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Anisotropy in the Proton NMR Paramagnetic Shift 
of Cydooctatetraene and Cydopentadiene Anions 
Coordinated to U(lV)* 

B. R. McGARVEYt and S. NAGY 

Department of Chemistry and Biochemistry, University of 
Windsor, Windsor, Ontario, NPB 3P4. Canada 

NMR spectra for uranocene, U(CaH&, and 
chloro-tris(vs -cyclopentadienyl)uranium(IV), U(Cs- 
Hs)sCl, powders have been obtained at temperatures 
from 90 K to 298 K using a Bruker CXP-90 FT 
spectrometer operating at 90.02 MHz. The samples 
were in spherical glass containers to minimize shifts 
due to internal magnetic fields induced by the para- 
magnetism of the samples. Normal techniques, such 
as the solid state echo, used to get reliable line shapes 
in these broad resonances did not work due to the 
motional processes taking place in the solids. We 
finally resorted to the baseline correction technique 
of Henrichs et al. [l] in which both first- and second- 
order phase corrections were carried out instrumen- 
tally and the baseline appropriately corrected for 
pulse breakthrough. 90” pulse times were 2.5 ps, 
giving more than adequate Br values for the line 
widths found in this work. 

Typical spectra are shown in Figs. 1 and 2. Both 
systems display a distinctly anisotropic shape at all 
temperatures. For uranocene the anisotropy is to 
high magnetic field while for U(CsHs)sCl it is to low 
field. The marked line-width variation in U(CsHs)sCl 
must be due to random reorientations of the mole- 
cule that are rapid enough above -220 K to produce 
a liquid-like resonance. 

Anisotropies of the sort observed here are often 
seen in paramagnetic powders and are generally due 
to the dipolar interaction between the unpaired f 
electrons on the metal atom and the nuclear spin 
being observed. In this work we attempted to analyse 
the line shapes to extract the principal shifts and then 
compare these to the values calculated for these 
systems. To do this calculation we need X-ray struc- 
tural data, which is available [2, 31 and magnetic 
susceptibility data [4-71. 

The line shapes appear to be of axial symmetry 
but are impossible to simulate if we assume a con- 
stant line width over all orientations. One major 
broadening mechanism is the dipolar spin-spin 
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FIELD SWEEP IN KHZ 
Fig. 1. Absorption proton NMR spectra for U(CaHs)s 
powder at different temperatures. 
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FIELD SWEEP IN KHZ 
Fig. 2. Absorption proton NMR spectra for U(CsHs)3Cl 
powder at different temperatures. 

interaction of protons in the ring. This interaction is 
angularly dependent, with the line width in the paral- 
lel direction, being double that in the perpendicular 
direction. We have successfully simulated the line 
shape by assuming the line shape of the signal to be 
Gaussian with the second moment of the form 

(Av*) =,4(3cos*cr - 1)2 t B (1) 
in which (Y is the angle between the magnetic field 
and the parallel axis. A and B are parameters to be 
adjusted in the fitting process. An example of the 
fitted versus experimental line shape is given in 
Fig. 3. In both systems the value ofA remained con- 
stant with temperature. In the case of uranocene, the 
value of B increased linearly with T1. For U(Cs- 
Hs)3C1 the temperature interval was too small to 
come to any conclusion. Comparison of A with values 
calculated for the ring systems from Van Vleck’s 
equation [8] are consistent with a rotating ring in 
the case of uranocene and a rigid ring in the case of 
U(C5H5)3C1. Values for AH= (HII - Hl) from 
these fittings are given in Tables I and II. 

For uranocene we have calculated the dipolar 
shift for the individual molecule and the crystal case 
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Fig. 3. Fitted and experimental shape for 90 K NMR spec- 

trum of U(CsH& (method of simulation explained in text). 

for both rotating and non-rotating rings. In the 
crystal we summed up the contribution of all urani- 
um atoms up to a distance of 15 A from each H 
atom. The non-rotating case gave very non-axial 
principal shifts that were too large. For example, 
at 100 K we find the principal shifts for one H atom 
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to be -52.75, 2.82 and 55.99 kHz. For rotating 
rings the equations for a single molecule are: 

(AH/He),, = (1 - 3cos2cr)x,, /R3 (2) 

(AH/He), = (3cos’a - 1)&2R, (3) 

x,, and XI are the atomic susceptibilities when the 
magnetic field is parallel and perpendicular to the Ca 
axis of the molecule, R is the distance of the nucleus 
from the U atom, and QI is the angle between the 
parallel axis and the R vector. Values calculated from 
these equations and for the crystal case are given in 
Table I. The crystal case gives three principal shifts 
but two of them are close to each other at lower 
field. Table I gives the separation between the highest 
and lowest calculated shifts. The R and QI distances 
are taken from the X-ray data [2] with the assump- 
tion that the C-H bond is 1.08 8, and in the same 
plane as the carbon atoms while x, and x1 are cal- 
culated from equations given by Dallinger et al. [9]. 
The rather small values calculated for AH are due to 
cr being close to the ‘magic angle’ which makes 
(3cos2a - 1) = 0. The calculated dipolar values can 

TABLE 1. Summary of Calculations and Experiment on U(CaHa)l 

T (K) XII= Xla Cryst. talc. One molecule Expt. 6 (kHz)d 

AHb (kHz) AHC (kHz) AHC (kHz) 

298 11.385 1.069 3.46 2.22 18.6 15.1 

260 13.197 1.134 3.98 2.45 21.3 17.3 

240 14.379 1.168 4.32 2.66 22.7 18.4 

220 15.774 1.201 4.71 2.91 22.8 18.1 

200 17.440 1.232 5.18 3.21 26.0 20.8 

180 19.467 1.259 5.75 3.57 27.0 21.3 

160 21.984 1.282 6.46 4.02 29.5 23.0 

140 25.198 1.299 7.36 4.59 33.0 25.6 

130 21.167 1.306 7.91 4.94 39.5 31.6 

120 29.456 1.311 8.56 5.35 42.3 33.7 

110 31.837 1.315 9.22 5.77 44.7 35.5 

100 35.386 1.318 10.22 6.40 47.3 37.1 

90 39.329 1.320 11.32 7.11 51.7 40.4 

‘In emu X 102’. Calculated from equations in ref. 9. bAH = (H3 -HI) calculate,1 from summation over neighboring uranocene 

molecules using crystal data from ref. 2. The principal shift Hz is always close to HI. ‘AH = (H,, -HI). d& is the difference 

between AH (experimental) and AH (crystal calculation). 

TABLE II. Summary of Calculations and Experiment on U(CsHs)sCl 

T (K) XB One molecule Expt. 6 (kHz)c 

AHb (kHz) AIrb (kHz) 

130 8.777 -63.0 -41.5 21.5 

120 9.102 -65.4 -41.0 24.4 

110 9.452 -67.9 -42.0 25.9 

100 9.830 -70.6 -45.5 25.1 

90 10.240 -73.5 -.Sl.O 22.5 

Yn emu X 10 27. From ref. 5. bAH = (H,, -HI). ‘6 is the difference betwet n AH (experimental) and AH (one molecule 
calculation). 
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be brought closer to the observed values by bending 
the C-H bond towards the U atom, thus increasing 
(Y. The bond would have to be bent at least 20”, 
however, to get agreement with experiment. We con- 
sider such bending to be unacceptable, and must 
conclude that much of the difference between 
experiment and calculation (expressed as 6 in Table 
I) must be due to the spin-transfer contribution to 
the paramagnetic shift. 

The line width for U(C5Hs)aCl indicates that 
below 140 K the CsH5 rings are not rotating. In this 
case the principal shifts for one molecule would be 

(AH/H,),, = -2x/R3 (4) 

(AH/H,), = x/R3 (5) 

if the magnetic susceptibility were isotropic. Values 
calculated from these equations are given in Table II. 
R was from the X-ray data [3] and X was taken from 
Karraker and Stone [5]. Attempts were made to 
estimate x,, and x1 from the ground state and excited 
parameters used by Amberger [lo] to fit the optical 
and susceptibility data on U(C5H5)aCl, but we could 
not get reasonable values for x(ave) from these param- 
eters in the -100 K region of temperature. We did 
try various reasonable values for x,, and XI but did 
not get much change in AH from what was obtained 
from the above equations. In this case the dipolar 
values for AH are of the correct sign but larger in 
magnitude than the observed values. The values of 
the difference 6 are of the same sign as those found 
for uranocene and only slightly smaller in magnitude. 

The spin-transfer contribution to the paramagnetic 
shift in protons is generally considered to be through 
the Fermi contact interaction and this is probably 
true here also, although it has been pointed out [ 1 l] 
that there could be a dipolar contribution from spins 
in the n-system of the ring. Since the Fermi contact 
interaction is only with the s orbitals, it has been 
considered by many workers that this interaction 
must be isotropic. For this reason these results should 
come as a major surprise to many. It has, however, 
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been pointed out by a few authors [ 12-141 that the 
Fermi contact interaction can be anisotropic when 
the orbital angular momentum is not quenched. The 
results of this work are the first direct experimental 
evidence that such an anisotropy exists in the para- 
magnetic shift. 
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