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THE CRYSTAL STRUCTURE OF [XeF5+]2PdF6

by

K. Leary, D. H. Templeton, A. Zalkin and N. Bartlett

ABSTRACT
2~

Crystals of [XeF ] PdF6
orthorhombic with a = 9.346(6), b.= 12.786(7), c = 9.397(6) A, V =
23

are yellow needles. . The unit cell is

1122 9 A7, z =4, Qc.= 3.91 gcmf3. Structure refinement has proceeded

satisfactorily in space group.gEEZI (No;129) using three dimensional

~graphite monochromatized X-ray Mo Ko data. With anisotropic tempera-

ture factors for all atoms, a final:- conventional R factor of 0.0256
(including zero weight data) for 1464 independent.reflepfions, was
obtained. |

Thé asymmetric structural unit contains two crystallographically A

ions and a PdF 2- ibn;‘ The PdF 2- ion is almost

5 6 6
octahedral and only one Pd F interatomic dlstance (= 1 860(6)A)

distinct XeF

'departs 31gn1ficantly from the average Pd-F distance of '1.893 A. The

'XeFS ions each approxlmate to C4 symmetry and are not significantly

different in size, shape or coordlnation. The cations are characterized

axial _Fequatorlal angles of ~79° » and average axial and equa-

torial bond lengths of 1.81 A and 1.84 A respectively. The individual

Xe-F distances of the same type (axial or equatorial) do not depart

significantly from'tﬁeﬂaverage values for the type.
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The coordination of the XeF5+ ions, by the F atoms of anionms, in

this structure, is similar to the cation coordination observed in

+
XeF5 AsF6

INTRODUCTION

In the course of experiments1 aimed at a more convenient synthesis
of palladium tetrafluoride2 we obtained the XeF6 adducts of-PdFQ,

2XeF "PdF, and 4XeF - PdF

6 4 6 4° 7
reportedrpreviously by Pullen and Cady3 for the XeF6 adducts of the

These stoichiometries are similar to those

germanium and tin tetrafluorides. Although Raman.data1 indicated that"

+ 2- + 2-
the PdFa adducts were [XeE5 ]deF6 1 ]ZPdF6 , respectively,

full structural investigations were desirable. Such ionic formulations

and [XezF

are consistent with XeF6 being a good basea. It was also of value for

4’5’6,'to know the geometry of the

the appraisal of other XeF5+ salts
cation in a doubly-charged anion environmment. Suitable single crystals
" of the 2:1 adduct for high quality X-ray structural investigation

proved to be readily preparable. The structuré hés been determined

and is reported in this paper.

EXPERIMENTAL

2X¢F6;PdF4 was prepared as describgd in a forthcqming_paperl.
Suitagzgiz;;gzglline samples were obtained by heating the compound in
a Monel bomb to 400° under fluorine pressure (1000 psi). The bomb
was cooled slowly to room temperature (-.20°/h:). Yellow, needle-
shaped crys;als were found adhering to thé walls of the bomb. Suitable

sized specimens were loaded into 0.2 mm o.d. quartz capillaries, which

had been drawn down to smaller diameter at the sealed end. Crystals

4
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were wedged into the drawn-down capillary ends with the aid of Pyrex
push rods. All manipulations were carried out in a Vacuum Atmospheres

Corporation Dri Lab, provided with a nitrogen atmosphere. The capil-

"laries were temporarily sealed with a plug of Kel-F grease then removed

from the dtybox and sealed by drawing down in a small flame.

Crystal Data.- The crystal chosen for data collection was a

yeilow needle with dimensions 0.3 x 0.2 x 0.1 mm. Weissenberg photo-

graphs showed F16P_dXe2 (m.w. 673.0) to be orthorhombic, with a = 9.346(6),
) °
3

° -
b = 12.786(7), c = 9.397(6) A, ¥ = 1122.9 A%, z = 4, and D_ = 3.91 gem 3,

The uhitvqell volume satisfies Zachariason's criterion7-for close
packed fluoride lattices,jthe effective volume per fluorine atom being
17;6 23. The systematic absences, O k £, £ = 2n + 1, and h 0 &, h =
2n +1, indicated the space gréup8 to be ‘either gg§21 (No. 29) or Pcam

(No. 57).

' témpefature (T = 24.5 * 1.5°) on a Picker automatic four circle dif-

. o : )
fractometer using Mo Ka radiation,’(l = 0.7107 A). - Accurate cell

‘dimensions were obtained by measuring the 20 angle for the Mo Kal

peak for the highest angle reflection ébservable along each of the
prinéipal axes. The c axis was orinted along ¢.

Intensity data were collected and corrected as previously describedg.

'The absorption coefficient y = 78.7'cmf1. Although the crystal was

larger than the optimum size, no absorption correction was applied.
The only other difference from the previously described procedure for

the'data'treatment9 was in the choice for the value of q, the arbitrary

‘factor, employed to prevent the relative errors for large-counts

ELS
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becoming unrealistically small. A value g = 0.04 was assumed here.
Three standards were checked over 200 reflections; their intensities

increased slightly over the period of data collection.

ot

Scattering factors for neutral F, Xe, and Pd were taken from Doyle
and TurnerlO and Cromer andIWabérllé Cromer and'iiberﬁan's values 2 of
Af' and Af" were used for anomalous dispersion corrections.

A compiéte set of hk £ and h k Z data wefé céllected for 26 < 45°
and amounted to 1464 unique reflections. 1Im thevleast—squares refine-
ments 1410 data which safisfied.fhé condition I 3_36(1) vere given non-

zero welght.

Structure Refinement.- At the outset, it was assumed that the

structure'wﬁuld be centric, so the two acentric data sets were averaged

to give a single centric data set. A three diménsional Patterson

synthesis rgvealed the positions of two of the three heavy atoms, but

it also indicated that the non-centric group (EEEZI, #29) was appro-

priate. Full matrix least-'squares13 and a subseqﬁent Fourier synthesis

yiglded the positions of the third heavy atom and égveral of the

fluorine atoms. The refinement proceeded routinely down to R = 7.5%

with all 19 atoms placed and the heavy atoms assigned anisofropic

thermal parameters. At this point, the structure seemed to have settled

intd a false minimum, since bond lengths and aﬁgies gave veryvpoor p
agreement with previous étructures of this type. After much experimen- ,‘,
tation involving location of atoms across symmetry e1ements (and
pseudo-symmetry elements), to generate a chemiééLly acceptable arrange-~

mept, the R value dropped to 6.07%. Subsequent‘ieast-squares refinement

with all atoms anisotropic, but using the data éppropriate for the
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centric space gfoup, yieided an R value of 2.0%. ‘At this point the
data were re-ordered to satisfy the non-centric'sfmmetry and to take
advantaée éf anomalous dispersion. Two polarities must be considered.
Least-square refinement yielded R = 2.60% (including zero weight data),

R = 2.41% (excluding zero weight data) for the polarity with mostly

‘negative z coordinates. The magnitudes of the z parameters of the

two forms did not differ by more than one standard deviation. We

describe here the arbitrarily chosen structure with the most1y>positive

z atomic parameters. A final difference Fourier showed that the

) -]
‘largest residual electron density was -1.7 e/A”. The final value of

' BQ = 0.0267 and R (including zero weight data) = 0,0256. The final

conventional R = 2,377. The standard deviation of.gn observation of

unit wéight was 0.994. The largest‘shift of any parameter, divided

by the esﬁiﬁated standard deviation on the last cycle was less than

0.003. Table I gives the final positional and thermal parameters for

this refinement. The Fo,’standard deviations, ‘and AF data are given
14

in the microfilm version of'this paper as Table II™ .

Description of the Structure.- The asymmetric structural unit

contains twp crystallographically distince XeF5 groups and a PdF6
group. The structral unit is illustrated in Figure 1.

The PdF6 group is almost octahedral. As may be detefmined from
Table IiI, only one Pd-F th-F(Z) - 1.860(6)] depérts significantly

’ °
from the average Pd-F distance of 1.893 A. All cis F-Pd-F angles are

- within 5° Qf'90°.

The two XeF5 groups are similar, each being an approximately 94v
Py - - - o.
symmetry species, with an Faxiallxe Fequatorial angle of ~79 The
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average Xe-F axial interatomic dis;ance of the two crystallographically
distinct species is 1.813 ;'and the axial Xe-F distancé for each species
does not deparg significantly from this mean. The mean of all Xe-F
equatorial interatomic distances is 1.843 ;. Agaiﬁ there isvno signi-
ficant départure from this mean value for the Xe-F equatorial distances
in each speciés.

- Each Xe étom of each XeF5 group makes one shorﬁ contact with one
Pd—F6 group [i.e., Xe(2)-F(3), Xe(1)-F(4)] and two somewhat longer
contacts to a second PdF6 group. These Xe...F contacts link XeF5 and
PdF6 groUpg into 'rings' containing two species of each kind as shown
in Figure 2. These 'rings' afe linked by the further involvement of
the PdF6 groups in adjoining 'rings’. There is a striking resemblance
of the four member 'ring' in this structure to that previously
observed in XeF5+AsF6- (ref. 6).

It shpuld be noted that the three F-ligands of the PdF6 groups
which make close approach to the Xe atom do so more or less symmetrically

with respect to the pseudo four~fold axis of each XeF_5 group. Thus the

Faxial—Xe—.;.F (close contact) angles all lie within the range 135-146°.

The manner in which the XeF5 and PdF6 groups are arranged in the crystal

is illustrated in the stereogram, which is Figure 2c.

DISCUSSION

Structure Analysis.- The analysis was hampered by the fact that
the strqctﬁre deviates only a little from space group Pcan (No. 60,
with an unconventional setting)8. The coordinates of Xe and F listed

in Table I can be'grouped as pairs related by the transformation x,
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1/2 - y, 1/2 - z with discrepancies no greater thén 0.046 for F and
0.023 for Xe, while Pd would be related to itself_by.this operation if
its Z.weré increased by 0.008. If this correspondence were exact,
the symmétry would be Pcan, a centric space group. This pseudosymmetry
escaped notice at first because there are'clear violations of the
extinction rule for the n glide. The structure consisting of Xe(2)
atoms is:neafly ihe inverse of that of the Xe(l) atoms, and thus has
the same Patterson vectors. As a result, if was~ea5y to find vectors
for two sets of four heavy atoms per unit cell in,£he Patterson maps,
but a third set could not be found. If one tries”to interpret these
vectors in space group Pcam ¢he centric group consistent with the
extinction rules) either set of four atoms can bévﬁlaced on the
mifror planes, but then the other must be in a general set of positionms.
This inferpretation was ruled out by the absence of vectors for such
atoms related by the mirror. Had the similarity to space group Pcan
been noticed, it would have been easy to assign four Pd atoms to a
special position (on the two-fold axis) and eight Xe atoms to a general
position.

Thé next complication is that Pd hardly contributes to the phasing
of any reflection with h + k odd, nor Xe to any reflection with £ =
0 and E_+v5.odd. For other refleétions the heavy atoms give good
phasing for thé centric pseudostructure, but the deviations from this
symmetry will be controlled by.the accident of thé‘slight displacements
of the trial structure. Thus the heavy atom positions are not a very:
helpful guide to the correct positions of the F atoms, and false minima

with relative good agreement indices are, possible. A similar situation
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XeO,_*6H.0

was encountered in the refinement of the structure of Naa 6 o,y

(ref. 16). . _

A third;difficulty is the question of absolute polarity. The
structure_i§ too nearly centric for.there to be ényvdramatié differences
in the Bijvoet pairs, and the differences in agreément indices are not
very decisivé. It is even more difficult to exclude the possibility
6f two orientations mixed by twinﬁing. Had the meaéurements been
confined to one octant, as is often the custom, the polar dispersion
effect17’18_would‘have caused a serious uncertainty. With full data
that effect disappears, and nearly the same results are obtained with

either assumption of polarity.

Cheﬁical Aspects.Q Hexafluoropalladates(IV) have long been known18

and a regular octahedral PdF62_ geometry was indicated by the isomorphism
of the alkali fluorpalladates with the fluoroplatinates, of which the
crystal structure of KZPtF6 was knowﬁ from X-ray Single crystal structure
analysislg;‘ Hithertoo, however, the only structure determination
reported for a PdF62_ salt was that of Bartlett aﬁdVQuailzo, derived for
KZPdFG from X-ray powder data.- Although the precision of their structure
'is uncertain, the quoted.Pd-F bond length of 1.86’2 is roughly compatible
with the Pd-F bond lengthg observed in the [XeFS]ZPdF6 structure (see
Figure 1 and Table III). It is not known to what extent the unsym-
metrical sﬁrdngly polarizing cations of the xenon salt perturb the

anion from ideality. A bond length of 1.86»2 in'the alkali salts is
quite plausible and a value between 1.86 and 1.90 Z seems certain.

The structure of [XeFS]deF6 is of most interest at this time for

the geometry of the cation and the cation coordination. The cation has
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-previously been established by X-ray single crystal analysis in the

salts XeF5+MF6- M = Pt and Ru (ref. 5), As (ref. 6)] and crystalline

itself has been formulat:ed21 as XeF +F_. Table IV gives the bond

XeF 5

6

lengths and angles for the various structures examined so far. It can

(TABLE IV here)
be seen ‘that within the quoted standard deviations, there are barely
any significant differences between XeFSf species in different lattices,

including XeF + in crystalline XeF As has already been pointed out

5 6°
above,»the two crystallographically distinguishable XeFS+ species in
5]2PdF6 are not significantly different. As.may be seen from Table

IV, the precission of the XeF5+ description from this structure is quite

[XeF

high. The common geometry of XeFS, in allvof thé,quofed structures,
itself suggests a -discrete cation, but as has been pointed out pre-
viously,5»’22 the close similarity to the neutral molecule IF5 provides
compelling evidence. Indeed as we have discussed in‘an earlier paper9

the strictly'iéoelectronic relatives of XeFS+ are remarkably similar

in shape to it. Table V presents the latest data. This highlights,

even more dramatically than before, the constancy of the bond angle

9
axial—E_Fequatorial'

(TABLE V here)

5+ species not only supports

the discrete nature of the species but also provides evidence of steric

The coordination behavior of the XeF

activity of the Xe(VI) non-bonding valence-electron pair. Figufes 1
and 2 show that each XeF. species in [XeFSIZPdF6V.is coordinated to

three F ligands of two PdF6 groups, such that the three F ligands lie
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approximately on a conical surface, the axis of which is coincident with
the symmetry axis of the Xer. But if we describe XeFS+ as a pseudo~- -

octahedral species in which the nonbohding valence-electron pair occupies

¥

the Xe-coordination site trans to the axial bbnd.Athe‘position of the

F ligands "on the conical surface" is seen to be appropriate, since then
the Xe-valence 'pair' is avoided, and the positive charge of the cation
(whiéh we can anticipate will be centered essentially at the xenon atom)

is least shielded. This model does not, of course, allow us to predict

+
5

+ - -
XeF5 PtF6 and XeF5+RuF6 (ref. 5) the cation coordination in anion

F-ligands is four - not three.

that three F ligands would coordinate to each XeF. and indeed in

It is not yet clear why certain anions (like PtF6— and RuF6-)

provide four F ligands to coordinate to XeF5+, whereas PdF62— and

AsF6— (ref. 6) provide three. The similarity of the XeF5+ coordina-
62— and AsF6- salts is striking. As a consequence,
essentially the same ring (shown for [XerldeFﬁ in Figure 2) of two

tion inAthe‘PdF

Xer groups linked to two MF6 groups occurs in each structure. It is
of relevance to the hypothesis of steric activity of the non-bonding
‘Xe(VI)'valence electron 'pairs' that the XeF5 groﬁps do not share a
common a#is in the ring but avoid one another (see the stereogram,

Figure 2b).

.
| TR

It appears probable that the 2XeF6'MF4 (M = Ge. Sn) complexes

reported3 by Pullen and Cady, will prove to be structurally related to

,Xer"'ZPdF:". The ability of XeF

+
form XeF5 2PdF6

6
2- indicates that it is a moderately good base. It

to donate F to a tetrafluoride to
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3

remains, however, to be seen-if_XeF5+MF6 ~ salts can be derived from

the metal trifluorides.
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TABLE 1

Positional and Thermal Parameters for [XeF5+]éPdF62'

With Estimated Stahdard Deviations in Parentheses.

ATOM X v 14 8il 822 833 812 813 823
(&34 «17525L7) «24185(6) «250° 2.7013) 2.5313) 1.13(2} ~«25(3) ~.02(3} «2283)
XEL)) «5353507r .12057(5} -0332{1} . 3.R1(3) 3.26(3) “le75(3) «15¢2) ~.10{2) «29¢31
XE( 2} «51278(7) = .38670(6} «473811) Z2.85(3) 3.20¢3) 1.82€3) ~e58(3) ~e2082} «49(3}
FlL) +0394t6) «2865(5) . -3880(8) 4.013) 3.3 1.3¢3) «912} «502) ~e283)
FL2) «0268(6) 2865051 " .123518) 3.8(3) 2.513) 1.503) .12} ~o5821) ~a0¢{2})
Fi3? <3267} «272016}) «3796(8) 3.813) S.414) 1.7¢3) =1.7¢3) -« 28 1.1¢33
Fis) «310116} -1917¢(6) «i150(8}) 3.5(3) 6.884) 1.8(3} 17032 «9(2) .03}
FiS) «1555(7) «1085({5) «3352(7) 4.0 2.4(3) 2.003) «142) «6(2) «T42)
Fi6) « 180917} «3767(5? «1659(81) 4.6(3) 2.6(3) 2a413) -.8{2) - -e2(2) 2212}
FL7) «4920(9} ~«0171t5) ~.00L1L1) 8.7(4) 2.2(3) 4-9(5) «6(3) ~l.6(3} -843}
F(8) «7048(8) «06341(7) +.083019) 4.71%) 8.615) 5.015) 3.6(4) -l.1{3) «3i4)}
Fl9) «634818} «1241(6} —.136818} 4.2() S.8{4? 2.9¢(3) 1.7833 1.783) «6103}
F(10) +6289(9) «2376(6) .0990(8) 5.5(4) 6.504) 2.7(4) —1.5(3) ~1.7¢3} ~+543%
FLL1} ©«5069(9} «08691(8) «2209(9) 7345} 8.2(5) 1.9184} 3.5(4} : -7¢3} 2.604)
FE12) «6658(8}) «b638(61) 2421219} 4.9(4) - 6.8(5} 4.915) . =2.6(3} . ~=elt3)} L.7¢4)
F(i13) «4460(8) «5180(5) . «519¢1) 6.5(4} 2.9(33 5.3(5) ~.1¢3) «2{4} -94(3)
Fl14) «6301(8) 28360 T -4013{9) 5.088) 6.,0(4) . 3.814% ~a2441} L.6(3} -.9(3)}
F(i15) «4669(9) «h2161 T «288(1} 8.2(5} Ta115) 2.6(4) —4.0(4) ~1.7€3} 2.6(4)
Fil6) «6188(8) «3897¢6) «6381(8) 4.2(3) 4.4(3) 2.413) ~eT{3} ~le642) -3¢}

* Pixed Paremeter.
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A\l

Distances
Xe(1)-F(8)  1.806(7)
F(7)  1.836(7)
F(9)  1.849(7)
F(10) 1.841(7)
F(11) 1.838(8)
F(4)  2.418(6)
F(5)  2.582(6) .
F(1)  2.617(7) -

Xe(2)-F(12)
F(13)
F(14)
F(15)
F(16)
F3)
F(6)
F(2)

Pd-F(1)
F(2)
F(3)
F(4)
F(5)
F(6)

Interatomic Distances (R)‘and Angles (Deg.) Within the [XeF;]ZPdF6

1.820(7)
1.842(7)
1.845(8)

1.855(8)

1.835(7)
2.445(7)
2.559(7)
2

.639(7)

1.902(6)

1.860(6)

1.902(7)

' 1.900(7)

1.893(6)

1.898(6)
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TABLE III

- Asymmetric Structural Unit

F(8)-Xe(1)-F(1)
F(4)
F(5)
F(7)
F(9)
F(10)
F(11)

vF(7)-Xe(l)-F(9)

F(11)

F(10)-Xe(1)-F(9)
F(11)

F(1)-Pd-F(2)
F(3)
F(5)
F(6)

F(2)-Pd-F(4)
F(5)
F(6)

2~

Angles -
14.2182)  F(12)-Xe(2)-F(2)
146.39(48) F(3)
140.21(40) F{6)
81.45(40) F(13)
78.06(35) F(14)
79.93(40) F(15)
78.02(38) F(16)
88.93(52)  F(13)-Xe(2)-F(15)
84.93(48)  F(Q16)
91.82(41)  F(14)-Xe(2)-F(15)
86.63(48) F(16)
89.66(33)  F(3)-Pd-F(4)
89.85(37) F(5)
85.25(34) F(6)
91.70(34)
F(4)-Pd-F(5)
90.28(36) :
. F(6)
91.59(32)

85.75(35)

©135.92(39)

142.70(45)
140.82(42)
79.79(39)
80.20(42)
77.98(39)
78.02(37)

85.40(46)
88.25(49)

87.80(49)
90.28(41)

90.23(36)
89.10(35)
93.53(35)

92.45(37)
90.59(36)
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TABLE IV

The XeF5+ Ton.

- Average ¥ Average-¢

‘xe-F ¥ XeF. . F_-Xe-F
ax eq ax “eq
(©*1.84¢4) A 1.86(3)  77.2(18)°
XeF6 . o o (a)
(h) 1.76(3) 1.92(2)  80.0(6)
xeF5+AsF6‘- | 1.76(2) 1.82(3)  80.4(15) . (b)
XeF 'RuF,” 1.79()  1.85(1)  79.0(6) ©)
XeF5+PtF6_‘ | L.81(8)  1.88(8)  79.5(40) (d)
[XeF5+]2PdF62- 1.81(1) - 1.84Q1) 79.2(4) present work
*

(t) indicates tetramer and (h) hekamer. ¥ number in parentheses
are the estimated standard deviations for the least signficant
digit.
| (a)_‘Reference 21; (b) Reference 6; (c) Refefence 5(b);

(d) Reference 5(a).
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TABLE V
° ' L .
Distances (A) and Fax-E-Feq-Angle (Deg.) for the Isoelectronic Species

EFS (E = Sb, Te, I, Xe),_Averaged to C,, symmgtiy‘for Comparison

9.8 b c +
SbF TeF, IF, XeF
M-F__ 1.916(4) 1.862(4) 1.817(10) = 1.813(7)
MFo 2.075(3) 1.952(4) 1.873(5)  1.843(8)
P EFoq  97:40) © 78.8(2) 80.92) - 79.2(4)
a  R. R. Ryan and D. T. Cromer, Inorg. Chem. 11, 2322 (1972).
b S. H. Mastin, R. R. Ryan and L. B. Asprey, ibid. 9, 2100 (1970).

c G. R. Jones, R. D. Burbank and N. Bartlett, ibid. 9, 2264 (1970).



-19-

E \‘\ F(IS)
. | F2) "‘i Fas)_

XBL724-6188

Figure l(a) The formula unit in [XeF ]2PdF
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Figure 1(b): Stereogram of the formula unit in [Xe-F5+]2PdF
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 XBL 725- 6264

Figure 2(a): The XeF YAsF " -Tike rings in [-Xe_F;]:',_PdFGZ'
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Figure 2(b): Stereogram

IR T +
of the XeF5 AsF6 —11ke.r1ngs in EXeF5 ]2PdF
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Figure 2(c): Stereogram of the [XeF5+]2PdF62' unit cell, showing

the packing of 1inked XeF5+AsF6“e1ike'rings.



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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