the disqrepancies'between the
“observed and calculated values of cerﬁain weak reflections disappearedé'

Xenon was treated anlsotroplcally in the flnal reflnements. Since the
stardard deviations of the B12’ B13, and B23 ‘parameters were larger than tne flh’
parameters thgmselves, these»parameters were set to zero and not refined.

The values for Bll’ B2é’ and BBB‘arg 1.0 % f06’~0'73 f .05, and'd.71 + .05 AZIEA
respectively. The aversge of thgse valvues is reported in Table I, The final |

R factor is 0.073. °

VS
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Deocr%gtlon of StructureqfeTne xenon atoms are 1ocated at tne orlgln

‘“fthe two sodiums
.three peryenate éxypens, and three water oxygens.occupyuthé’general elgh.
fgfold p031t10n' ) ( x,y,z, 1/2+x,1/2-y,-z;'-x,l/?+y,1/2-z, l/2—x,-y,1/2+z )
ftThe Ilnal atomlc pqrameters and terperature factors, and thelr standagg’

1zdev1atlons are. shown 1n Table I.,,

TABLu I*q

FINAL POSITIONAL RARAMETEPS AND TENPE RATURE FACLORS,EAfFH '
AND THEIR STANDA%D DLVIATIONS N maLAcoéeéﬁz $
»=z- 3083  ¢@> LN «w*
L (o%»»fﬁoo 0.0° 0.0

-.h9c Lab o

i Lo o0013-; ﬁoolig{',qo3gftsj:;;
s L6 oLl ..z

L2312 Lol
;éinySh;i;i'7wyfﬁv

001
,001:

a6t

i e

'f;f—OGNn) means the oxygen of water molecule n.,‘;

' Alivqf theﬁinteratomic'diStances'lessvthan-3,0 ﬁ'aferiiétedxiﬁ Tébleiii{T%
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| TABIE II |
- INTERATOMIC DISTANCES AND STANDARD DEVIATIONS IESS THAN 3.0:A. IN NahXeoé'éHZOv

Atoms 'D(A.) (D) _. ~ Atoms D(i.) c(d®) - Atoms D(R) G'(D)

'Xe -2 0(1)  1.86 0.02%2  0(1) - Xe 1.86% 0,02 - S 0(3) - Xe | 1.80% 0.02
. - ‘ : ' \ '

-20(2) 187 L0220 -we() . 235 .03 0 - Na(l) 2.1 .03

20(3) 1.80 L0228 =M@ 2600 .03 - ~YNa(l), 2.2 /.03

-0 280 W03 -0 282 .03

Na(2) -._0(1) © 235 W03 .  -0'(2) __ 2.66 .03 ,, - 0@) . 2.65 .03

S -0@ 280 103 - -0(3) 252 .03 . -0 255 .03

o - 0(2) 2.’241" .03 | =003 2.,65".03  - 6(2) 2,63 .03

-0 . 258 .03 -o6m) 2.8 .03 - - -0(@) - 2.76% .03

C-0(3) 201 .03 - o@r) - 2,652 .03 o - | .

-0(3) 242 .02 - , S O(WL)- Na(2) 23.37 .02

| o 0(2) - Xe 1.7 .02 - Na(2) 2.k .02

Na(2) = 00‘31) 2,37 .02 o .= Na(1) 201 .03 o =0Q) ‘2,‘813 .03
0GR 2k .02 -Na@ 28 .03 =0@ 2,7 .03

—oi2) 239 .2 :- o) 260 .03 ¢ | |

- 0(2) 2.9 .02 o -0 2,66 .03 ',"‘b(vkz)- Na'(2). 2.39 .02

-0 239 .20 oo —0() 285 .03 . ~Na@) 559 .02

. _ .. ot3) ,'_:2?14_5 o2 3 . | ‘»-‘ 0(3)- "-:'7;.;.2,,63_ :.v 03 :_7'. L 0(1_) - 2.699-‘ .03 

| | o) 2.a7 W03 .. 0(3) ‘é,_767-°-”".o3

- o6m) "2:7"9\‘3:'_;"'.03 T L owy) 29 .03

oo(w3)- Na(z)’"'_, 2,39 .02
S @ 245 .02

om0 2 w03

_ o(wz.)‘_v 2097,2:...03:,

. Zperxenate }Ce-f_O: bonds Phydrogen bonds L




.f; a dlrectlon held together wlth a rvch-net'orkcsf kydrogen bonds°: Tne flrs

the oP layer has the compos1tlon Na Aeoé and con51sts of octehedral

perfcnate ions and the Na(l) type SOdle 1ons as shown 1n Flg. 1 In thls

B

laver the sodlum lons s1t 1n the center of dlstorted octahedra of oxygens

rom the: nelghborlng perxenate 1ons,, The packlng'ls very nearuy hexagonal.

The second uype layer has the com0031t10n Na 0)6 and conelsts of Na(2)

type sodium atoms located in the cenuers of dlstorted octahedra of wateri;

molecules as shown in Flgo 2° The end-on stacklng of these layers in ’t,hei"*f

a dlrectlon is Shown 1n Flg. 30;_17

s,

gxdro?en Bondlng.——Dlrect ev1dence of uhe hydrogen p051t10ns Was

R Ca

unobtalnablc from our data, however, the a581gnment of sxx hydrogen

bonds ‘was’ p0351ble from the 1nteratom1c dlstances and angles. Flve;of'

bond is 1n the same 1ayer to another water oxygen.u A,Summary of thev

hydrogen‘bonds is shown in Table III.
TABIE III
HYDROGEV BOND DISTANCHS AND ANGIBS—

“Atom DR Atom, D(A) | Atom Angle

- 0(1)“‘“2 81——-0(:1)-—-2 77--°-°o(2) 38°_-..';-=.£"
0@)reena. 69—-0 (42)—2. 76°++220(3) '889-;.‘:;-,/

. 0(2)000002 7/ 00\73) :‘-.97"....0(1/{2) 1070 .

'fﬂ;aEstlmated standard dev1atlon of the dlstances are __03:]

the angles -l °

'»Perxenate Ton.-—The geometry of -the Xe06 h octahedra in the'heﬁahydréiejgf

,r'- . NN N N

SR

. ds summarlzed in Table IV.v;;~




'This is to be compared with, 1.87 + 0,02 A. observed in the octahydrate
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GEOMETRY OF THE PERXENATE IoN'IN NahXéoé'éHZO

Bond. . " Distance . . ,-.. Bond Angle ,v_'Angle-{ T

Xe - 0(1). f5f,, 1.86 i.d.ozfA.yg ' ,10(1) - Yo - 0(2) 89 £1° ‘
“Xe-0(2) - 1.87=x0.02 k. o@) - Ye - 0(3) 87:1°

Xe - 03) 1.60 + 0,02 he o 0@ - -0(3) 8B x1°

The bond distances were not corrected for thermal vibraticnél effects. -

"’ The effect is 0.005 A or less on the above three distances, ard is. -

~ negligible. The average value of the Xe - O bond distance is 1.84 # 0.02 A, . "

L

_'and 1.86 % 0.01 A. obssrved in the potéssium galt Kthoé'9H20,ll

. The possibility that some of the hydrogen atoms are associated with Lo
the perxenate ion is neither'confirﬁéd nor ruled out by thése results.

Two of the three 1ndependent Xe - O distances are 1onger by about tnree '

‘standard deviations than the thlrd, but thls dlfference could be ‘the

result of systematic errors in the data. Our determlratlon does not
establlsh any dev1atlon from ideal octahedral symmetry
© We thank Prof. S. M. Williamson and Dr. C. W. Koch for their close e

cooperation which made this work p0551b1e.L_ o
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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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