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composed when ground with KBr powder, mineral oil, or Halo- 
carbon oil in the  drybox.) Oxidizing power was determined 
iodometrically. X-Ray powder patterns of the final product 
were obtained with a 114.59-mm diameter Philips camera and 
copper Ka radiation. 

Results and Discussion 
Figure 1A shows the infrared spectrum from 300 to 

1200 cm-l of the solid at the end of the first 3 hr of 
fluorination. The band a t  673 cm-l is ascribed to 
Ni(C1F2)2 and the band a t  758 cm-l to Ni(ClF&. The 
difluorochlorate anion, ClFs-, absorbs a t  635, 636, and 
G61 cm-l in the compounds NOCIF2, CsClF2, and 
RbC1F2, respectively. The tetrafluorochlorate anion, 
ClF4-, absorbs a t  732 and 745 cm-l in CsClF4 and 
RbC1F4, respectively. At this stage of fluorination. 
the solid had an oxidizing power of approximately 0.45 
equiv of iodine/mol of nickel. The solid fumed on 
exposure to air, and the initial brown color faded quickly 
to pale yellow. Henkel and Klemm4 obtained a similar 
product from the fluorination of nickel dichloride, which 
they considered to  be a mixture of NiFz and NiF3 or 
NiF4. Although the brown color is indicative of a t  
least a small percentage of nickel(II1) in the product a t  
this stage, the oxidizing power and the low nickel con- 
tent4 can be more readily ascribed to the presence of 
CIF2- and CIF4-. 
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Figure 1.-Infrared spectra of solids obtained from the fluorina- 
tion of nickel dichloride a t  150-200": (A) product after 3 hr of 
fluorination; (B) product after 9 hr of fluorination (dry powders). 

After 6 hr more of fluorination, the oxidizing power 
dropped to approximately 0 . 0 i  equiv of iodine/mol of 
nickel, and the solid no longer fumed in air. Broad 
bands a t  855 and 1045 cm-l became more prominent in 
the infrared spectrum, as shown in Figure lB ,  whereas 
the fluorochlorate bands disappeared. In  both Figures 
IA and 1B, the major product, nickel difluoride, pro- 
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duced the very strong band from 400 to 550 cm-I (off 
scale in the figures). The following equations show the 
formation and decomposition of the transient nickel 
fluorochlorate compounds 

XCln + 2Fn --f Si(CIFz)z 

Ni(C1F1)2 + 2Fz + Si(ClF& 

Ki(C1Fn)Z + NiFn + 2C1F 

Ni(ClF& + NiFz + 2ClF3 

The infrared bands at  855 and 1045 cm-' disappeared 
when the solid was exposed to humid air for several 
minutes and reappeared when the solid was again fluo- 
rinated. X-Ray powder photographs of the solid 
showed only lines of the major phase, tetragonal nickel 
d i f l~or ide .~  The compound producing the 855- and 
1045-cm-l bands has not been identified thus far. It 
appears unlikely that this compound is nickel trifluo- 
ride, since the frequencies of both bands are too high to 
be ascribed to nickel-fluorine stretching vibrations. In 
the complex salts K3NiFs and K2NiFs (which have 
anions of Oh symmetry), vibration u3 occurs at  580 and 
663 cm-', respectively, and in cobalt trifluoride, u3 

occurs a t  565 cm-'. Since stretching vibrations of 
doubly bound oxygen generally occur in the region 
800-1100 cm-' and since bending modes of hydrogen 
fluoride in acid salts also occur in this region, an un- 
stable oxyfluoride or acid fluoride of nickel(II1) is a 
much more probable source of the two bands. 

Tani for X-ray powder photographs of the solids. 
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The publication of a preliminary report on the struc- 
ture of CsY(HFA)d (where HFA = hexafluoroacetyl- 
acetone) by Lippard, Cotton, and Legzd id  led us to 
extend the study of this type of compound to some 
lanthanide and transuranic elements3 and to a complete 
analysis of the crystal structures4 of C S E U ( H F , ~ ) ~  and 
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TABLE 1 
OBSERVED AND CALCULATED STRUCTURE FACTORS FOR CSEU(HFA)~  ON AN ABSOLUTE  SCALE^ 

a Column headings: L, Miller index I ;  OBS, observed structure factor; CAL, calculated structure factor 

CsAm(HFA)4. A subsequent paper by Bennett, 
Cotton, Lippard, and Legzdins5 presented the details of 
a more precise determination of the crystal structure of 
CsY (HFA)4 based on counter-measured X-ray data. 
Our independently determined structures are in close 
agreement with theirs, indicating that the compounds 
are isomorphous; hence we are presenting our results in 
abbreviated form in order that the three structures may 
be compared. 

Experimental Section 
Compound Preparation.-The compounds were prepared by 

reaction of EuC13 and AmC13, respectively, with Cs(HFA) 
in aqueous ethanol, as described previously.6 The isotope 
z43Am was used in the preparation of CsAm(HFA)r and glove 
boxes were required for all of its manipulations. The original 

(5) M. J. Bennett ,  F. A. Cotton, P. Legzdins, and S. J. Lippard, Inorg.  

(6) S. J. Lippard, J .  Am.  Chem. Soc., 88, 4300_(1966). 
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precipitate from ethanol was monoclinic C S ~ ~ ~ ( H F A ) ~ .  HzO, 
which was shown3 to have isomorphous analogs when the central 
ion is Pr, Nd, or Cm; but for Eu only the anhydrous, orthorhom- 
bic CsEu(HFA)a was obtained. Suitable crystals for X-ray 
study of the orthorhombic form of CsEu(HFA)4 and CsAm- 
(HFA)4 were prepared by recrystallization from 1-butanol fol- 
lowed by washing with toluene; these crystals were in the form 
of thick plates and were pale yellow and pale rose, respectively. 
The a-active 243Am was contained by sealing its compound in a 
thin-walled glass capillary tube. 

Data Collection.-Precession photographs were used to obtain 
the pattern of systematic absences: hk0 for h + k # 2n, 0kZ 
for k # Zn, and h01 for Z # Zn, which are characteristic of space 
group Pbcn and indicated isomorphism of the compounds with 
CsY(HFA)(. Unit-cell and intensity data were collected by a 
computer-controlled Picker X-ray diffractometer using Mo Ka 
radiation and a scintillation-counter detector. Intensities were 
collected by 9-29 scans and the backgrounds were measured a t  
the two ends of the scans and averaged. A reference reflection 
was measured frequently to monitor the beam intensity and to 
follow the effect of self-radiolysis, which diminished the scatter- 
ing power of the radioactive sample by about 257, during the 
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Figure 1.-Comparison of bond lengths and angles in CsT- 
(HFA)*, CsEu(HFA)4, and CsAm(HFA)d. Average standard 
errors of these quantities are given in the text. 

several days of data  collection. Some 1893 independent reflec- 
tions were measured for CsEu(HF.qj4 and 1036 for C S A ~ ( H F A ) ~ .  

Calculations.-Absorption corrections were calculated with the 
ORABS program.' For this purpose the crystals were described 
as being bounded by planes. Seven planes mere used to  describe 
the platelike crystal of C S E U ( H F ; ~ ) ~  which had maximum and 
minimum dimensions of 0.26 and 0.11 mm, respectively. The 
CsAm(HFX)4 sample, also a thick plate having maximum and 
minimum dimensions of 0.15 and 0.30 mm, was described by nine 
planes. It was necessary to use an estimate for the mass absorp- 
tion coefficient of Am; a value of 60 cm2 g-l was extrapolated 
from the known values for U and Pu.* Linear absorption coelli- 
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cients are 32.4 and 42.7 cm-' for the Eu- and Am-containing 
compounds, respectively. Calculated transmission factors for 
the two crystals were in the range 0.55-0.65. 

The intensities were corrected for absorption and reduced to  
structure-factor amplitudes on an absolute scale (see Tables I 
and 11). The three-dimensional Patterson function calculated 
from the CsEu(HFA)4 data was used to  locate Cs and E u  atoms; 
the positions of the other atoms (excluding H )  were obtained from 
a succession of difference Fourier maps. Refinement of the posi- 
tions of the 28 independent atoms, each with anisotropic thermal 
parameters, was carried out by the iterative full-matrix least- 
squares method using a modified version of the program O R F L S . ~  
Each observation was weighted as the reciprocal of its variance, 
which was estimated as described previously.10 For CsAm- 
(HFAj4 the light atoms mere less well determined, and it was 
necessary to  constrain the thermal motion of the C atoms t o  
be isotropic. The refined parameters of both structures are 
listed in Table 111. Conventional R indices were 0.088 and 
0.06 for CsEu(HF.4)4 and C S A ~ ( H F A ) ~ ,  respectively. 

Results and Discussion 
The orthorhombic unit cells have the following 

dimensions a t  23" based on X 0.70926 A for Mo Kal:  
for CSEU(HFA)~, a = 8.660 (4) A, b = 21.75 (2) 8, and 
c = 17.43 (2) A ;  for CsAm(HFA)4, a = 8.62 (2) 8, b 
= 21.93 (6) A, and c = 17.45 ( 5 )  A. The space group 
indicated by systematic absences and confirmed by the 
structure determination is Pbcn. 

I t  is seen that there are significant differences between 
the entries of Table I11 and the corresponding param- 
eters for CsY(HFA), as well as between the two com- 
pounds of the table; but these are to be expected from, 
among other things, the presence of different metal ions 
in the three compounds. The difference+ in the 
trivalent metal radii are reflected, for example, in the 
average bond length of 2.41 found for Am-0 com- 
pared to 2.38 .& for Eu-0 and 2.32 for Y-0. Never- 
theless, the compounds are clearly isomorphous and 
exhibit the same qualitative features of symmetry and 
packing previously de~cr ibed ,~  namely, that  the chelate 
ligands are essentially planar but folded along the 
O . . . O  line by about 8" with respect to the 0-M-0 
plane, that  the type of span by the ligands and the 
dodecahedron of 0 atoms results in approximately Dz 
symmetry for the anions, and that the terminal F atoms 
execute large thermal motions with anisotropies indica- 
tive of large oscillations of the CF3 groups. Bennett, 
et u Z . , ~  stated that for CsY(HFA)d, Laue photographs 
indicated variable amounts of disorder in different 
samples but they did not describe how this disorder was 
reflected in the films. Our precession photographs of 
CsEu(HFA)d and CsAm(HFA)4 appeared normal; the 
only suggestion of disorder is in the large amplitudes of 
thermal motion of the CF3 groups. 

A comparison of the bond distances and angles 
among the three compounds is given in Figure 1. 
These distances are uncorrected for thermal motion, 
although a correction would be appreciable in the C-F 
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TABLE I1 
OBSERVED AND CALCULATED STRUCTURE FACTORS FOR CsAm(HFA)a ON AN ABSOLUTE  SCALE^ 

a The column headings have the same meanings as in Table I. 

Figure 2.-A portion of the structure of CsEu(HFA)d showing two anion-cation chains. The circles represent in decreasing order of size 
Cs, Eu, 0, F and C, respectively. This drawing is a stereoscopic pair. 

separation. Average standard errors for the distances 
in the figure are shown in Table IV. 

A feature of the structure for which OUT description 
differs from that of Bennett, et a1.,6 is in the coordination 
of the Cs+ ion. While they describe it as consisting of 
eight F atoms in CsY(HFA)4 a t  pairs of distances of 
3.21, 3.27, 3.31, and 3.75 k, we would rule out the last 
pair as being too long and instead include six 0 atoms in 

pairs a t  3.29, 3.40, and 3.50 A, thus giving the Cs+ in 
CsY(RFA)4 a 12-fold coordination. In  CsEu(HFA)4 
the 12 neighbor distances are, in pairs: Cs-F a t  3.16, 
3.19, 3.30 k, Cs-0 a t  3.29, 3.36, 3.48 A. In  CsAm- 
(HFA)4 they are: Cs-F a t  3.20, 3.29, 3.34 k ;  Cs-0 a t  
3.25, 3.35, 3.46 A. These contacts are shown in Figure 
2 ,  in which a portion of two anion-cation chains is 
illustrated. The only symmetry exhibited by the 
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M-0 
c-0 
c-c 
C-F 

0-M-0 
M-C-C 
0-c-c 
c-c-c 

TABLE I V  
h.1 = Y M = Eu 

Distance Errors, A 
0.01 0.01 
0 .02  0.02 
0.02 0.02 
0.03 0.04 

Angle Errors, Deg 
0 .3  0 . 4  
0 . 7  1 . 0  
1 . 0  2 . 0  
1 . 0  2 . 0  

M = Am 

0 .02  
0 . 0 3  
0.03 
0 .05  

0 . 7  
1 . 5  
2 . 0  
3 . 0  

polyhedron consisting of these 12 neighbors is the 
twofold crystallographic axis passing through the Cs + 

ion. The fact discussed by the previous authors that 
between chains there are only F .  . .F contacts is also 
apparent in Figure 2. 
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The coordination properties of dimethyl methylphos- 
phonate, DMMP = (CHB)P(O) (OCH3)2, and trimethyl 
phosphate,2 T M P  = (O)P(OCH,),, have been investi- 
gated. The proton spin-spin relaxation times (Tz)  and 
the phosphorus spin-lattice relaxation times ( T I )  of com- 
pounds of the type hl(L)x(C104)2 (M is an iron series 
transition metal, L is a phosphoryl ligand, and X is the 
coordination number) have been examined in neat solu- 
tions of the ligands in an effort to study the ligand-ex- 
change reactions. 

The hexamethylphosphoramide, HMPA = (O)P(N- 
(CH3)2)3, complexes were prepared as previously de- 
~ c r i b e d . ~  A similar procedure was used to prepare the 
DMMP and TMP complexes. Dehydration of M(Hz- 
o)6(c104)2 with triethyl orthoformate was followed by 
the addition of a slight excess of ligand. The complexes 
mere precipitated, as oils, upon the addition of diethyl 
ether. Solids were obtained by repeated washing with 
fresh ether. The solids were dried in vuczm over P2Oi. 
The compounds isolated are shown in Table I. This 
procedure did not give pure solids in the following cases : 
DMMP with Fe2+-, Co2+, and Ni2+; T M P  with Fez+, 
Co2f,  Ni2f, and Cu2+; and dimethyl hydrogen phos- 
phite, DHP = (H)P(0)(OCH8)z, with the entire iron 
series. 

All solutions were made in a nitrogen atmosphere. 
The nmr data were obtained on a Varian A-60 spectrorn- 
eter. The effective magnetic moments were deter- 
mined by the method of Evans4 using benzene as an in- 
ert reference in a solution of the ligand. Infrared spec- 
tra were obtained on a 521 Perkin-Elmer grating spec- 
trometer (Nujol on CsI plates). The concentration of 
complex used to obtain the relaxation time data was : 
CO(HMPA)~~+ ,  (0.67-1.6) X M ;  Fe(HMPA)d2+, 
(0.45-1.3) X M ;  ~ ! ~ I ( H M P A ) ~ ~ + ,  (0.12-3.1) X 

M ;  Mn(DMMP)62+, (0.14-7.2) X 10-2M; Mn-  

The infrared phosphoryl shifts (Table I) clearly show 
that coordination involves the phosphoryl group. As is 
typical Fe3+ gives a much larger shift than &Inz+. The 
analytical data are tabulated in Table I as are the effec- 
tive magnetic moments ( M ) .  HMPA, diisopropyl 
methylphosphonate,j and triphenyl phosphine oxide6 

(TMP)6", (2.0-5.3) X lo-' M .  
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