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 UCRL-10804

A Determination of the.Crystal Structure of Xenon Tetrafluoride™

Dav1d H. Templeton, Allan Zalkin, J. D. Forrester and Stanley M. W1111amson
Department .of Chemlstry and Lawrence Radlatlon Laboratory
: Un1versxty of California, Berkeley, California
| o April; 1963 .
L wf"The cryefal and molecular structnre of‘XeFu has been determined'
'-ery'single-crystal x-ray diffraction techniques. The intensities' 
h of Mo;Ka X-Tays diffracted by the crystal were measured with |
] - a scintiilation coqnter.‘ The monocllnlc unit cell dlmen51ons
 area=5.0504, b= 5. 922 , c = 5,771 k (each 2 0.003 A), 3
.:;if“uand B = 99.6° + 0.1°%. The space group is P21/n with two‘ 'v‘. ’ 1 3~Uv
Tf;moleouies per unit cell. The xenon atoms occupy the corners -

and body centers so that the molecular paeking is pseudo

o

o

.{fJbodbeentered“Cubic:““The'molecule~hasma-square_plangr“gonﬁigurdtionfvfif
- The Xe-F borid distance is 1.93 % 0.02 A, after a correction |
-h:ﬁ’ of +0.02 A for thermal v1bratlon effects, the F-Xe-F bond |
: feengle is a right angle (90.L & 0.9 °) wmthln the accuracy of

L theidetermination;ff - ‘1.-'T e"_ '1 ﬂ'_' . . ;;;
INTRODUCTION

This paper is an extended and sllghtly modlfled version of our

'earller report1 which descrlbed ‘our determlnatlon of the crystal and

-*This work was done in part under the auspices of the U. S. Atomic Energy Commission.

bi“(l) D. H. Templeton, A, Zalkln, J. D, I‘orrest.e::' and S. M. W1lllamson,

. . Chem, Soc. 85, 2h2 (1963) TR




molecular structure of XeF) .
The earliest x-ray study of this compound was by Siegel and

' Gebert2 who determined the cell dimensions and space group. The
' atomlc coordlnates were determlned similtaneously by Ibers and Ham11ton3 .
. and ourselvesl’by X~ray diffraction. Ibers and Hamilton used photographic

- data from precession films, while we used stationary scintillation counter'

ri data.' This work was soon followed by a neutron-dlffactlon study by

L

«,¢;Burns, Agron and Levy which glves somewhat hlgher precision for the

- fluorine coordinates than is fea51b1e with the x-ray data.

!
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Xenon tetrafluoride was: prepared by heatlng the elements to 300 vp:;.

o ' ina flow system.; Subsequently‘a sllghtly modlfled procedure-was .

. adopted.. A L to 1 molar ratio mixture of F2 and Xe was mixed well

r‘much hellum, which acted as a carrier gas. The gas mixture then

flowed throggh’a_copper U-trap at -120° into a 12 in. length of 3/L in. -

'?uy“nickel tubing. - The nickel and copper were joined by a silver-soldered

" connection. The last six inches of the reactor tube was heated to 350°
yevby.anreiectric furnace. . The reactor ended with L in. of 1/2 in. copper
_ tubing so that there was a thermal gradient‘before fhe copper-to-glass
- eeal."A,glass U-trap was then either sealed to the‘giess'of the
";copper-to-glass seal-or connected.throughban upgreased ground joint.
 The Joint was used if the Xth sample was to be transferred to other

_’contalners in a drybbox and the seal was used if ‘the trap were equlpped with

'(2) S Slegel and E Gebert J. Am, Chem. Soc. 85, 2h0 (1963)

.'(3) J. A, Ibers and W. C. Hamalton, Scxence 139, 106 (1963)

‘i:(h) g H. Burns, P._A Agron, and H. A, Levy, Sclence

b rimme”



a break-seal so that the sample could be transferred into a vacuum

system, The trap was cooled with solid CO, and the other end went by -

2
tubing directly fo a hood. The glass from the copperftofglass seal

to the CO,(s) level was maintained at about 75° by meéns of a heating
tape to prevent condensation upstream from the trap. Good conversion
~of the Xe to Xth was attained with a flow rate such that the residence
time iﬁlthe reactor waéione minute. The abparatﬁs is very similar in

5

"‘design to that of Holloway.and Peacopk except that our apparatus had
.only one Erap. This procedure yielded the matérial described by Gunn
ﬁ.and willi%?soné for which the chemical analjsis.was close to theoretical
~ for Xthﬁ, Our x-ray sgndies of material prepared in tﬁis way detectéd ", .
"1‘crystals énly of the structure described here, except when samples had - 3

S
ki

'{ been exposed to water.

- In sors of our earlier work we attempted quick transfers of the’ -
:';;material in démp air into capillaries, but the resulting samples
survived~on1y long enough for a few preliminary x-ray patterns. It
:   was only when the capillaries were loaded by sublimation under vacuum
'  that wevobtained stable specimens. ' The capillaries were thin-walled ,
."_ vitreoﬁs silica of 0.5 mm diameterwvaurihg.the,investigapion OFf BN e
- final crystal, it is estimated to have undergone about 10 hours of
_irradiation with no evidence of decomposition, and in fact the crystal
" continued to grow at the expense of other crystals in the capillary.
 ,_A few weeks after the expériment, the crystal disappeared by sublimétion

. to regrow in another location in the capillary. Four months later it -

was still ‘there. Photographs of the crystal taken the day following

(5). J. H. Holloway and R, D. Peacock, Proc. Chem. Soc. 1962, 389.

,;;:‘.ff(é) S. R. Gunn and S.‘M..Williahson, Science 1hQ, 177 (1963).



' 1.using the resolved Ke

* the intensity measurements are shown in Fig. 1. The crystal diameter

ranged from 0.13 to 0.2L4 mm in various directions. Eleven faces of

“the pseudo-cubic dodecahedron were developed; the twelfth surface

wasg attached. to the curved surface of the capillary.
Molybdenum Ka x-rays were produced with a General Electric XRD-S
unit operated at 25 ma..and LO kvp. A 0.001 in. Zr foil was used to -

filter the diffracted radiation just before it entered the scintillation

counter. The range of intensities measured was from 1 to 14,000 counts

- per second. The counter was checked and found to be linear over this

range. ,

L3

The cell dimensions were measured with a take-off angle of 2°

1 peaks of Mo (X = 0.70926 A). The crystal was Wi

set on the goniostat with the a*,axis perpendicular to the phi circle;

this axis.coincides very roughly with the axis of the capillary.

~ = The~intensities were“heasured using-the. stationary technique and...-.- -~

counting each reflection for 20 seconds, with a'take-off angle of 1°.

- A fixed~-time count is appropriate for approximately equal weighting of

the data in the least-squares analysis. The background, plotted as a

function of the diffraction angle 26, was ordinarily applied to thie data;

in a case where the reflection was a multiple of a strong reflection,

the background was checked near the reflection. All of the 293 independent

independent reflections up to a 26 angle of 50° (sin8/\ ~ 0.59) were

- measured; - 35 of these were below the detectionvlimit and were recorded

as zero. The crystal grew about 30 percent during the measurements
(two days), and the data were normalized by repeated measurement of a
few standard reflections. The data were corrected for the Lorentz-polarization

factor using the formula: Icorvv‘I sin26/ (1+cos?26).



The leaet-squares program of Gantzel, Sparks and Trueblood7 was
used on an IBN709O _this program minimizes the function AQI]F l-lF [[2/ VQIF l
where F and F are the observed and calculated structure factors. The
welghtlng factors were all unlty. The program utilizes a full-matrix calculation
r the parameter shifts. Our results are stated in terms of temperature
factors of the form exp(—ﬁllhe -2@12hk -...), although the program actually
uses exp(4Bllh2 ;Bighk —eeede
Scatterihg-facto“s for the neutral Xe and F atoms were obtained from
lables 3. 3 1B and 3.3.1A respectively as given in the International"l‘ables-8

ue to an over51ght the Xe scattering factors were not correcied for

| the dispersion correctlon Aft wnich is approximately -0.5 electrons.

STRUCTURE DETERMINATION

—————-Reflections. are strong when h+k+8 is even and weak when 1t is odd ey

 showing that the Xe atoms are at 0,0,0 and 1/2,1/2, 1/2 Trlal coordinates

o for fluorine atoms were estimated by some simplé calculations which in

principle were equivalent to making projections of the fluorine electron

density doﬁn the a and ¢ axes with use of only a few terms in whiqh_the
effect of the fluorine atoms was large; The electron'densities‘were

not actually éalculated, but were roughly approximated graphically. ‘For
example, reflections 060 and 110 were judged to be stronger than average,
while 031 and 200 were weaker than average. In these cases the phasés are
fixed by xénon. Reflections 012, Olk, and 520 were judged to be strong

among refiecticns.depending only on fluorine. In these cases phases

- (7) P. Gantzel, R. Sparks and K. Trueblood, private commnication (1961).

‘,(8) "International Tables for X-ray Crystallography, Vol. 3, Kynoch Press,

Birmingham, England (1962).



wefe chosen in all permtations. These calculations resulted in six

coordinates for the two fluorine atoms which in five cases were within

0.05 of the final values. For F(2) the trial value of y was 0.18,"in

error by 0.15. Refigement by least squares quickly corrected this error.
Eight cycles of léast'squares refinement using isotropic temperature

factors brought the unréliability factor R = EfllFo]lec{I/‘EﬂFol to

0;11. Four qyclgs using anisotropic temperature factors then diminished

R to C,089. Two obvious blunders in déta taking were corrected by

remeasureﬁéﬁt of their intensities, and thrée more cycles of least

squares bréught R to 0.076. _ , : -
Some of the low—anglé data appeared to suffer from extinction

and/or absorption, so the 7 reflections with sin6/\ less than 0.17

were déleted from the refinement. A final set of refinements of § cyclés»

reduced R to our final value of 0.059 for 286 data. The results‘in

Table 1 and Table 2 are from this last calculation. Table 1 lists the

,'finai parameters.- Table 2-lists the observed and calcilated-structure.. --.

factors;, those marked with an asterisk were deleted from the final

- refinement.

Some additional calculations were performed with the 96 non-zero,

o odd h+k+2 data; These reflections are the result of fluorine atoms 1

exclusively. A refinement with isotropic temperature factors resulted

~ in coordinates for fluorine atoms which were the same as those in Table 1

within 0.005 or less. The corresponding R was 0.18.
The data were not corrected for absorption. The dimensions of the
crystal correspond to ;;R of about 0.9. In the approximation of sphérical

shape, absorption would be almost perfectly compensated by systematic

“errors in the thermal parameters. We estimate that to compensate for the

absorptioh error the temperature parameters of each atom in Table l



should be increased by the following amounts:
B-
L By Piz3  Prp P13 P23
0.0007 = 0.0005  0,0005  0.0000  0.0001  0.0000

DISCUSSION

The‘space group symwetry requires the molecule to be planar, and

" within the accuracy of the determination it is square planar. Fig. 2

shows the molecular packing, and Fig. 3 the molecular dimensions before
correctiog for‘thermal motion. If the fluorine atoms are assumed to ride
on the xenon atoms, the Xe;Flbond distances shéuld be increased by 0702 A
to the value 1.93 A. S R
In Table 3 are listed inﬁeratomic distances, withoult correction for

thermal motion. Each xenon has four fluorine neighbors in other molecules

'atlan average distance of 3.25 A. Each fluorine atom has 8 fluorine

”;néighbors in other molecules at an average distance of 3.13 & or 3.15 ﬁ,

4

~ as well as one xenon neighbor in another molecule. The average intermolecular

F-F _distance infers a van der Waals radius of 1.57 ﬁ,vwhich is considerably  __..-

larger than the éccepted value of 1.35 ﬂ,9 perhaps because of the considerable
thermal motion of the molecules. Using the smaller value for fluorine, one
gets an upper limit of 1.9 A for the van der Waals radius of xenon in this

tetravalent state.

. We have three independent sets of results for the structure of this

crystal: the neutron diffraction study of Burns, Agron and levy,h’lo

3,11

the photographic x-ray study of Hamilton and Ibers, and our own

counter x-ray study. There is no significant disagreement with respect to

(9) L. Pauling, #The Nature of the Chemical Bond%, 3rd Ed., Correll

" University Press, Ithaca, N. Y. (1960).

v (10) J. H. Burns, P. A. Agron and H.v,,A.b,Ieyy,,p_riy_a_te,__,cgmmunica_ti'_on.

(11) J. A. Ibers and W. C, Hamilton , private communication.



st

"~ the precise nature of these errors., We are not surprised that such errors

the geometry of the structure; the three setis of coordinates agree in
each case within two standard deviations or less. The thermal parameters
of the fluorine atoms are in similar agreement. The agreement between

the sets of thermal parameters for xenon is as good as for fluorine on

by

" an absolute scale, but is poorer than the ostensible precision of the

measurements. Systematic errors which are a function of 6 (for example,
absorption) will have equal effect on thermal parameters of heavy and
light atoms. We atiribute the disagreement to systematic errors which
have an effect on the thermal parameters at a level of the order of 0.3

in terms of the equivalent isotropic B value, but we have no

t identified

- v

are present; rather, we did not expect them to be so small.



.Table 1. Crystal structure data for XeF)

a.= 5.050 # 0,003 A, _— Z = 2
-:ﬂbué 5.922 £ 0.003 A | _ | Space group F2,/n (Czhs)
;vg = 5.771 + 0,003 A -jf' Moléculgr weight = 207.30
- A,g',}: 99.6 t 0.1° . S ‘ '. ' vX-ray density = L.Oh g/ml

- v=170.2 i3

. Atomic poéitions:"
:X@;wfﬁ,"Q,;D;m~l/2,vl/2,~1/2- _ T e L

R a(x,y, 7y 12 -x,1/2+y, 1/2 - 5),

©OP@R): x= 0.260 + 0.003 = -F(z):' x = 0,229 £ 0,003
| y = 0.146 :‘0.002, 'y = 0.033 £ 0.002
z = =0.153 % 0.002 | 2 = 0.297 £ 0.002
Anisot:op@c temperature parameters: | |
xg' | .“mﬁ%(l) Mmewm§(2) [T —

By;  0.0208 £ 0.0007 . 0.0Lk # 0.006%.. 0.0LlL £ 0.006 -
By, 0.0097 £ 0.0005 0,025 x 0.00L - 0.021 x 0,00k

0.0120 ¢ 0.0005 . 0.031

B33 + 0.00L,  .0.029 + 0.005
By,  0.0012 £ 0,000k  -0.006  0.00k  0.00 & 0.00k
B3  0.007p £0.0008  0.023 £ 0.005 ' 0.002 & 0.00k

0.0000 + 0.0006  0.004 + 0,004 ' 0.000  0.0UL
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, '~ Table 2: Observed and calculated structure factorsA An asterisk _

1ndlcates a reflectio

given-zero welght.~ e v———— i

[ SR Ve e

HeK= 0, O L FCBS FCAL =4 44 =40 " hyk= 2, 2 =1 Tl =69 =4 0 15 <6 26, 30
L FCBS FCAL =5 557 S6E =3 '524 481 L FOES FCAL - 0 309 321 =3 458 436 ~3 &&b 488
2 55C 567 -3 6li €05 -2 33 28 =& 344 367 1 33 42 =2 24 =29 =2 30 =49
4 556 545 =1 TS8 S65e =1 758 T40 =5 €3 -64 2 31C 323 =1 382 367 -1 384 3066
& 417 405 1 758 €37e ¢ 20 =38 =4 534" 499 - ] 0 1 0 0o -8
3 782 192 1 43C 427 =2 20 26 Hek= 3, ¢ 1 467 472 1 315 344
FyK= 0y 1 S 381 352 2 38 46 -z 8l4 159 L FCBS FCAL 2 30 =40 2 ¢ 3
L FOBS FCaL 3 467 4¢8 -1 129 89 =5 3717 390 3 290 296 - 3 289 287
1. 641 973s | HyK= 1, 1 4 33 =38 C 559 599 =3 626 621 : o ;
2 245 202 &~ FOBS FCAL s 320 323 1 48 =42 =1 712 683 HeKz 3, S HiKs 4, 4 :
3. 692 724 -6, 344 362 2 65C 677 1 681 620 L FGBS FCAL L FoeS FCAL - ;
4 85 =70 =5 12 < heK= 1y, 5 3 ¢8 ~-58 3 353 335 =3 51 ST -4 304 345 o
S 393 401 =4 Tl T4C L FUBS FCAL 4 362 355 5 309 296 =2 404 396 =3 23 -6 N
& C =7 =3 141 105 =4 358 377 s 20 25 -1 53 ~56 =2 379 38% :
-2 615 S51 =3 1C3 =53 v HeK= 3, 1 0 353 356 =1 2l 24
FeKe 0, 2 =1 140 =9fe =2 4£3 444 FeK= 2, 3 L FGBS FCAL 1 42 =32 0 335 340
L FCBS FCAL 0 734 SS58e =1 57 58 L FOBS FCAL ~¢ 355 384 . 2 284 309 1 52 -50
C 73C 1052 1 145 =115« . C 504 4S7 -¢ 18 1 =5 c 2 2 231 259
1 124 95 2 8CI 942 1 4e 43 =5 4EC 449 -4 404 402 Hek= 3, 6 .
2 571 616 3 €8 6% 2 435 425 -4 76 =71 =3 97 =83 L FOBS FCAL HeK= 4, S
374 66 4 415 404 3 72 -¢8 =3 428 394 -2 819 776 =1 316 326 L FOBS FCaL
4 5771 585 5 o ic 4 282 311 -~z 18 715 -1 31 28 o 0 -4 =2 15 =7 _ :
5 SC =53 6 356 123§ -1 7Te1 142 0 609 582 -1+ 298 308 '
6 333 341 FeK= 1, 6 C 0 ~-13 L 62 54 heK= 4, O 0 0 4 :
T HeK= 1, 2 L FOBS FCAL 1 626 644 2 423 428 L FOBS FCAL
KoK= G, 3 L FCBS FCAL =3 335 320 ¢ 59 =55 3 21 =28 =4 374 392 HeK= 5, O .
L FCBS FCAL =6 46 =41 =2 14 10 2 350 361 4 406 370 =2 41l 417 L FOBS FCAL ‘
1 5417 586 =5 447 43 -1 368 3E3 .4 21 25 5 € =9 . 0 672 610 =3 345 375 ;
2 95 95 =4 &4 SE c 23 -23 5 318 313 2° 329 3164 =1 344 347 X
3 69C 724 ~3 663 608 1 376 3¢&7 : Hyk= 3, 2 4 263 261 1. 281 294 :
4 61 =61 =2 1715 13C 2 14 23 FoKas 2, 4 L FCBS FCAL . i
5 328 354 ~1 923 1C47 3 314 327 L FCBS FCAL =6 35 4l HeK= 4, 1 HoK= S5, 1 i
¢ c 14 C 3&6 =324 -5 29 20 -5 430 444 L FOBS FCAL L FOBS FCAL !
1 499 543 HeK= 2, 0 .=4 41C 389 '~4 &7 =-55 =5 333 375 =4 352 1395 ;
HyK= Gy 4 2 110 9% L FOBS FCAL =3 C -6 =3 588 543 =4. S50 48 =3 29 3| ~ :
L FCBS FCaL 3 642 €5¢ =6 3C5 325 -2 554 509 =2 118 =92 =3 483 468 -2 316 318 H
¢ 61C 598 4 28 31 -4 635 650 =1 126 -102 =1 525 487 =~2 81 =75 -1 13 ~-10 '
1 140 =130 S 391 38C -2 912 917 € 542 54C 0 155 135 ~1 489 451 0 328 353 -
2 498 528 6 18 =~2¢ C 417 3¢4 1 €T 83 1 604 629 0 0o -9 122 -23 - !
3 ¢ a1 . 2 8ic 813 2 473 479 2 40 -46 1 431 460 2 2¢2 212 : ’
4 45C 463 7 HeK= 1, 2 4 6472 428 3 24 =32 3346 341 2. 28 26, i
5 14 - 13 .L FCBS FCAL 6 .245 253 ... 4. 268 _285__ 4 C =-13 3 326 306 HeK= 5, 2
-6 287 120¢ v T T v T =Lt L FBRS FCAL el ol
“HeK= 8y 5 =5 0 12 HeK= 2, 1 FeK= 2, 5 Hek= 3, 3 -4 0 15 -
L FOBS FCAL =4 557 50¢ L FOBS FCAL L FOES FCAL L FOBS FCAL HeK= 4, 2 =3 319 353 :
1 473 478 -3 17 -1t =6 0 -13 =4 ¢ -1 =5 17 -8 L FOBS FCAL =2 31 25 ‘
2 15 =24 -2 746 102 -5 521 515 =3 39C 373 =4 451 448 -5 29 36 -1 374 370 ; ;
3 431 440 =1 19 1C =4 13 -t4 =2 26 =26 . =3 G -9 =64 400 422 0 51 =43 :
4 ¢ ~-10 G 690 733 - =3 688 646 =1 479 456 =2 528 490 -3 6 -9 1 22z 258 :
121 =25 =z 2l2 1lé3 C 22 =30 =1 39 =38 =2 460 441 2 0 4 :
FoKs Oy 6 2 541 548 -1 874 831 1 422 421 0 485 469 <=1 67 =-57 ;
L FCBS FCAL 3 0 -12 c 13 4 2 ¢ 13 1 0 16 0 476 449 HeK= S, 3 i
C 46C 456 4 4C9 413 1 609 649 3 03¢0 312 2 431 446 1 o -1 t FORS FCAL i
1 66 =73 5 22 18 2 133 =1C7 -3 c -4 2 291 305 -3 0 -9 !
2 33§ 356 3 517 5C6 EeK= 2, 6 4 309 296 3 0 18 =2 314 333 Co
3 c 13 HoK= 1, 4 4 21 29 L FOBS FCAL -1 27 s
' L FOBS FCAL 5 406 373 -3 0 6 - HeK= 3, & HeK= 4, 3 0 291 315

Hek= 1, O -5 336 333 -2 '373 368 - L FOBS FCAL. L FO8S FCaAL 1 0 =22
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- Table 3:. Distances in XeF| . The asterisked values are inter<

molecular distances,

Ye - 27,  1.91%.02i =
2R, nLaloeh w
oo 2F, 3221 ,024
2R 3212024
CvFy - Xe U L91Z.024
ST Fy 21T 03k
P, T 2,692,034
F, 3,037,034
Fp 3,08 % .03 4 -
" F, _"3.09\? .03 A
2F, 3°16“§ .02 A
‘F, - 3022- .03 4
, © Py 3.2h.° 0Lk
F, .  3.26 2,034
Xe' 3,27 % ,02 4
Fy = . Xe 190 =.024 =
| Fp. 2.7 P03k
F] 2469 f 03 k%
2F, 3002.{ .01 AJ.
© Py 3.03.- W03 A
Oy 3,08 = .03 &
Py 3,092 .03 -
Py 322203k
Fy o 3.26F.034 LT
Fp . 3.32% 0L A ,
Ye 2024 .

3.22
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Figure 1: Two views of the crystal of XeF , used in this structure
determination. The two views are approximately 759 rotation
apart from each other. The a axis is approximately parallel
to the long edge of the crystal.
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”Plgure 2-4 Molecular packing in Xth as seen in projection down the

The numbers on some of the atoms are b coordinates (xlOO).
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- -14-
o Figure 3: Molecular dimensions in Xth., Distances have not been

corrected for thermal vibrations in this figure.
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