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The crystal structure of the molecular addition compound xenon difluoride-xenon tetrafluoride 
was solved by a combination of heavy-atom and direct methods using three-dimensional X-ray 
diffraction data. Structural parameters including anisotropic thermal motion were refined by the 
method of least squares. The existence in the crystal of discrete XeF 2 and XeF 4 molecules, with 
linear and square-planar configurations respectively, was established and a description of their 
thermal motions obtained. The short intermolecular distances in XeF 2 . XeF 4 are similar to those in 
the crystals of the two components and suggest that there is electrostatic attraction between the 
molecules. 

Introduct ion 

The discovery tha t  xenon reacts with fluorine to form 
simple compounds (Weeks, Chernick & Matheson, 
1962; Smith,  1963; Claassen, Selig & Malta, 1962) 
and  the need for informat ion about  the nature  of the 
chemical  bonding involved led to the rapid determina-  
t ion of the crystal  structures of XeF2 and XeF4 
by  X-ray  (Ibers & Hamil ton,  1963; Hami l ton  & 
Ibers, 1963; Siegel & Gebert, 1963; Templeton,  
Zalkin, Forrester  & Will iamson, 1963a, b) and neutron 
diffract ion (Levy & Agron, 1963a, b; Burns,  Agron 
& Levy, 1963a, b). A thi rd  crystall ine phase was found 
in mixtures  of these two compounds and was reported 
erroneously by  Burns (1963) to be a 'h igh-densi ty  
form of XeF4'. Crystal-structure analysis  of this 
phase showed it  to be XeF~..XeF4, and pre l iminary  
reports were given by  Burns, Ellison & Levy  (1963a, b). 
The present paper  presents the details of this s tructure 
de terminat ion  and a discussion of the thermal  motion 
and  the intermolecular  contacts. 

E x p e r i m e n t a l  

Crystals of XeF2. XeFa were prepared by  sealing into 
a small  glass tube a mixture  of XeF2 and XeF4. 
Since all three phases have vapor pressures of a few 
mill imetres at room temperature ,  specimens for X-ray  
diffract ion s tudy were grown by  slight cooling of 
a spot on the tube wall. 

Precession photographs were used, with film- 
shrinkage corrections, to establish the unit-cell  dimen- 
sions and  probable space group. The crystals are 
monoclinic, P21/c, with a=6 .64 ,  b=7.33,  c=6-40 J~, 
each ±0-01 J~ and f l = 9 2  ° 40+_5'. There are four 
xenon atoms per uni t  cell, and the X-ray  densi ty  is 
4-02 g.cm- 3. 

Operated by Union Carbide Corporation for the U.S. 
Atomic Energy Commission. 

Three-dimensional  in tens i ty  da ta  were obtained 
by  the 20-scan technique employing a single-crystal 
orienter, Mo Kc¢ X-rays,  and a scinti l lat ion-counter 
detector. The reflections fall  into two groups 
(vide infra). Reflections having unmixed  indices were 
measured out to 0 = 3 5  ° , where the intensit ies were 
still detectable but  quite weak; but  reflections with 
mixed indices were measured only to 0 = 2 0  ° , where 
intensit ies were unobservable  above background. 
Wi th in  these ranges 366 intensit ies with unmixed  
indices and 209 with mixed indices were measured;  
of these, 482 had detectable intensity.  The diffracting 
crystal  grew larger during the da ta  collection because 
of deposition of mater ia l  from elsewhere in the tube, 
bu t  f requent  measurement  of a reference reflection 
provided a means  of normalization.  From an ap- 
proximate  determinat ion of the shape of the crystal  
an absorption correction was calculated for each 
reflection with the F O R T R A N  program of Wehe, 
Busing & Levy  (1962). The absorption correction, A*, 
ranged from 3.02 to 3.50. Lorentz-polarization cor- 
rections were applied, and the intensit ies were reduced 
to squared structure factors. 

Structure  de terminat ion  and re f inement  

A survey of the  structure ampl i tudes  showed, in 
addi t ion to the systematic  absences of space group 
P2l/c, tha t  F(hlcl) is large for h, k, 1 unmixed  (all odd 
or all even) and generally small  for h, k, 1 mixed, 
indicat ing tha t  the xenon atoms are in a face-centered 
array. The two chemical ly different kinds of xenon 
atoms must  therefore occupy positions (International 
Tables for X-ray Crystallography, 1952) 2(a) and 2(d) 
of space group P21/c. However, the non-equivalence 
of the xenon atoms was not established unti l  the  
structure was elucidated since the formula was 
ini t ia l ly  thought  to be XeF4; so the other possibil i ty 
for face-centered xenon atoms in 4(e) with x=z=¼, 
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y = 0  was tried, bu t  f inal ly discarded. Wi th  the 
xenon atoms in positions 2(a) and 2(d), the signs of 
all structure factors with unmixed  indices are positive. 
An electron-density map  was computed¢ using only 
these terms. In  this map, because of the omission 
of the mixed-index terms, the peaks a t t r ibutable  to 
fluorine atoms were repeated by a face-centering 
operation and had one-fourth the density of true 
fluorine peaks. Consequently, an assignment  of 
fluorine sites was not readily achieved. A second 
Fourier  summat ion  was then made in which ten 
mixed-index reflections were also included with signs 
assigned as follows: two signs were chosen arbi trar i ly,  
three were deduced from these by  Sayre's squaring 
method (1952), and five more were found by the 
same method to depend on the choice of one sign. 
The two choices of this sign were tried, and one of 
the maps  obtained had the true fluorine peaks en- 
hanced at the expense of the others, so tha t  a suitable 
structure could be postulated. In  this structure one 
pair of centrosymmetr ical ly  equivalent  fluorine atoms 
is bonded to a xenon a tom in one twofold equipoint  
and two pairs of fluorine atoms are bonded to a xenon 
a tom in the other. The fluorine atoms are thus in 
three sets of equipoints of type  4(e). 

This model was refined by an i terat ive least-squares 
program on the IBM 7090 (Busing, Martin & Levy, 
1962). The variables included the individual  an- 
isotropic temperature  parameters  for all atoms, the 
positional parameters  for the fluorine atoms, and 
one overall scale factor. As the ref inement  proceeded 
it became apparent  tha t  the thir ty-f ive reflections 

of groatogt intensity affected by  xtincfi0n,, 
these were omit ted from subsequent  ref inement  cycles. 
Atomic scattering factors for neutral  fluorine atoms 
(Inter~ational Tables for X-ray Crystallography, 1962) 
and for neutral  xenon atoms (Watson & Freeman,  
1963), the lat ter  corrected for anomalous dispersion 
(Dauben & Templeton,  1955), were used. The ob- 
servations, F 2, were weighted as the inverse of their  

F o r  t h i s  a n d  l a t e r  F o u r i e r  s u m m a t i o n s  a m o d i f i e d  v e r s i o n  
o f  t h e  F O R D A P  c o d e  b y  Z a l k i n  (1962)  w a s  u sed .  

variances, ~2(F2), which were est imated from the 
expression: 

(~(F ~) = s(A*/Lp)2[N + 2B + (0-04N) 2] , 

in which I7 is the net count in a peak, B is the back- 
ground count, A* is the absorption correction, s is 
the scale factor and Lp is the Lorentz-polarization 
correction. The appl icabi l i ty  of this expression to 
counter-measured data  has been discussed by Peterson 
& Levy (1957). 

The refined parameters and their standard devia- 
tions are listed in Table I. The discrepancy index 
R=Zl[F(obs)[-[F(cale)][/Z[F(obs)[ had the value 
0.048 for all 540 extinction-free reflections. For 441 
reflections with F2(obs)>~,  the value was 0.031; 
within this group, 331 with unmixed  indices had 
R=0 .022 ,  and l l 0  with mixed indices had R=0 .102 .  
The s tandard deviat ion of an observation of uni t  
weight : 

{Z~u,,[F~(obs) - F~i (cale)]2/(m - n)}½ 

where w~ is the weight of an observation, m is the 
number  of extinction-free observations, and n is the 
number  of adjustable  parameters,  was 1-57 at the 
end of the refinement.  Based on these two criteria, 
the agreement between model and data  is considered 
quite satisfactory. Table 2 presents observed and 
calculated values of the squared structure ampli tudes  
and the calculated signs. 

After the ref inement  was completed, a three- 
dimensional  electron-density map was computed using 

the observed s~ruc~ure a mp]{~udes, excep~ ~ha~ ~he 
calculated values were subst i tuted for those affected 
by  extinction. In  this map  the max ima  corresponding 
to xenon atoms were very large, and the series ter- 
minat ion  ripples around them caused appreciable 
distortion of the fluorine peaks. However, a difference 
map  for which the xenon-atom contributions were 
subtracted from the total electron density showed 
the fluorine atoms without  distortion. Sections of the 
three-dimensional  map which pass closest to atomic 
centers are superimposed to produce Fig. 1. Only 

Table 1. Final parameters* and their standard deviations 
Xe(1) Xe(2) F(1) F(2) F(3) 

Parameter a Parameter • Parameter q Parameter a Parameter 

x (0.0) - -  (0.5) - -  0 -1681 0 . 0 0 0 9  0 .5053  0 .0011  0 . 2 4 0 0  0 -0010  
y (0.0) - -  (0.0) - -  - - 0 . 1 8 7 5  0 . 0 0 1 0  0 .0783  0 -0013  0 .1087  0 . 0 0 1 0  
z (0.0) - -  (0.5) - -  0 . 1 5 2 4  0 .0011  0 . 2 1 1 4  0 . 0 0 0 9  0 .5163  0 -0013  
flll  0 -0177  0 -0003  0 .0166  0 . 0 0 0 3  0 .025  0 .002  0 .045  0 .003  0 -020  0-002  
fl22 0 .0121  0 . 0 0 0 2  0 . 0 1 1 5  0 . 0 0 0 2  0 .021  0 .002  0 .036  0-003 0 .021  0 .002  
fl33 0 . 0 2 0 8  0 . 0 0 0 3  0 .0168  0 .0003  0 -030  0 .002  0 .021 0-002  0-069  0 . 0 0 4  
ix2 --  0 -0005  0"0003 0"0008 0"0003 0 . 0 0 4  0 . 0 0 2  -- 0 .019  0 .002  0 . 0 0 3  0-002  
ilia --  0 . 0012  0 -0002  --  0 -0009  0 .0002  --  0 . 0 0 4  0 .002  --  0 -006  0 .002  0 . 0 0 4  0-002  
fl23 0 .0017  0"0003 --  0 . 0 0 0 2  0"0003 0 . 0 0 4  0 .002  0 .008  0 .002  --  0 .003  0-003  

* T h e  n u m b e r s  i n  p a r e n t h e s e s  w e r e  n o t  v a r i e d  in  t h e  l e a s t - s q u a r e s  r e f i n e m e n t .  T h e  f l ' s  a r e  t h e  c o e f f i c i e n t s  in  t h e  a n i s o t r o p i c  
t e m p e r a t u r e  f a c t o r  e x p r e s s i o n :  

e x p  [ --  ( l l l h  ~ + fl221c2 + 133l 2 + 2112hlc + 2i13hl  + 2 i 2 a k / ) ] .  
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T a b l e  2. Observed and calculated values of the squared structure factors 
OBS is 0.1F2(obs) and CAL is 0.1F2(calc) on an absolute scale. 

S is the sign of F(calc). Values of OBS preceded by E were affected by extinction 
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-0"5 0 0"5 1 "0 
x 

Fig. 1. Sections of the  three-dimensional  e lectron-densi ty  map  
with  the  xenon-a tom contr ibut ions  subtrac ted .  Contours 
are a t  2-0 e.A -3. 

that  part of the unit cell required to show one of each 
kind of molecule is presented. 

Results  and discuss ion  

Interatomic distances and angles and their standard 
deviations were calculated from the refined para- 
meters, the variance-covariance matrix, and the 
unit-cell dimensions. The Busing & Levy (1959) 
Function and Error computer program was used to 
obtain these and other functions of the parameters. 

Because the xenon atoms lie at centers of symmetry, 
the XeF2 and XeF4 molecules in XeFg..XeF4 are 
required to be linear and planar, respectively. Further 
description of the molecules requires consideration 
of the effect of thermal motion. Since the thermal 
amplitudes of Xe and F atoms are unequal, the 
Xe-F  distances appear foreshortened (Cruickshank, 
1956). As the structure consists of discrete molecules 
with heavy atoms at the centers of mass, it is plausible 
that  the fluorine atoms 'ride' on the xenon atoms. 
Based on this model, corrected bond distances were 
calculated (Busing & Levy, 1964). For XeF2 the 
corrected bond length, Xe(1)-F(1) is 2-010 (0=0.006) 
A and the two corrected bond lengths for XeFa are 
Xe(2)-F(2)=l.972 (0=0.007) • and Xe(2)-F(3)= 
1-945 (~r=0-007) A. The F(2)-Xe(2)-F(3) angle in 
the XeF4 molecule is 89.1 (0=0.4) °. The sigmas are 
least-squares measures of precision. We estimate the 
corresponding measures of accuracy to be about 
twice as large; hence the XeF4 molecule does not 
deviate significantly from a square-planar configura- 
tion. In crystals of XeF2 itself the Xe-F  bond length 
is 2.00 A (Levy & Agron, 1963a, b), while in crystalline 
XeF4, the Xe--F bond lengths are all 1.95 A and the 
F - X e - F  angle is 90.0 ° (Burns, Agron & Levy, 1963a, b). 

The individual intramolecular configurations are thus 
retained in the addition compound with little if 
any change. 

The thermal motion of the XeF2 moiety is described 
by giving, in Table 3, the root-mean-square displace- 
ments of its atoms along and perpendicular to its 
molecular axis. Also in Table 3 are the root-mean- 
square components of thermal displacement of the 
atoms of the XeF4 moiety; these are referred to a 
right-handed Cartesian system defined by the direction 
of the normal to the molecular plane and the direction 
of the Xe(2)-F(2) bond. The third axis is nearly 
collinear with the Xe(2)-F(3) bond direction. The 
large fluorine motions perpendicular to the bonds 
suggest rigid-body librations of these molecules. 
Assuming this type of motion, an approximate 
calculation yields for the XeF4 molecule two out-of- 
plane librations of about 5 ° r.m.s, amplitude and an 
in-plane libration with about 9 ° r.m.s, amplitude. 
The XeF2 molecule can be similarly described as 
having two librations about axes perpendicular to 
the molecule with r.m.s, amplitudes of about 4 °, 
or as precessing with a half angle of about 7 °. Similar 
motions were deduced to occur in crystals of the 
component compounds, except that  the in-plane 
libration of XeF4 is approximately 5 °. 

Table 3. Root-mean-square thermal displacements (A) 
X e F  2 

Parallel  to Perpendicular  to 
molecular  axis molecular  axis* 

Xe(1) 0.182 0-287 
F(1) 0.19S 0-371 

XeF  4 
Along plane Along axis Along axis near  

normal  Xe(2)-F(2) Xe(2)-F(3) 

Xe(2) 0-182 0.188 0.187 
F(2) 0.260 0-192 0.372 
F(3) 0.254 0.374 0.203 

* 1/(#2--/~a2), where #2 is the mean square radial dis- 

p lacement  and  /~a 2 is the  mean square component  along the  

molecular  axis. 

Table 4 lists the interatomic distances in a manner 
which emphasizes the kind and number of neighbors 
possessed by each atom in the asymmetric unit, 
out to an arbitrary limit of 3.70 A. Fig. 2, ~ perspec- 
tive drawing of one unit cell with a set of non-related 
interatomic distances indicated, is useful in identifying 
the atom pairs listed in Table 4. 

Intermolecular F - - - F  contacts have a range of 
values increasing from 2.87 J~; these are normal for 
molecular crystals containing fluorine atoms. However, 
in XeF2.XeF4, as in crystals of XeF2 and XeF4, 
there are several intermolecular contacts between 
xenon and fluorine atoms which are interestingly short. 
In addition to the bonded fluorine atoms, the divalent 
xenon atom has two fluorine-atom neighbors at 
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Table  4. Interatomic distances* 

Number and kind of atoms at distance d from 

Xe(1) Xe(2) F(1) F(2) 

- -  2F(3) - -  - -  
- -  2F(2) - -  1Xe(2) 

2F(1) - -  IXe(1) - -  
- -  - -  - -  1F(3) 
- -  - -  - -  ~ F ( 3 )  

- -  - -  1 F ( 2 )  1 F ( I )  

- -  - -  - -  1 F ( 2 )  

- -  - -  1 F ( 2 )  I F ( 1 )  

- -  - -  - -  1 F ( 3 )  

- -  - -  1 F ( 3 )  - -  

- -  - -  I F ( a )  - -  

- -  - -  I F ( a )  - -  

2 F ( 3 )  - -  __ _ _  

- -  - -  2 F ( 1 )  - -  

- -  - -  1F(2) 1F(1) 
- -  2F(1) 1Xe(2) - -  

- -  2F(1) 1Xe(2) - -  

- -  2F(2) - -  lXe(2) 
2F(1) - -  IXe(1) - -  

- -  - -  I F ( S )  - -  

2 F ( 2 )  - -  - -  IXe(1) 
2F(3) . . . . .  
2F(2) - -  - -  lXe(l)  
2F(3) - -  _ _ 

- -  - -  - -  2F(2) 

* Not corrected for thermal motion. 

F(3) d ( i )  

IXe(2) 1.909t 0.007 
- -  1.936¢ 0"006 
- -  1.996¢ 0-006 

1F(2) 2"698? 0.011 
1F(2) 2.739? 0.011 

- -  2.869 0.010 
- -  2.938 0.013 
- -  2.979 0-011 

1F(2) 3.118 0.012 
IF(l)  3.204 0.011 
IF(l) 3.235 0-009 
1F(1) 3.249 0.009 
1Xe(1) 3.280 0.008 

- -  3.328 0.006 
- -  3.352 0.010 
- -  3"353 0.007 
- -  3.355 0.007 
- -  3.374 0.010 
- -  3.416 0.008 

1F(3) 3.561 0.015 
]F(1) 3.565 0.012 

- -  3-605 0-007 
1Xe(1) 3.635 0.010 

- -  3.656 0.009 
1Xe(1) 3.688 0.007 

- -  3.699 0.005 

? Intramolecular. 

© D 

(~Xe c 

o 

Fig. 2. A perspective drawing of the unit cell of XeF2.XeF 4 
for use with Table 4 in identifying the interatomic distances. 

3.28 A, two a t  3.42 X, a n d  a g roup  of e ight  in  t he  
r ange  3.61-3.69 A. The  t e t r a v a l e n t  x e n o n  a t o m  has  

six f luor ine  a toms  a t  3.35 to  3-37 A, a n d  the  four  
i n t r a m o l e c u l a r  f luor ine  a toms  fill t he  r e m a i n i n g  space 
a round  it. Fo r  compar ison ,  each x e n o n  a t o m  in 
c rys ta l l ine  XeF2 has  e ight  n o n - b o n d e d  f luor ine -a tom 
ne ighbors  a t  3.41 /~, whi le  in  XeF4 c rys ta l s  the re  
are two such con tac t s  a t  3.22 /~ a n d  two  a t  3.25 A. 
A v a n  der  W a a l s  con tac t  d i s t ance  of a b o u t  3.6 A 
be tween  these  a toms  is o b t a i n e d  b y  s u m m i n g  ha l f  
the  i n t e r a t o m i c  d i s t ance  in  c rys ta l l ine  x e n o n  and  
the  v a n  der  W a a l s  r ad ius  of t he  f luor ine  a tom.  The  
shor te r  va lues  observed  in  t he  xenon  f luor ide  c rys ta l s  
p r o b a b l y  i m p l y  add i t i ona l  e lec t ros ta t ic  a t t r a c t i o n  
be tween  molecules  ar i s ing  f rom elec t ron m i g r a t i o n  
f rom xenon  to f luor ine  a toms  w i th in  each molecule.  
W e  h a v e  ca lcu la ted  X e - . .  F d i s tances  f rom crys ta l  
rad i i  R~ for a toms  bear ing  charge  ze, der ived  accord ing  
to  the  fo rmula  (Paul ing,  1960) 

R~ = R1 [z[-2/(n-l) 

in  wh ich  R1 is P a u l i n g ' s  u n i v a l e n t  radius ,  a n d  n is 
t he  B o r n  e x p o n e n t  (7 for F -  a n d  12 for Xe0). I n  
us ing th i s  t heo ry ,  which  can a p p l y  on ly  a p p r o x i m a t e l y  
in  th i s  case, we visual ize  t he  e lect ron conf igura t ion  
of b o t h  a toms  in t he  con tac t  region as be ing s imi lar  
to  t h a t  in  t he  n o r m a l  noble-gas  a t o m  or ion;  t h a t  is, 
we neglec t  t h e  dependence  of R1 i tself  on the  magni -  
t u d e  of t h e  charge  migra t ion .  W e  ca lcula te  X e  • • • F 
d i s tances  of 3.45 a n d  3.23 A for Xe ( I I )  a n d  Xe( IV) ,  
respec t ive ly ,  for a charge  t r ans fe r  of 0.6e to  each 
f luor ine  a tom.  I f  t he  dependence  of R1 on ne t  charge  
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were considered,  d is tances  in  th i s  range  would  be 
ca lcula ted  w i th  a s o m e w h a t  smal ler  charge migra t ion .  

Othe r  evidence for the  charge mig ra t i on  has  been 
c i ted:  theore t ica l  t r e a t m e n t s  of the  X e - F  bond  have  
ind ica ted  a charge t rans fe r  of abou t  0.5e per  f luor ine 
a tom (Lohr  & Lipscomb,  1963; Rund le ,  1963; Pi tzer ,  
1963; Jo r tne r ,  Rice  & Wilson,  1963; P i m e n t e l  & 
Spra t l ey ,  1963), a n d  expe r imen t s  on hea t s  of subl ima-  
t ion  (Jor tner ,  Wi lson  & Rice,  1963) and  nuc lea r  
magne t i c  resonance  s tudies  (Lazdins,  K e r n  & Karp lus ,  
1963) have  been exp la ined  b y  the  a s s u m p t i o n  of a 
charge  t r ans fe r  of a b o u t  0-5-0.6e per  f luor ine a tom.  

We t h a n k  Dr  D. F.  S m i t h  for p rov id ing  the  samples  
of XeF2 and  XeF4, a n d  the  spect ra  used in the i r  

ident i f ica t ion .  
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