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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 K« radiation,

Results and Discussion

Figure 1A shows the infrared spectrum from 300 to
1200 cm™! of the solid at the end of the first 3 hr of
fluorination, The band at 673 cm™' is ascribed to
Ni(ClF3), and the band at 758 cm—! to Ni(CIF,),. The
difluorochlorate anion, CIF;~, absorbs at 633, 636, and
661 cm~! in the compounds NOCIF,;, CsCIF,, and
RbCIF,, respectively.? The tetrafluorochlorate anion,
CIF,~, absorbs at 742 and 745 cm~! in CsCIF, and
RbCIF,, 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
expostire to air, and the initial brown color faded quickly
to pale yellow. Henkel and Klemm®* obtained a similar
product from the fluorination of nickel dichloride, which
they considered to be a mixture of NiF,; and NiF; or
NiF,. Although the brown color is indicative of at
least a small percentage of nickel(II1T) in the product at
this stage, the oxidizing power and the low nickel con-
tent* can be more readily ascribed to the presence of
CIF,~ and CIF,~.
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Figure 1.—Infrared spectra of solids obtained from the fluorina-
tion of nickel dichloride at 150-200°: (A) product after 3 hr of
fluorination; (B) product after 9 lir of fluorination (dry powders).

After 6 hr more of fluorination, the oxidizing power
dropped to approximately 0.07 equiv of iodine/mol of
nickel, and the solid no longer fumed in air. Broad
bands at 855 and 1045 cm~! became more prominent in
the infrared spectrum, as shown in Figure 1B, whereas
the fluorochlorate bands disappeared. In both Figures
1A and 1B, the major product, nickel difluoride, pro-

(2) K. O. Christe, W. Sawodny, and J. P. Guertin, Jnorg. Chem., 6, 1159
(1967).

(3) K. O. Christe and J. P. Guertin, ¢bid., 5, 473 (1966).
(4) P. Henkel and W, Klemm, Z. Anorg. Aligem. Chem., 328, 73 (1933).
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duced the very strong band from 400 to 550 cm~! (off
scale in the figures).  The following equations show the
formation and decomposition of the transient nickel
fluorochlorate compounds

NiCl, + 2F, —> Ni(CIF,),
Ni(CIFy): + 2F; —> Ni(CIF,);
Ni(CIFy), —> NiF, + 2CIF
Ni(CIFy), —> NiF, + 2CIF;

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
difluoride.® The compound producing the 855- and
1045-cm ™! 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 K3;NiFg (which have
anions of Oy symmetry), vibration »; occurs at 580 and
663 cm™!, respectively, and in cobalt trifluoride, »s
occurs at 565 ecm~!. Since stretching vibrations of
doubly bouud 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(III) is a
much more probable source of the two bands.

Acknowledgment.—We are greatly indebted to B.
Tanifor X-ray powder photographs of the solids.

(5) J. W, Stout and S. A. Reed, J. Am. Chem. Soc., 76, 5279 (1954).
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The publication of a preliminary report on the struc-
ture of CsY(HFA), (where HFA = hexafluoroacetyl-
acetone) by Lippard, Cotton, and Legzdins? led us to
extend the study of this type of compound to some
lanthanide and transuranic elements?® and to a complete
analysis of the crystal structures* of CsEu(HFA); and
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TABLE I

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR CsEu(HFA); ON AN ABSOLUTE SCALE®
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; CAL, calculated structure factor.

OBS, observed structure factor

il

L, Miller index /
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study of the orthorhombic form of CsEu(HFA), and CsAm-
(HFA), were prepared by recrystallization from 1-butanol fol-

Our independently determined structures are in close
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agreement with theirs, indicating that the compounds

of thick plates and were pale yellow and pale rose, respectively.

hence we are presenting our results
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be compared.
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The a-active #3Am 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

hkO for b + k # 2u, Okl

Experimental Section

for & # 2n, and k0! for I # 2n, which are characteristic of space

group Phen and indicated isomorphism of the compounds with

CsY(HFA)..

Compound Preparation.—The compounds were prepared by
reaction of EuCl; and AmCl;, respectively, with Cs(HFA)

Unit-cell and intensity data were collected by a

tope

180

The

243Am was used in the preparation of CsAm(HFA), and glove

in aqueous ethanol, as described previously.t

computer-controlled Picker X-ray diffractometer using Mo Ka

radiation and a scintillation-counter detector.

Intensities were

collected by 8-26 scans and the backgrounds were measured at

1

{ginal

The or

boxes were required for all of its manipulations.

A reference reflection

was measured frequently to monitor the beam intensity and to

the two ends of the scans and averaged.

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

Chem., 7, 1770 (1968).

follow the effect of self-radiolysis, which diminished the scatter-

ing power of the radioactive sample by about 259, during the

(6) S.J. Lippard, J. Am. Chem. Soc., 88, 4300.(1966).
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Figure 1.—Comparison of bond lengths and angles in CsY-
(HFA)s, CsEu(HFA);, and CsAm(HFA); 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(HFA); and 1036 for CsAm(HFA ),

Calculations.—Absorption corrections were calculated with the
ORABS program.’” For this purpose the crystals were described
as being bounded by planes. Seven planes were used to describe
the platelike crystal of CsEu(HFA), which had maximum and
minimum dimensions of 0.26 and 0.11 mm, respectively. The
CsAm(HFA), 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 cm? g~! was extrapolated
from the known values for U and Pu.! Linear absorption coefli-

(7) D.J. Wehe, W, R. Busing, and H. A, Levy, “‘OrRABS, a Fortran Program
for Calculating Single-Crystal Absorption Corrections,”’ Report ORNL-
TM-229, Oak Ridge National Laboratory, Oak Ridge, Tenn., 1962,

(8) R.B. Roof, Phys. Rev., 113, 820 (1959).

Inorganic Chemistry

clents 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 II). The three-dimensional Patterson function calculated
from the CsEu(HFA ), data was used to locate Cs and Eu 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 ORFLS.?
Each observation was weighted as the reciprocal of its variance,
which was estimated as described previously.'® For CsAm-
(HFA); the light atoms were less  well determined, and it was
necessary to constrain the thermal motion of the C atoms to
be isotropic. The refined parameters of both structures are
listed in Table III. Conventional R indices were 0.085 and
0.06 for CsEu(HFA); and CsAm(HFA),, respectively.

Results and Discussion

The orthorhombic unit cells have the following
dimensions at 23° based on A 0.70926 A for Mo Kay:
for CsEu(HFA),, a = 8.660 (4) A, b = 21.75 (2) A, and

= 17.43 (2) A; for CsAm(HFA),, ¢ = 862 (2) A, b
= 21.93 (6) A, and ¢ = 17.45 (5) A. The space group
indicated by systematic absences and confirmed by the
structure determination is Pben.

It is seen that there are significant differences between
the entries of Table III 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 differences!! in the
trivalent metal radii are reflected, for example, in the
average bond length of 2.41 A found for Am~O com-
pared to 2.38 A for Eu-O and 2.32 A for Y-O. Never-
theless, the compounds are clearly isomorphous and
exhibit the same qualitative features of symmetry and
packing previously described,® namely, that the chelate
ligands are essentially planar but folded along the
O..-0 line by about 8° with respect to the O-M-O
plane, that the type of span by the ligands and the
dodecahedron of O atoms results in approximately D,
symmetry for the anions, and that the terminal F atoms
execute large thermal motions with anisotropies indica-
tive of large oscillations of the CF; groups. Bennett,
et al.,’ stated that for CsY(HFA),, 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), and CsAm(HFA), appeared normal; the
only suggestion of disorder is in the large amplitudes of
thermal motion of the CF; 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

(9) W. R. Busing, K. O. Martin, and H. A, Levy, ‘“ORFLS, a Fortran Crys-
tallographic Least-Squares Program,” Report ORNL-TM-305, Oak Ridge
National Laboratory, Oak Ridge, Tenn., 1962,

(10) J. H. Burns, R. D, Ellison, and H. A. Levy, Acta Cryst., B24, 230
(1968).

(11) Although the significance of the difference between the first two bond
lengths is doubtful, the expected trend is seen when all three are considered.



1783

)
=
=
ke

Vol. 8, No. 8, August 1969

TABLE II

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR CsAm(HFA), oN AN ABSOLUTE SCALE®
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Figure 2.—A portion of the structure of CsEu(HFA ), showing t

ic pair.
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CsY(HFA), a 12-fold coordination,

Table IV.
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Cs-F at 3.20, 3.29, 3.34 A
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TABLE 111
PosITIONAL AND THERMAL PARAMETERS FOR CsEu(HFA),
(Top) axp CsAm(HFA), (BorToM) AND
THEIR STANDARD ERRORS?

)
) 0.5515(7)
.bl2é(8)

37801} 136(30)  18(k} 58(8) k(10) -2(13)  -1(5)

{
€3 -0.138(2
( .360(1)  168(37) 26(5) 56(8} 32(18) -7(19) 1(5)

ol 0.016(2)

Aton x ¥ 2 1038 0%, m“s33 w's,, 10"513 m“e,‘,3
Cs 0.5(0)°  0.26957(7) 0.25(0) 118(2) INESS) €6(1) o(o) 2(2) o{o)
Bu c.o{0}) 0.31651(L) 0.25(2) 85(1) 19(1) Lg(1) ofo) 2(1) o(0)
01 -0.22:(1) 0.3569(5) 0.3179(6) 93(16) 30(3} 45(5) -3(1) 18(T) 0(3)
o2 (08L(1) o.hocg(6)  0.32h6(7) 1c9I1T)  36(L) 62(6) 2(1) -9(9) o{k)
03 -0.139(1) 0.2308(5) 0,302(7) 127(18) 21(3) 5k(5) 7(6) 3(8) ~6(3)
ok 0.152(1) 0.2745(5) 0.3495(6) 19kl21) 30(3 L3(sy  -2u{7)  -15(9) 12(k)
F1 -0.827(2) 0.ukA9(9)  0.437(1) 197{22) 106(8) 15k{12} 13(11)  60(13)  83(9)
F2 -0.L8B(2) 0,3671(7) 0.386(2) 259(30) 65(6) 3e9(25)  8e(x3) 213(e5)  75(11)
F3 -0.L81(2) 0.%397(13) ©0.332(1) 152(26) 202(16) 1k0(11) =-121(19) 73(14) -85(11)
Fi 0.220{2) 0.L731(6} 0.438(1) 264(26) €0(5) 107(9) -15(9)  -53(13) -30(5)
75 0.212(2) 0.5139(6) 0.332(1) 502(38) 55(5) 100(9)  -12c(12) 7h(15)  -13(5)
F6 0.055(1) 0,5385(5) 0.418(1) 194{22) Lo(3) 190(12) o{T) -3(12) -L8(5)
FT o -0.219(2) 0.10u5(20) 0.L10(1) 613(55) 108(3) 158(1k) 190(19) -116(22) -32(11)
r8 -0,19L(3) 0.0969(9) 0.295(1) 846(88)  77(7) 186{18) 1BA4(2L) 86(28)  55(10)
F9  -0.347(1) 0.1503(7T)} 0.339(2) 195(26) 37(5) 382(26) 52(9)  -57(23) <6T(9)
Fl0 0.251(2) c.2u62(1k}  €.509(1)  339(33) 201{18) &9(10} 60{17}  -85(1B8) -u6{10)
F11 o 0.406(2) 0.2359(9) 0.L20{1) 157(22) 148({11) 127(10) -b6(13) -60(13) 96(9)
Fl2  0.297(2} ©9.1642(7) 0.459(1) 3b7(31) 65(6) 153(13) -12(12) -115(17) 35(8)
c1 -0,409(2) 0.4093(14) 0.386(2) 1c5(k1)  5:(1C) 131(19) -€0(16} -5i(22)  55(11}
c2 -0.2k2(2) 0.Lcs5C{8)  0.358(1) 1s57(3c)  26(%) 36(7) -26{10) 37(12)  -L(s5)

o o

0 [

o o

[} 2

¢ o

0 o

o 0

0 0

c5 0.:27(2) o.4g52(10) 0.38u{1) 291(37) 2L(6)  78(13)  -3(2h)  19{18)  &(T)
C6  -0,211(3) 0.13kT(16) 0.353(2) =256(5k) €3(11) 111{19)  g92(e2) -b5(26)  ~u(23)
et -0.099(2) ©.:881(9) .3u6(1)  1%0(32) 28(6)  76{12}  29(13)  28(15) 18(7)
c8 0.032(2) 0.1781(6) .391(1)  131(b1)  26(h} 64(9) 17(10) 8(13)  -9(§)
[ o.14k(2) 0.2271(8) .388(1)  1lbs(30) 34(6) 36(8) -3(12) 0{13)  1(6}
€10 0.282(%) 0.2215(15) o0.Lu6(2) 357(66) 51(9) éo(12) 21(22) 8(27)  lke(10)
Cs 0.5(0} 0.26803(9) 0.25(0) 121(4) 38(1) 63(1} 0(0) 1(3) ofo)
Am 0.c(0) 0.31633(4) 0.25(0) 88(2) 16(1) 4301) 0(0) 3(2) o{o}
01 -0.227(2) 0.3354(6) ©.3155(8) 105(26) 20(L) 32(m 2(9) 9{12) (5)
o2 0.080(2) 0.3998(7) 0.3255(8) 108(25) 28(4)  h9(8) -5(9) 12(12) -30(5)
03 -0.1k1(2} 0.2294(7) 0.30LB(9) B3(28) 33(5)  L8(&) 18(9)  -18(12) -11(€)
ok 0.156(2) 0.2735(7) 0.3512(9) 1bo(31) 23(5)  Ls(8) o{9)  -20(13)  -5(5)
F1 -0.432(2} 0.LL3(1) 0.435(2) 150(32) 112(11) 138(16) 12(2k) u8(18)  77(13)
F2 -0.490(3) ©.367(1)  0.391(2)  318(k3) 5u(6) 293(30) $1(18)  217(3L)  Ls(12}
F3 -0.48L(3) 0.Lbo{2) ©.333(2)  192(39) 236(23) 107(1k) -122(29) us{es)  -15(15)
b 0.216(2) 0.L76{z)  0.:35(1) 250(34) L9(6) 112(13) -16(21) -33(20) -25(7)
75 0.198(3) 9.515(1) ¢.332(1)  588(58) u9(6) 100(12) -128(:7) 79(25) -23(7)
76 c.ol7(z} o.sbo(1)  o.b19(1)  185(36)  39(5) 16715} -16(9) 13(18) ko(T)
F7T -0.213(3) ¢.103(1) 0.406{2)  625(77) 1lo{:2) 187(21) 196(27) -1B1(3L} -97(15)
& -0.182(L) 0.098(1) 0.302(2)  79:{105) €h(9) 16c(2k)  166(27) 86{39) 33(13)
Fo -0.348(2) 0.149(1) 0.344(3)  e2s(ik)  La(7)  Lig(uo) 37(1k)  -65(35) -€8(14)
Fl1o 0,25¢(3) c.zk3{e) o.50k{2)  L25(60) 138(13) 116(1L) si{2z)  -97(27) -39(13)
Fil - 0.Mk(2) 0.235(1)  o.k23(1) 158(3c) 130012} 113({1) -LB(1T) -7i(20)  70(11)
Fiz  0.305(2) 9,161(1) 0.LEE(2)  307(kb)  BW(10) 22é(2h) ~7(17)  -173(28)  6L{1k)
) -0.319(5) 92.,41i(2) ©.381(3) 8.0(103¢

c2 -0.251(3) ©.405{1) 0.354{2) 4.2(6)

€3 -0.152(3} o.lb9{1)  ©.377(2) h.2(6)

23 9.c22(3) 0.Lk1{1) 0.359(7)  3.L(5) a) Coefficients in the temperature factor:
o5 0.113() o.gile)  0.383(2)  7.5(8) expl=(e, n% 4 g k%« 83307 ¥ 28 bk +

<6 -0.225(5; 0.:38(2) €.350(3)  9.1710) 28,408 * 28,00 ],

c7 -0.,006(3) n.188(1; 0.350(2) L.9(£) b) Nurbers in parentheses are estimatec

o] 0.,034(2) 5,177{2) 0.392{1; % A{5) standard errcrs for last di :

cs c.xb2(3) 0.225(1) 3.392(2)  5.6(7)  c) For carbon atoms the coefficiens

c1y 0.235{R) c.21h{a) c.ti2(3;  10.7(11) isciroplc temmerature factors are listed,

¢ Numbering scheme is the same as that of Bennett, ef al. )}
and agrees with that in Figure 1.

TABLE IV
M=V M = Eu M = Am

Distance Errors, A

M-~O 0.01 0.01 0.02
Cc-0 0.02 0.02 0.03
c-C 0.02 0.02 0.03
C-F 0.03 0.04 0.05
Angle Errors, Deg
O0-M-0 0.3 0.4 0.7
M-0-C 0.7 1.0 1.5
o-C-C 1.0 2.0 2.0
c-C-C 1.0 2.0 3.0

polyhedron consisting of these 12 mneighbors 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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Proton Magnetic Resonance Studies of
Phosphoryl Transition Metal Compounds
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The coordination properties of dimethyl methylphos-
phonate, DMMP = (CH;)P(0)(OCHs)s, and trimethyl
phosphate,? TMP = (O)P(OCH;);, have been investi-
gated. The proton spin—spin relaxation times (7%) and
the phosphorus spin-lattice relaxation times (7) of com-
pounds of the type M(L)x(ClO,), (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-
(CHj)g)s, complexes were prepared as previously de-
scribed.® A similar procedure was used to prepare the
DMMP and TMP complexes, Dehydration of M(H,-
0)6(Cl0y), with triethyl orthoformate was followed by
the addition of a slight excess of ligand. The complexes
were precipitated, as oils, upon the addition of diethyl
ether. Solids were obtained by repeated washing with
fresh ether. The solids were dried in vacuo over P:O:;.
The compounds isolated are shown in Table I. This
procedure did not give pure solids in the following cases:
DMMP with Fe?+, Co?*, and Ni*t; TMP with Fe?t,
Co?*, Ni?*, and Cu?*; and dimethyl hydrogen phos-
phite, DHP = (H)P(O)(OCHj;),, with the entire iron
series.

All solutions were made in a nitrogen atmosphere.
The nmr data were obtained on a Varian A-60 spectrom-
eter. The effective magnetic moments were deter-
mined by the method of Evans* 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 CslI plates). The concentration of
complex used to obtain the relaxation time data was:
Co(HMPA)2™, (0.67-1.6) X 102 M, Fe(HMPA)4>H,
(0.45-1.3) X 1072 M, Mn(HMPA)+, (0.12-8.1) X
102 M; Mn(DMMP)g+, (0.14-7.2) X 10~2M; Mn-
(TMP)e*+, (2.0-5.3) X 1072 M.

The infrared phosphoryl shifts (Table I) clearly show
that coordination involves the phosphoryl group. Asis
typical Fe®+ gives a much larger shift than Mn?+. The
analytical data are tabulated in Table I as are the effec-
tive magnetic moments (u). HMPA, diisopropyl
methylphosphonate,® and triphenyl phosphine oxide®
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