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The magnetic properties of nickelocene, undiluted and doped into ruthenocene and ferrocene, have been determined by susceptibility 
measurements on powder samples and crystallites oriented in high magnetic fields, respectively, between 4.4 and about 200 K. 
The results reveal that there is a predominantly ferromagnetic coupling of a nickelocene molecule to its nearest neighbors in an 
undiluted sample, whereas the interaction with triplet-state molecules at greater distances in diluted samples seems to be anti- 
ferromagnetic. By introduction of two molecular fields, describing the intermolecular interactions and an intramolecular zero-field 
splitting, the magnetic susceptibility of nickelocene, undiluted and doped into isostructural diamagnetic hosts, can be interpreted 
by the same spin-Hamiltonian parameters: Do = 33.6 f 0.3 cm-l, rp = 0.63 cm-I, and rs = 0.89 cm-I. Furthermore the 
singlet-triplet separation in polycrystalline Ni(C5D5), has been determined by inelastic neutron scattering (INS) spectroscopy. 
The observed magnetic transition at 31.6 f 1.0 cm-l in the INS spectra does not correspond directly to the zero-field splitting 
of the isolated molecule, Do, but shows some influence of the intermolecular coupling and the deuteriated ligands. 

I. Introduction 
Among the m e t a l l a n e s  (bis(cyclopentadieny1) transition-metal 

compounds), nickelocene is one of the most stable compounds; 
therefore, i t  has been synthesized and characterized in the be- 
ginning of organometallic I ts  magnetic moment 
was reported to be I.L = 2.86 f 0.1 pB, which is almost the spin-only 
value of a spin triplet and can be rationalized by the  occupation 
of the 3d orbitals of Ni(I1) in a ligand field of symmetry DSd as  
shown in Figure 1. 

A deviation of magnetic susceptibility from normal Curie-Weiss 
behavior below 70 K was reported by Leipfinger without further 
d i s c u s s i ~ n . ~  Nussbaum and Voitlander failed in measuring a n  
EPR signal of nickelocene.6 They showed, with crystal field 
calculations, that  a substantial axial zero-field splitting (about 
+35 cm-I) must be responsible for the  lack of a n  EPR signal. 

Prins e t  aL7 interpreted their susceptibility measurements on 
powder samples between 300 and 6.5 K in terms of a n  axial g 
tensor (gi = 2.06 f 0.1, g,, = 2.0023) and a n  axial zero-field 
splitting of D = 25.6 & 3.0 cm-I. A different value for D was 
found by Russian authors with measurements on single crystals 
(D = 29.9 cm-').* This value was confirmed by Oswald (D = 
29.0 f 1.6 cm-').' 

Taking into account the lack of a n  EPR signal, Ammeter and 
Swalen used nickelocene as a quasi-diamagnetic host for EPR 
investigations of the doublet system cobaltocene,l0 but the g values 
of c o b a l t a n e  in nickelocene were shifted compared to those values 
in a diamagnetic host (Le. ferrocene). They suggested that  this 
is due  to  a n  intermolecular coupling between the triplet system 
of the host and the doublet system investigated. 

The  susceptibility results of Zvarykina et  a1.* confirm inter- 
molecular coupling in nickelocene. The  small deviation from the 
theoretical value of 2.0 (about 2.08) for the ratio of the constant 
susceptibility a t  low temperature perpendicular to and in the ab 
plane of the  crystal (see Figure 2a for crystal structure) can be 
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interpreted with a n  intermolecular coupling, a s  we will show. 
Recent EPR investigations on doublet systems doped into 

nickelocene showed exchange couplings on the order of some 
wavenumbers in the  lattice of nickelocene." 

To elucidate the magnetic behavior of nickelocene, we have 
reinvestigated the magnetic susceptibility of this compound, both 
undiluted and doped into diamagnetic hosts. In  addition, we used 
inelastic neutron scattering (INS) to measure the energy difference 
AE between ground-state and excited-state levels within the triplet 
state directly. Compared to the results reported earlier,7-9 all 
spin-Hamiltonian parameters are modified and two molecular field 
constants a re  introduced for the  undiluted nickelocene. 

2. Experimental Section 

2.1. Sample Preparation. We are indebted to Dr. A. Salzer from the 
University of Zurich, Switzerland, for providing samples of Ni(C,D,), 
for INS investigations. The degree of deuteriation of the final product 
was better than 90%. 

The compounds for susceptibility measurements were prepared by 
following standard syntheses (ferrocene,I2 ruthenocene,13 ni~kelocenel~). 
Nickelocene was purified by repeated vacuum sublimation at about 50 
'C. Ruthenocene and ferrocene were doped with nickelocene by cosu- 
blimation of the diamagnetic host and the paramagnetic guest in an 
apparatus with two Knudsen cells having 0.4- and 0.1-mm diameters of 
the outlet, respectively." The concentration of the guest molecule could 
be changed by variation of the temperature of sublimation for both, host 
and guest. 

2.2. Magnetic Susceptibility. The magnetic susceptibility was mea- 
sured on a Faraday balance similar to that described by Gardner and 
SmithIs supplied by Oxford Instruments Ltd. The measurements were 
performed at a main field between 10 and 19 kG and gradient fields of 
300,500 and 700 G/cm. The field was calibrated by using the common 
standard HgCo(NCS),I6 at room temperature, and the calibration was 
checked with tetramethylethylenediammonium tetrachlorocuprate(I1)" 
between 4 and 300 K. The powders for isotropic susceptibility mea- 
surements were pressed and sealed into a cylinder of aluminum foil as 
described earlier.I9 To avoid time-consuming measurements on a 
crystallographically oriented single crystal, we also measured the sus- 
ceptibility on loosly packed powder samples that were oriented in high 
magnetic fields, giving the value of the magnetic susceptibility along a 
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Figure 1. Energy splitting of 3d orbitals in a ligand field of symmetry 
D5d and orbital occupation for nickelocene in the 'Azg ground state. 
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Figure 2. (a) Schematic view of the strucutre of nickelocene (after ref 
8). (b) Crystal structure of ruthenocene (after ref 25). 

principal molecular axis. The orientation of loosly packed powders was 
performed with a field of 64 kG shaking the samples at K .  EPR 
experiments on similar samples showed that such crystallites orient al- 
most perfectly at even lower fields.I8 Although shaking the samples was 
more difficult for the susceptibility experiments, we assumed that the 
same good degree of orientation was obtained due to the large 
The crystal structure of nickelocene (Figure 2a) and eq 4 and 6 show that 
all crystallites in a powder will orient with the a b  plane perpendicular 
to the applied field under these conditions. In  a similar manner, a crystal 
of ruthenocene (see Figure 2b) doped with nickelocene will align along 
the b axis. 

Since both metallocenes have the same molecular structure (mean 
metal to carbon distance at 101 K: 2.186 8, (ruthenocene)*" and 2.185 
A (nickelocene)*'), ruthenocene can easily be replaced by nickelocene 
without disturbing the crystal structure. In fact, the lines of the X-ray 
powder pattern showed only a slight change when nickelocene was doped 
into ruthenocene." In addition to the usual isotropic susceptibility value, 
the method of orientation of loosly packed powders allowed us to measure 
x ' ~ .  of the undiluted nickelocene and xI of the molecule doped into 
ruthenocene. 

2.3. Inelastic Neutron Scattering. Due to the large incoherent scat- 
tering contribution of 'H, undeuteriated samples are not well suited for 
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Figure 3. Energy level splitting of the nickelocene ground state in  a 
magnetic field parallel to the axial zero field. 

the study of magnetic excitations by thermal neutrons. Experiments were 
therefore performed on polycrystalline Ni(C,D,),, sealed into an alu- 
minum cylinder of 8-mm diameter and 5-cm length. 

All the neutron inelastic scattering experiments were performed at the 
reactor Saphir in Wurenlingen, using a triple-axis spectrometer. The 
measurements were carried out in the constant-& mode of operation in 
the neutron energy loss configuration with the analyzer energy kept fixed 
at 121 cm-'. 
3. Theory 

We interpret the magnetic susceptibility with the same spin- 
Hamiltonian operator as Prins et al.' and Zvarykina et al.,* but 
we include intermolecular exchange by introduction of two mo- 
lecular fields. 

3.1. The Isolated Molecule. The ground state of an axial 
molecule having spin S = 1 can be described by the spin-Ham- 
iltonian operator (see e.g. ref 22) 

H = D[.fZ2 - 2/31 + l ( , * f i . g S  (1) 

where D is the axial zero-field-splitting parameter and g the axial 
g tensor having elements g, and gl,. The splitting of the energy 
level in a magnetic field parallel to the axial zero field is shown 
in Figure 3. 

For low magnetic fields (D > &gH) the static magnetic sus- 
ceptibility along the principal axes of the molecule is given by 

2g,l2F~*N e-(DlkT)  

2gL2pB2N 1 - e-(DlkT) 

'I = D 1 + &-("/kn 

and for the isotropic powder susceptibility the following approx- 
imation is allowed: 

(3) XIS0 = '/,(XI1 + 2 x 1 )  

XI1 = 0 

At low temperatures (D > k7') these equations are reduced to 

(4) 

4 gi2MB2N 
X I S 0  = ; 7 

and for the high-temperature region (D  < k T )  we obtain 

i = I, 1 1  
2 g,2FB2N 

x , = j y  
( 5 )  

3.2. The Crystal of Nickelocene. Figure 2 shows a schematic 
view of the crsytal structure of nickelocene. The two molecules 
in the unit cell each have their 5-fold axes nearly perpendicular 
(92.15' (101 K) and 90.83' (295 K), respectively) and lie almost 
in the ab plane (angle between 5-fold axis and ab plane 4.84' (101 

(22 )  Carlin, R. L.; van Duyneveldt. A.  J. Magnefic Properfies of Transition 
Metal Compounds: Inorganic Chemistry Concepts 2; Springer: New 
York, 1977. 
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cross section of a transition IS) - IS’) in an INS experiment is 
given by2’ 

Figure 4. Molecular coordinate system for the molecular field model in 
nickelocene. 

K) and 2.14’ (295 K), respectively).21 Idealizing the structure 
with the two angles being 90 and Oo, respectively, we can deduce 
the following expressions for the susceptibility of a single crystal: 

(6) 
in the ab plane: xab = y2(xll + xI) 

perpendicular to the ab plane: xc. = xI 
These equations hold exactly for a crystal without any interaction 
between the molecules. To describe the intermolecular coupling, 
we define a molecular axis system as shown in Figure 4. Since 
there are two types of magnetically inequivalent neighboring 
molecules, we introduce two molecular fields for the parallel (P) 
and the perpendicular (S) neighbors, respectively. We then can 
write the magnetic susceptibility along the principal axes of a 
molecule in the internal fields of its neighbors as 

1 - 2(XllrPxll + XIrSxI) 
X’r = 

x’iso = ( ~ ’ x  + x’y + ~ ’ 2 ) / 3  

x’c* = x ’ x  

where rP and rS denote the molecular field constants of the 
“parallel” and “perpendicular” neighbors, respectively, and Xi is 
a constant Xi = (Ng&B2)-1.22 xj and xrj stand for the suscepti- 
bilities of the “isolated” and the “coupled” molecule. 

Considering that xll  (eq 4) vanishes at  low temperatures, we 
obtain 

In the absence of any coupling A = 3 /2  and B = 2, respectively. 
From measurements at  low temperatures of x ’ ~ ~ (  T) ,  X’~*(T), and 
xl(T) we can deduce the molecular field constants 

3x’iso(O) - x’c*(o) - x ~ ( O )  rp = 

3.3. Inelastic Neutron Scattering. The magnetic moment of 
a neutron can interact with the magnetic moment of an electron, 
whereby an electron transition may be induced. The differential 

where 8 is the scattering vector, io and i1 are the wavevectors 
of incoming and outgoing neutrons, respectively, y = 1.913 (the 
neutron magnetic moment in units of the nuclear magneton), X 
and A’ are  the wave functions of the initial and final electronic 
levels, Ex and EA, are the energies of wave functions h and A‘, 
respectively, p x  is the population of the state X, cy = x, y ,  or z ,  
me is the mass of the electron, g = [ J ( J  + 1): L(L + 1) + S(S 
+ 1)]/[2J(J + l ) ]  + 1 (Land6 factor), F(Q) =Yo) + [(g - 
g,)/g] (jz) (magnetic form factor), and exp[-ZW(Q)] is the De- 
bye-Waller factor. The remaining symbols have the usual 
meaning. 

The great advantage of INS compared with other spectroscopic 
techniques lies in the possibility of unambiguously discriminating 
between transitions of vibrational and magneticzrigin. First, with 
increasing modulus of the scattering vector Q the intensity of 
vibrational scattering increases approximately as Q2, whereas for 
magnetic excitations the intensity of scattered neutrons decreas_es 
according to the square of the magnetic form factor P(Q). 
Second, the temperature dependence of neutrons scattered by 
phonons is governed by Bose statistics, whereas the intensity of 
magnetic origin follows the Boltzmann population of the initial 
state. Third, if a new band is observed after deuteriation of the 
sample, this intensity unambiguously corresponds to a magnetic 
transition, since the incoherent proton cross section is at  least one 
order of magnitude larger than those of any other nucleus. 
4. Results 

4.1. Magnetic Susceptibility. Figures 5 and 6 show some 
representative measurements together with theoretical curves, 
according to eq 2 and 7, respectively. 

4.2. Inelastic Neutron Scattering. In Figure 7 several INS 
powder spectra of Ni(C5D5)2 taken with different Q and tem- 
perature values, respectively, are reproduced. Clearly the band 
at  3 1.6 f 1.0 cm-I diminishes in intensity with increasing modulus 
of Q and temperature, respectively. In Figure 8 the intensity of 
this band is plotted as a function of Q. 

Within experimental accuracy, no energy dispersion could be 
observed. 
5. Discussion 

Since the zero-field splitting Do was evaluated from the mea- 
surement of the diluted samples without knowing the concentration 
of guest molecules in the host, this procedure should be discussed 
in more detail: 

Knowing that the measured force due to the paramagnetic guest 
molecule is constant at  very low temperature, we can define a value 
q(T), which is the ratio of the measured force at any temperature 
to the constant force a t  low temperature 

AF((T) e-‘(gl12C - 2g12) + 2gL2 
(1 1) - d T )  = - - AF (0) 4g12e-‘ + 2gL2 

c = D/kT 
where AF‘is the measured force on the Faraday balance minus 
the diamagnetic contribution. Because we dealt with diluted 
samples, the diamagnetic contribution could be estimated under 
the assumption that the sample consists of host molecules only. 
Since all samples contained less than 10% guest molecules and 
moreover only q( T )  values were used where the paramagnetic 
contribution to the force was dominant, this is a good approxi- 
mation. In fact, the value of D evaluated by comparing the 
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Figure 5. Magnetic susceptibility and inverse susceptibility of nickelocene at Ho = 9.89 kG (temperature range = 4.4-218 K; xlis0 = isotropic powder 
value: = value measured on an "oriented" powder in high magnetic field (see text)): (-) calculated with parameters from Table I1 (eq 7); (--) 
calculated from spin Hamiltonian without molecular field (eq 2), with D,ff = 29.2 cm-' (xis,) and DeFf = 27.5 cm-' (x,) (D values calculated from 
eq 4). 

Table I. Zero-Field-Splitting Parameters Dcfl of Nickelocene Doped 
into Ruthenocene and Ferrocene 

Table 11. Parameters Determining the Magnetic Susceptibility of 
Nickelocene 

ruthenocene 35.82 f 0.22 (53) 6.00 
ruthenocene 35.52 f 0.21 (57) 4.72 

ruthenocene 34.95 f 0.36 (43) 2.48 
ruthenocene 33.76 f 0.70 (27) 0.95 

ferrocene 34.70 f 0.46 (39) 3.34 

"Mean value with statistical variation. Number of points in par- 
antheses. bEvaluated from Deff, g,, and AF'(0); see text. 

experimental q( T) with the calculated value from eq 11 changed 
only within experimental error when the diamagnetic susceptibility 
of the host was altered by 10%. The zero-field splitting Deff for 
each sample evaluated by this procedure showed a slight, con- 
tinuous variation with concentration, which should not be ob- 
servable for isolated molecules. The constant paramagnetic 
susceptibility at  low temperature was calculated from eq 4 by using 
the values of g, and Deff. The concentration of guest molecules 
in each sample was then evaluated with "(0) and this calculated 
susceptibility. The results from several measurements are listed 
in Table I. The zero-field splitting Do = 33.6 f 0.3 cm-' for the 
isolated nickelocene was found by extrapolation of DefF for infinite 
dilution. 

The change to larger Deff values (smaller constant susceptibility 
a t  low temperatures with same gl) with increasing concentration 
is probably due to an increasing antiferromagnetic intermolecular 
coupling in the diluted sample. Since the probability of finding 
a second triplet molecule in the neighborhood of the guest molecule 
increases with increasing concentration, we never had a perfect 
isolated nickelocene without any interaction in our samples. In 
contrast, the measurements of the undiluted samples show a 
ferromagnetic interaction (I', and re positive, smaller Deff (see 

g,, = 2.0023 (theory2') 
g,.," = 2.11 * 0.03 
Do = 33.6 f 0.3 cm-' 
A(undi1uted) = 1.59 f 0.03 

} * 5 %  rpc = 0.63 cm-' 
rsc = 0.89 cm-I 
A(diluted: 4.72%) = 1.47 f 0.03 

From slope of (x'~.)-' vs T a t  high temperature ( T  1 150 K), cal- 
culated by using eq 5 and neglecting effects of molecular fields at high 
temperature. In fact, the initial value of g, is about 1% higher be- 
cause of this assumptions. This discrepancy does not affect the evalu- 
ation of other parameters however. Extrapolation for infinite dilution; 
for details, see text. cCalculated from eq 9, with g,, Do, and the ex- 
perimental values x',.(O) and ~ ' ~ ~ ~ ( 0 ) .  

Figure 5 ) ) .  This discrepancy may be explained by competitive 
interactions: 

The intermolecular coupling of a nickelocene molecule to its 
nearest neighbors in a first sphere in the undiluted sample is 
predominantly ferromagnetic, while the interaction with triplet 
state molecules a t  greater distances in the diluted sample is an- 
tiferromagnetic. In the diluted samples studied here there are  
almost no nearest-neighbor interactions. From EPR spectra of 
doublets doped into nickelmenell we known that, in the sum over 
pairwise interaction, giving the molecular field constants re and 
rS for undiluted samples, antiferromagnetic as well as ferro- 
magnetic coupling occurs, confirming this explanation. This 
conclusion makes it reasonable to take the zero-field-splitting 
parameter Do for an isolated molecule as the extrapolated value 
for infinite dilution. 

The parameters for the interpretation of the magnetic sus- 
ceptibility of nickelocene, both the coupled and the isolated 
molecule, are listed in Table 11. 

The disagreement between our D value and the value reported 
by Prim et a].' is probably due to a partial orientation of the 
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1 I m o l s u s c e p t i b i l i t y  

Figure 6. Magnetic susceptibility and inverse susceptibility of nickelocene in ruthenocene (4.72%) at Ho = 19.2 kG (temperature range = 4.4-198 
K; xiso = isotropic powder value; xL = value measured on an 'oriented" powder in high magnetic field (see text)): (-) calculated (eq 2) with DefI 
= 35.52 cm-' (Table I) without molecular field. 

IlCl20 m l n l  

IlciS m i n i  IlCi8 m l n l  ;, 
2 0 0  

1 0 0  

-I2 '0 

Figure 7. Inelastic neutron scattering spectra of fully deuteriated nickelocene between -16 and +65 cm-' for a series of values of Q, at 6.8 and 50 
K, where Q is the modulus of the scattering vector Q. The dotted curves represent the least-squares fits to the experimental data, assuming a linear 
background and approximating the peaks by Gaussians. For high Q and temperature values the analysis becomes more difficult because the background 
of elastic scattered neutrons increases. 

nickelocene crystallites. Since they used the ponder0 motoric to the movement of the sample during measurement, an orientation 
methodz4 for susceptibility measurements, it is possible that, due of crystallites takes place in the applied magnetic field and 

(24) Rathenau, W.; Snoek, J. L. Philips Res. Rep. 1946, I ,  239. ( 2 5 )  Hardgrove, G. L.; Templeton, D. H. Acta Crystallogr. 1959, 12, 28. 
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Figure 8. Q dependence of intensity of the magnetic transition at 31.6 
cm-l in fully deuteriated nickelocene measured-at 6.8 and 50 K. For the 
plotted function the magnetic form factor F(Q) was taken from ref 26. 

therefore a too large value of susceptibility is measured, leading 
to  a smaller value of D. 

The intensity of the band a t  31.6 f 1.0 cm-' in the I N S  ex- 
periments decreases as  F(Q) with increasing Q (Figure 8). This 
evidence proves the magnetic nature of this transition. Fur- 
thermore, the decrease in intensity of the magnetic transition on 
increasing temperature in Figure 7 is in qualitative agreement with 
what is expected on the basis of relative Boltzmann populations 
of the singlet and triplet levels. Estimating the intensity of the 
magnetic transition a t  high temperature is rather difficult because 
of the underlying elastic scattered neutrons. 

There is a slight discrepancy between the zero-field splitting 
Do found from susceptibility measurements and the energy dif- 
ference AE measured by INS. This is probably due to the different 
samples, since the INS experiments were performed with undiluted 
nickelocene with deuteriated ligands. T h e  observed magnetic 

(26) Watson, R. E.; Freeman, A. J. Acta Crystallogr. 1961, 14, 27. 
(27) Prins, R.; van Voorst, J. D. W. J .  Chem. Phys. 1968, 49, 4665. 

27, 1548-1 552 

transition a t  31.6 cm-' in the I N S  spectra does not correspond 
to the zero-field splitting of an isolated molecule Do but will show 
some influence of the intermolecular coupling. One might think 
of the excited level of the triplet ground state in the undiluted 
sample as being a band of levels due to intermolecular coupling, 
the center of which need not be a t  the same energy level as in the 
isolated molecule. 

6. Concluding Remarks 
By introduction of two molecular fields describing the inter- 

molecular interaction in undiluted nickelocene, we interpret the 
magnetic susceptibility of this compound, undiluted and doped 
into an isostructural diamagnetic host, by the same spin-Ham- 
iltonian parameters. Furthermore the results of susceptibility 
measurements and I N S  investigations are  in good agreement, 
confirming our approach. The accuracy of the zero-field-splitting 
parameter Do determined from susceptibility measurements is 
unique. 

We have also shown the advantage of measuring the magnetic 
susceptibility on an oriented powder sample. Of course, one can 
only use this technique if the crystal structure of the compound 
investigated is known and the preferred orientation is almost 
perfect, as in our experiments. In most cases the orientation will 
be partial only, and a straightforward interpretation of such a 
measurement will be impossible. Anyway, the unwelcome effect 
of a spontaneous orientation of crystallites with anisotropic 
magnetic susceptibility should never be underestimated, and 
samples for isotropic powder measurements in a magnetic field 
have to be mechanically fixed. This may be performed as reported 
earlier." 
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Bis(nitroxy1) Adducts of Cobalt and Nickel Hexafluoroacetylacetonates. Preparation, 
Structures, and Magnetic Properties of M(F6aCaC)2(prOXyl)z1 (M = Co2+, Ni2+) 
Leigh C .  Porter, Michael H. Dickman, and Robert J. Doedens* 
Received July 27, 1987 

Bisadducts of the cyclic nitroxyl radical 2,2,5,5-tetramethylpyrrolidinyl-l-oxy (proxyl) with nickel(I1) and cobalt(I1) hexa- 
fluoroacetylacetonates have been prepared and characterized by crystal structure analyses and magnetic susceptibility studies. 
The adducts are isostructural, each having a centrosymmetric molecular structure and a slightly distorted octahedral configuration 
about the metal ion. The 0-bound nitroxyls adopt a trans configuration. Magnetic susceptibility data (6-300 K) indicate that 
antiferromagnetic coupling of ligand and metal free spins yields an S = ground state for M = Co2+ and an S = 0 ground state 
for M = Ni2+. At higher temperatures, there is some population of excited states with greater spin multiplicities. Possible orbital 
interactions that could account for the magnetic behavior are discussed. Crystal data for Co(F,acac),(proxyl),: monoclin'ic, space 
group P2,/c, Z = 2, a = 10.339 (4) A, b = 14.533 (4) A, c = 11.973 (4) A, /3 = 111.09 (2)'. Least-squares refinement based 
upon 1615 data with F: > 3a(F,2) and 28 5 50' converged to R = 0.056. Crystal data for Ni(F6acac)2(proxyl)2: monoclinic, 
space group P2,/c, Z = 2, a = 10.243 (5) A, b = 14.564 ( 5 )  A, c = 1 1.902 ( 5 )  A. Least-squares refinement based upon 1609 
nonzero data with 28 5 45' converged to R = 0.052. 

Introduction 
There has been increasing interest in compounds that contain 

one or more nitroxyl radicals coordinated to  a transition-metal 
ion.2-20 Such systems have been shown to exhibit diverse types 
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of magnetic behavior, including antiferromagnetic and ferro- 
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(5) Dickman, M. H.; Doedens, R. J. Inorg. Chem. 1981,20,2677-2681 and 
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