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Abstract: An approach is suggested for 
using ligands to control exchange cou- 
pling in multinuclear ions. The idea arose 
from structural, EPR, and magnetic stud- 
ies of [PPh4]3 (Scheme 1). Ferromagnetic 
coupling has been found between the Co" 
and each Co"' in 3 with J =  - 22 f 
5 c m - '  ( J S , . S , ) .  It is suggested that 
dominant antiferromagnetic superex- 
change is absent because of the strong a -  
donor capacity of the tetradentate ligand 

[ic4-PAC*I4- (Fig. 1). The ligand interacts 
at Co"' primarily with a single d orbital; it 
is thus best able to  participate in superex- 
change. The interaction makes the unique 

d orbital strongly a-antibonding and 
empty for each d6, S = 1, Co"' ion in 3, 
that is, unavailable for antiferromagnetic 
coupling, but available for ferromagnetic 
pathways by a Goodenough-Kanamori 
mechanism. By corollary, when any [ic4- 

PAC*I4--type ligand with any magnetic 
ion Ma in the tetradentate site binds any 
magnetic ion M, in the bidentate site, fer- 
romagnetic coupling should be favored 
provided M, is not a d9 ion. 

Introduction 

The study of magnetic behavior in multimetallic complexes is a 
growing field with a distinguished history." - ''I Theoretical 
treatments have included molecular orbital and valence bond 
appro ache^,'^. l 3  - 16] providing a basis for design principles that 
have been used to predict the sign of the exchange interactions 
in real or conceivable multinuclear ions.''. "1 The most useful 
principle derives from the orthogonality or nonorthogonality of 
orbitals with unpaired spins on different sites. Ferromagnetic 
coupling arises when unpaired electrons on different ions reside 
in magnetic orbitals["] that are mutually orthogonal, whereas 
antiferromagnetic coupling results when the unpaired electrons 
reside in nonorthogonal magnetic orbitals. Kahn and oth- 
ers[". '91 have succeeded in assembling multimetallic ions with 
exchange coupling of predetermined sign in a two-step design 
process. First, a ligand system is prepared that accommodates 
two or more magnetic ions in specific locations. Second, the 
metal ions are selected such that the magnetic orbitals are ar- 
ranged to have orthogonal or nonorthogonal juxapositions. 
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In this contribution, we suggest a ligand-based method for 
eliminating the strongest antiferromagnetic exchange pathway 
in designed multinuclear ions and favoring a ferromagnetic 
pathway in its stead. The approach is based on the hypotheses 
of Goodenough that overlap of a half-filled orbital on one ion 
with either an empty or a filled orbital on another gives rise to 
a ferromagnetic interaction.[201 The method arises from the abil- 
ity, through design of ligand bonding properties, to consider- 
ably raise the energy of a single d orbital a t  one magnetic ion; 
when the first metal interacts with a second magnetic ion, this d 
orbital is uniquely important for superexchange. The method 
can be summarized as follows: A ligand system ([ic4-PAC*I4-, 
Fig. 1) is chosen in which four strongly donating amide and 
alkoxide groups present an unusually strong planar o field. In 
complex 1, the ligand system interacts much more strongly with 
one d orbital (dxz in the molecular C,, symmetry) of the Ma ion 
than with the other four. This orbital becomes strongly o-anti- 
bonding such that it is empty for any Ma ion other than a d9 ion. 
The spin states and redox potentials found for numerous first- 
row complexes indicate [ic4-PAC*I4- and related strongly do- 
nating planar tetradentate ligands isolate one d orbital a t  high 
energy." ' I  Moreover, the pronounced destabilization of just 

( K ~ - P A C * ) ~ -  1 

Fig. 1. Structures of fundamental complexes 
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one d orbital appears also to hold for five- and six-coordinate 
complexes of [~'-PAC*]'--type chelates with added axial lig- 
ands.r211 Complex 1 can coordinate a second magnetic ion, M,, 
to give complexes of type 2, thereby allowing for exchange inter- 
actions to be studied (Fig. 1).  Because the highest-lying d orbital 
of 1 (for d", x < 9) is empty, it is not available for an antiferro- 
magnetic interaction with M, in 2. On the other hand, it is 
available for promoting a ferromagnetic interaction. While 
there can be many exchange pathways for two magnetic ions 
with two bridging atoms in the planar conformation of Figure 1, 
the orbitals associated with the very strong Ma-ligand o-bond- 
ing are likely to be the important ones for ligand-mediated ex- 
change. Since all molecular orbitals derived from the uniquely 
destabilized Ma d orbital cannot be part of an antiferromagnetic 
pathway in 2, because they are either empty (antibonding) or 
filled (bonding), ferromagnetic exchange coupling between Ma 
and M, is likely to result. Moreover, M, can be chosen to ensure 
that overlap occurs between one of its magnetic orbitals and the 
high-lying Ma orbital to enhance ferromagnetic exchange. 

The suggestion of this ligand-based design method for con- 
trolling the sign of magnetic exchange coupling arises from an 
analysis of the exchange coupling within the tetranuclear anion 
in [PPh4]3 (Scheme 1 ) .  The remainder of the report is organized 

la 
Scheme 1. Synthesis of [PPh,]3. 

3 

as follows: First, the synthesis, characterization, and structural 
properties of the multimetallic ion are presented, and the elec- 
tronic structures of the interacting ions are discussed. Second, 
the EPR and bulk magnetic studies of the spin system are sum- 
marized, and the theory employed to tit the data is briefly de- 
scribed. Third, the interpretation relating the findings of the 
magnetic study to the known chemical and electronic properties 
of the constituent Co"' and Co" ions is further discussed. 

Results and Discussion 

Structural Properties of IPPh,J3: Three equivalents of 1 a bind to 
Co" to give the tetranuclear ion 3 (Scheme 1).  The crystal struc- 
ture of the [PPh,]' salt has been solved (Fig. 2). The system is 
well configured to support exchange coupling only between the 
central Co" ion and the three surrounding symmetry-related 
Co"' ions. The average distance between Co"' and Co" is 3.06 8, 
with the oxygen bridges providing a potential superexchange 
pathway. The average Co"'. . . Co"' distance is 5.30 A: there are 
no direct pathways for Co"'-Co"' exchange coupling. Inter- 
molecular Co . . . Co distances are considerably greater with the 
shortest being 8.20 A :  interionic magnetic interactions should 
be small. D ,  symmetry extends well over the entire 3 anion, 
which can be viewed as a three-bladed propeller with the blades 

Fig. 2. Molecular structure of3: ORTEP drawing with nonhydrogen atoms drawn 
to encompass 50°h of electron density. Selected bond lengths (A): Cod-02d. 
2.134(7); Co4-02b. 2.125(7); C o C O k ,  2.159(6); Co4-02d. 2.138(7); Co4-02e. 
2.146(7); C04-02f. 2.136(7): Col-Nla.  1.824(9); Col-Nlb.  1.836(8); Co2-Nlc. 
1.828(8); Col-OZa, 1.810(7); Co1-02b. 1.820(7); Co2-O2c, 1.813(7); Co2-02d. 
1.826(6); Co3-02e. 1.823(6); Co3-02f, 1.823(7); Co2-Nld. 1.806(8); Co3-Nle. 
1.838(9): Co3-N If, 1.820(8). Selected bond angles ('): Col-02a-Co4, 100.9(3): 
Co 1-O2b-Co4. 101.0(3); Co2-0 2c-Co4, 100.4(3); 02a-Co4-02b, 71 3 3 ) ;  02a -  
Co4-02c. 98.q3); 02a-Co4-02d. 166.2(3); 02a-Co4-02e. 99 10 ) ;  OZd-Co4- 
0 2f. 91.1(3); 0 2b-Co 4-0 2c. 89.6(3); 0 2b-CoCO 2d. 98.9(3); 0 2b-Co4-0 2e. 
167.0(3); O?b-Co4-02f, 99.3(3); O2c-Co4-02d. 71.5(2); O2c-Co4-02e. 100.8(3); 
02c-Co4-02f. 168.9(3); O2d-Co4-02e. 91.8(3); O2d-Co4-02f. 100.4(2); O2e- 
Co4-02f. 71.4(2); O2a-Col-02b. 86.6(3); O2a-Col-N la, 88.1(4); Co2-02d- 
Co4. 100.8(3): Co3-02e-Co4. 110.8(3): Co3-02f-Co4. 101.2(3); O2a-Col-N lb. 
167.6(4); 02b-Col-Nla.  167.4(4); O2b-Col-N lb. 88.4(3); N la-Co 1-N Ib. 
99.0(4); 02c-Co2-02d. 87.2(3); 02c-Co2-Nlc. 87.6(3); O2c-Co2-N Id, 166.1(3); 
O2d-Co2-N lc. 168.2(4): O2d-Co2-N Id. 88.6(3); Nlc-Co2-Nld. 98.8(4); O2e- 
Co3-02f. 86.5(3): O2e-Co3-N le. 88.4(4); O2e-Co3-N If ,  167.8(4); 02f-Co3- 
N le. 168.3(4); 02f-Co3-Nlf. 88.6(3); N le-Co3-N If, 98.4(4). Nonbonded dis- 
tances (no standard deviations): cO4-cO 1. 3.049; cO4-cO2, 3.060: Co4-co3. 
3.067; 02a-02b. 2.489; 02c-02d. 2.510; 02e-O2f, 2.499; 02a-O2c, 3.240; O2a- 
O2e. 3.257; O2a-02f. 3.048; O2b-OZc, 3.019; 02b-02d.  3.239; 02b-O2f, 3.247; 
O2c-02e. 3.318; O2d-02e. 3.076; O?d-O2f. 3.284. 

defined by the mean 1 a planes (Fig. 3). It is important to note 
for the analysis of the exchange coupling that the angles define 
an octahedron at Co" that has been squashed along a three-fold 
axis. The 0-Co-0 angles at the central Co" are all 71" and at 
each Co"' are all 87". The Co"'-0-Co" angles lie in the range of 
100- 101". The local coordination environment at the Co"' and 
Coil ions will be analyzed next to determine how best to consider 
the local magnetic centers in the theoretical treatment of the 
magnetic properties. 

First, the Co"' monomer, 1 a, is considered. The unusual pla- 
nar four-coordinate structure has been attributed to the strong 
o-donor capacity of [~'-pAc*]'- !221 which is expected from the 
high pK, values of the secondary amido (ca. 18)1231 and alkoxido 
ligands (ca. 17).I2'I This a-donor capacity of [K'-PAC*]'- also 
explains some unusual properties of other related first-row tran- 
sition-metal complexes. For example, in the d9 Cu" complex 
[CU(K~-PAC*)]", the Cu"''" couple is found at -0.60 V (vs. 
SCE, CH2C12): Cu"'/" couples are usually found at potentials 
greater than 1 V.[251 The exceptionally negative Cu""" couple 
implies that the magnetic HOMO of [cu"(~'-PAc*)]~- is un- 
usually high in energy. Similarly, tetradentate tetraamido N-lig- 
ands closely related to [K~-PAC*],- stabilize low-spin, planar, 
four-coordinate Ni'" (d', S = 1/2) /r61  the only homogeneous 
high-spin Fe'" complex (d4, S = 2),I2'] and the relatively un- 
common intermediate spin state for Fe"' (d5, S = 3/2).1271 

In each case, the chelate's strong o-donor capacity results in 
one d orbital being raised high enough in energy that the spin 
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Fig. 3. Structure of 3 showing the D ,  symmetry, bond angles. and bond lengths of 
the molecular propeller. 

.: 
state corresponds to the maximum multiplicity attainable by 
distribution of the metal electrons among the four remaining d 
orbitals. This orbital energy isolation is illustrated in Figure 4 
for C,, planar Co"', where the o-only bonding orbitals of the 
four donors transform as 2A, + 2B1, and the Co d orbitals 
transform as 2A,, A, ,  B , ,  and B,. The a-antibonding B ,  orbital 
(dxz)[281 points directly a t  the ligands: one can assume it is well- 
separated in energy from the other four d orbitals, giving rise to 
the observed S = 1 ground state.[22*29.301 The two Co"' A ,  or- 
bitals are oriented to have lesser interactions with the ligand 
system than B, ; they are likely to  be the magnetic orbitals. The 
A ,  and B, metal orbitals have no o interactions with the ligands. 

l a  
Fig. 4. C,. symmetry of 1 a showing estimated ordering of frontier molecular or- 
bitals. 

Coordination of 1 a to  a second metal ion should reduce the 
donor capacity of [ K ~ - P A C * ] ~ -  to the Co"' ion and, consequent- 
ly, the splitting between the B, orbital and the other d orbitals. 
However, modification of the molecular structure of I a (and by 
implication the electronic structure) is small, because binding to 
the Co" ion is weak (see below). As in 1 a, deviations from the 
mean planes formed by each Co"' and the two N and 0 donor 
atoms range from 0.1 3 to 0.1 5 A for 3. The close relationship 
between free and coordinated 1 a is emphasized by the similarity 
of the average Co"'-O (1.819(16) A) and Co"'-N (1.83(2) A) 
bond lengths to the values found in the parent monomer (Co- 
o,,, 1.794(1) A; Co-N,,, 1.862(3) A);[221 these distances are 
also similar to those found in related mononuclear ions (Co- 
o,,, 1.808(11) A; Co-N,,. 1.84(2) ,4).129-321 Therefore, it is 
reasonable to assume the same local spin state ( S  = 1) will be 
found in all these closely related ions. A variable-temperature 
SQUID magnetic study of [PPhJl a.CH,CI, can be fitted well 
with an axial S = 1 model with an appreciable zero-field split- 
ting, D = 37.3 cm- '  (Fig. 5). These considerations lead us to 
conclude that each Co"' site contributes a local spin of S = 1 to 
the total spin of the multimetallic complex r--- . .  . .  . .. - ."'..... .. . . . . . . . . . . . . . . . . . . . .. . .--_l- , . .. . , , . . . . . . , . XT . . . . . . 
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Fig. 5. Magnetic data for S = 1 (PPhJla at 0.1 T. Data points (.) are corrected 
for diamagnetic contributions from the holder and from the complex by 

for temperature-independent paramagnetism. The fit 

g&. fi. solid line) was evaluated with the parameters 

g,  = 2.03. g , ,  = 2.65. and D = 37.3 cm-' obtained by least-squares fitting of the 
data (R = 1.27 x 10- 5) .  

Consideration is given to the central Co" magnetic ion in the 
section on the analysis of the magnetic data because the Co" ion 
presents the most difficult component of the theoretical analy- 
sis. Here, we point out several preparatory facts for the magnetic 
analysis. The long average Co"-O bond length (2.140(17) A) 
indicates that a weak-field description is appropriate (d7, three 
unpaired electrons). The structural data reveal a trigonal distor- 
tion from the octahedral coordination at  the central Co" ion. A 
number of investigators have described such distortions by fo- 
cusing primarily on the angle between the three-fold axis and the 
Co"-ligand b ~ n d s . [ ~ ~ . ~ ~ l W e  have found it to  be useful to treat 
the trigonometry of the distortion of 3 in the context of two 
angles: the 0-Co"-0 angle and a, the angle between the normals 
to the 1 a mean planes and the C ,  axis (Fig. 6). When 01 is O", the 
propeller blades lie in a plane perpendicular to the C, axis, a 
physically unrealistic situation. When 01 is 90". the blades lie 
parallel to and intersect a t  the C, axis at the D,, limit.[351 In 3, 
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Fig. 6. Left: Schematic representation of the geometry of the tetranuclear complex 
showing the orthogonality of the "propeller blades" represented by the bridging 0 
atoms and the Coiiicenters. Right: A representation of one propeller blade showing 
important angles. 

the 0-Co"-0 angles (71") are distorted from the octahedral val- 
ue (90"), but the angle a (54.2') lies almost exactly a t  the magic 
angle (54.7"), such that the normals to the l a  mean planes are 
orthogonal within experimental error (Fig. 6, left). This orthog- 
onality has significant consequences for the analysis of the mag- 
netic properties (see below). 

The long Co"-0 bonds hint that the Co" center should be 
labile in solution. Some key EPR experiments for the analysis of 
the spin system have been performed in the weakly coordinating 
solvent CH,CI,. Thus, it was important to examine the dissoci- 
ation behavior of 3 in CH,CI,. Evidence is provided by 
'H N M R  spectroscopy and by electrospray ionization mass 
spectrometry (kSIMS) that the tetranuclear structure is effec- 
tively maintained in dichloromethane solution in the EPR con- 
centration range ( 0 . 4 2 m ~ )  used for obtaining spin parameters 
a t  low temperature. At 22 "C, the 'H N M R  spectrum of [PPh4]3 
is concentration- and temperature-dependent. At concentra- 
tions of 3 . 3 - 1 9 m ~ ,  four singlets of equal integrated intensity 
are observed (Fig. 7); this is consistent with the tetrameric struc- 
ture found in the solid state: the molecular C, and C, axes of the 
D ,  point group require the twenty-four methyl groups of 3 to 

T ... T A  
A 

D 

1 

20 0 -20 -40 -60 

PPm 

Fig 7. 'H NMR spectra of [PPhJ3 in CD,CI, at 22" C and at different concentra- 
tions. A, 3 . 3 m ~ :  B, 1 . 3 m ~ ;  C. 0 . 4 m ~ ;  D. CD,CI,. T: signals ofthe tetranuclear 
ion. D:  signals associated with dissociation of 3. P: signals associated with [PPh,]' 
(partial diamagnetic suppression). *: Signals arising from the solvent and from 
cavity water vapor. 

behave as four inequivalent sets. As expected, the N M R  signals 
are found in quite different positions from the parent Co"' 
monomer.[221 As the 3.3 m~ sample is diluted, additional signals 
appear in the spectrum, which we suggest arise from the dissoci- 
ation of l a  from 3: the N M R  spectrum of the 0 . 4 m ~  solution 
suggests a few percent dissociation under equilibrium condi- 
tions. The positions of the signals attributed to 3 d o  not shift on 
sample dilution; this suggests that the dissocation of 1 a from 3 
is slow on the N M R  time scale. The positions of the N M R  
signals vary with temperature in a manner that is independent of 
the dissociation equilibria: the signal of 3 a t  6 = - 46 moves 
rapidly upfield as the temperature is lowered, while the remain- 
ing three signals move comparatively little. We are further 
studying this temperature-dependent behavior, which we at- 
tribute to magnetic effects within the tetranuclear ion. In the 
EPR spectrum a t  4 K, 3 retains its axial nature and g values over 
the concentration range of 0.1 -3.3 mM. This suggests that the 
dissociation equilibria shift in favor of 3 as the temperature is 
reduced. No other signals were observed in the EPR field win- 
dow (0-10 kG, Fig. 9). The ESIMS of [PPh4]3 in CH,CI, also 
supports the N M R  observation that 3 undergoes concentration- 
dependent dissociation at room temperature. Decreasing the 
concentration of a 0 . 4 m ~  ESIMS sample of [PPh4]3 in CH,CI, 
results in a change in the relative ion intensities for the two 
observable species, 3 and 1 a. At 0 . 4 m ~  concentration, the ion- 
intensity ratio 3 : l a  is approximately 20: l .  but this ratio de- 
creases as the solution is diluted. At a [PPh4]3 concentration of 
4 FM, the 3:  1 a ion intensity ratio is approximately 3: 1 (Fig. 8). 

37 1 
1 I , 

2 M  400 600 &m,z lo00 1200 14 

Fig. 8. Electrospray ionization mass spectrum of O.4mM [PPhJJ in CHICI,. Insert 
spectrum: 4pM [PPh4]3 in CH,CI,. 

Although some slight variability was found when very dilute 
samples were subjected to repeated ESIMS analysis, more con- 
centrated solutions showed no variability in the 3: 1 a ion-inten- 
sity ratio. Thus, the body of data from NMR,  EPR, and ESIMS 
studies consistently implies that the EPR parameters obtained 
at  low temperature in CH,CI, are those of essentially pure 3. 

Determination of the exchange-coupling constant in 3: Descrip- 
tion of the model: The EPR data for [PPh4]3 (Fig. 9) in dilute 
frozen solution ( 0 . 4 2 m ~ ,  CH,CI,, in the presence of 95 PM 
[Cu(TPP)] as an independent internal temperature standard) 
indicates an approximately axial g tensor, which is consistent 
with the presence of a molecular threefold axis.'361 When the 
4.2 K EPR spectrum is qualitatively fitted to an ficti- 
tious spin, S = '/, manifold, the calculated EPR g values are 
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Fig. 9. EPR spectrum at 4.2 K of [PPh,]3. A: Spectrum from 0-10 kG. 1 . 3 m ~ .  B :  
The effective g values are indicated and the resonances at 3200 G are from the 
[Cu"(TPP)] internal standard. 0 . 4 2 m ~ .  C: Spectrum obtained at I8 K, 0 . 4 2 m ~ .  

resonant states. We will return to fit the data of Figure 10 once 
the full model has been derived, allowing for the temperature- 
dependence of the populations of all low lying states to be in- 
cluded in the calculation; this will serve as a check for the model. 

The main objective of the following analysis is the determina- 
tion of the exchange-coupling constant J between the central 
Co" and each outer Co"'. The mutual couplings of the non- 
bridged Co"' ions are most likely small and will be ignored. The 
high-temperature data for the effective magnetic moment 
(perf z 8 . 5 - 9 . 7 ~ ~ ;  Fig. 11) lie between the spin-only values 

g , z 9 . 6 5 a n d g I ,  23.0. InFigure 10,a  plot ispresentedofZ,Tvs. 
T. where the intensity I, is obtained by double integration of 
the derivative EPR signal. The value of the molecular zero- 
field splitting D,,, defined by the common effective operator 
[Eq. (l)], for describing the energy gaps between the Kramers 

I 
I. 
0 50 100 150T(gr 250 300 35( 

doublets of a spin S = 9 / 2  multiplet, was estimated by fitting of 
the I,T vs. T plot by using the expression (2) for the thermal 
occupation of the resonant ground doublet, in which D,,, and c 
are adjustable parameters. The fit results in the optimal 

(2) I,T = c/(l + ,-2D,=,/kT + e-6D 15% / IT  + e-20D I C t  /kT ) 

value for D,,, of 14.2cm-', for which the simulated tem- 
perature-dependence is given in Figure 10 (Curve A).[371 We 
recognize that this treatment significantly underestimates the 
actual number of low-lying states, including resonant and non- 

1 . 4  1 

Fig. 10. 1,T vs. Tplofs for [PPh,]3 (upper plots) and [Cu"(TPP)] (lower plot). I, for 
[Cu"(TPP)] is scaled by a factor of 7.5. A: Fit based on Equation (2).  B: Calculated 
by means of Equation (3) with the parameters of line 4 (Table I ) .  C: Fit based on 
Equation (8).  

Fig. 1 1 .  Magnetic data for [PPh,]3 recorded at 0.1 T. Data points (0) are corrected 
for diamagnetic contributions from the holder and nujol suspending agent and from 
the complex by using Pascal constants. The fit  (solid line for a' = 55') is evaluated 
with the spin-Hamiltonian parameters [Eq. (3)] with ;I = - 5/,. 13 = 225 cm-I. and 
~=500cm~'fixed.andD=34.3cm~'.J,,=J,=-23.5cm~'.~,, =3.6 .and 
g, = 2.0 obtained by least-squares fitting of the data. The u' = 0 curve is obtained 
for the Same values of the spin-Hamiltonian parameters. 

(perf z 8pB and perf z lopB for spins S = 7/2 and S = 9/2, respec- 
tively) and imply a Jvalue with a ferromagnetic sign. An antifer- 
romagnetic exchange-coupling constant would yield a ground 
state with spin S = 3/2,  which would have a much lower mo- 
ment (perf "3.9pB). The presence of only moderate exchange 
splittings is evident from the considerable reduction of perf at  
higher temperatures. The determination of the magnitude of J i s  
an intricate matter, hampered by the fact that the exchange 
splittings are of the same order of magnitude as the zero-field 
splittings (see below). This fact prevents us from dealing with 
the problem in the coupled-spin representation. Spin is not a 
good quantum number for 3: states of lower spin multiplicity 
are admixing into the ground state, which presents a second 
cause for the intermediate values observed for the effective mag- 
netic moment. 

Our analysis of the magnetic data of 3 (Fig. 11) is based on the 
threefold symmetric Hamiltonian shown in Equation (3), 

+ 2 T4.jj.si + pBH y &  + 2y4 + c iji.q 
j= I .  2 . 3  [ j =  1 . 2 . 3  1 (3) 

where sq = 3/2 and s, = s2 = sj = 1 are the spins of the Co" and 
the three Co"' ions, respectively. With regard to the first term of  
Equation (3), the electronic ground state of the Co" derives 
from a "TI term in octahedral symmetry and can be described by 
an effective orbital momentum I = 1 .138* 391 The composition of 
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the "T, ground state [Eq. (4)] depends on the relative strength of  

(4) 

the octahedral crystal field (lOD,) and the intraatomic Coulomb 
interactions (B .  Racah) such that C O S ~  = 1 in a strong field, 
while C O S ~  = 2/1/J and sin4 = - l/P in a weak field. The ef- 
fective spin - orbit coupling constant v of the Co" ion is a func- 
tion of the mixing coefficients and the one-electron spin-orbit 
coupling constant [ ( ~ 5 4 0  cm- '  for the free ion) [Eq. (Sa)], 

14T,) = cos414Tl(e2t:,)) + s i n 4 1 " ~ , ( e ~ t : ~ )  

v = - (l/3)YC 

y = ('/,)[sin24-2cos24 + 4sin~#1cos4] 

(5  a) 

( 5  b) 

where 

The value of -7 increases from 1 to  3/2 in passing from the 
strong-field to  the weak-field limit. The second term in Equa- 
tion (3) describes the splitting of the 4T1 orbital ground state of 
the Co" ion by trigonal distortion, with the C, axis of 3 defining 
the z direction. 

In order to keep the number of states and unknowns manage- 
able, the effects of spin-orbit coupling on the state energies of 
the Co"' ions are described by the usual bilinear spin Hamiltoni- 
an (3rd term), and it is assumed that the local symmetry of the 
1 a moieties is axial as in the monomeric species (i.e., the rhom- 
bicity parameter E is taken to be zero). The main principal axes 

C, symmetry and make an angle a' with the threefold axis of the 
molecule, which is not necessarily identical to  the molecular 
structure based angle a ;  we will make the reasonable assumption 
that these angles are essentially equal (see below). The exchange 
interactions between the Co ions are described by the fourth 
term. Unquenched orbital contributions to the angular momen- 
ta of the ions may lead to  anisotropic exchange, which is repre- 
sented in Equation (3) by nonisotropic Ji tensors." The Zee- 
man term for Co" comprises explicitly the magnetic interactions 
of both spin and orbital momenta whereas, at Co"', the latter 
interaction is only implicitly accounted for by adopting g values 
different from 2 (5th term). The orbital Zeeman term depends, 
like the spin-orbit coupling, on the coefficient y .  The Ji and gi 
tensors are assumed to be diagonal, ( x  I, x , , x ,, ), s = J or g, in 
the principal axes of the local zero-field tensors, with the axial 
components, Jll and g l ,  , corresponding to the z', z", and z"' 
directions, that is, the principal axes of the Di, 4 ,  and g, tensors 
a t  each site (i = 1, 2, 3) are assumed to be colinear. 

We study the magnetic properties of the Hamiltonian [Eq. (3)] 
by means of the following procedure. The Hamiltonian matrix 
is constructed in the product representation spanned by the 324 
basis states ] l = l , m ) l s ,  = 3/2,rn4)ls, = l , m , ) l s 2  =l .m2)ls,  
= 1, m,).  The magnetic quantum numbers m refer to the quan- 
tization axis z. Diagonalization of the Hamiltonian matrix was 
accomplished numerically. The powder averaging is achieved by 
performing a single calculation in which the magnetic field is 
chosen as H x  = H ,  = H ,  = where His  the applied mag- 
netic field. The molar powder susceptibility at temperature T 
(x ,  = (x ,  + xy + xJ3) is computed from the eigenpairs Wi and 
I Y,), by using expression (6) ,  where Z is the partition function, 

- ./ . - -1, , and z"' of the zero-field operators are interchangeable by 

N the Avogadro number, and x, y. and 2 are labels for the 
principal axes of the susceptibility tensor. The calculated suscep- 
tibility is converted into the effective magnetic moment by the 

standard expression perf, ,,,JpB = [ 3 k ~ , , T / N p ~ ] ' / ~ ,  where k is the 
Boltzmann constant. The perf data of [PPh4]3, recorded at  the 
temperatures & in the range 5-350 K in a field of 0.1 T 
(Fig. 1 I ) ,  are fitted with the theoretical model by simplex mini- 
m i z a t i ~ n ~ " ~ ~  of the quantity R [Eq. (7)]. 

(7) 

The molecular g factors, needed for comparison with the EPR 
results, are evaluated from the resonance condition g ,  = AE/ 
( p B H p )  (p = 11, I), where A E  is the magnetic splitting of the 
lowest Kramers doublet calculated with the Hamiltonian 
[Eq. (3)j in a field parallel o r  perpendicular to the z axis. We note 
that the spin Hamiltonian [Eq. (3)] is a generalization of the 
Hamiltonian used by Abragam and Prycer3'* 391 to  interpret the 
g values of monomeric Co" compounds. 

Analysis of the EPR and magnetic data: The effective Hamiltoni- 
an [Eq. (311 depends on eight parameters (a', v, 6, D, J , ,  , J , ,  g , ,  , 
and g J; the concern of overparameterization in the analysis 
procedure therefore arises. A global shift of the perf vs. T curve 
can be brought about in a variety of ways, for example, by 
changing the value of either the J or  the g factors. The shape of 
the perf vs. T curve, notably the height of the hump at  40 K 
relative to the high-temperature tail, can be modulated by vari- 
ations in the anisotropy of both the J a n d  the g values. Further- 
more, the magnetic data are not only characterized by the elec- 
tronic parameters, but depend also on the structural features of 
the composite system. Figure 11 reveals that the choice of the 
angle a' affects the shape of the theoretical perf vs. T plots. 
Altogether, it is not surprising that equally good fits can be 
obtained for different sets of parameter values (Table 1). In 
order to find the most appropriate solution, other selection 
criteria need to be considered in addition to minimization of R. 
The criteria we consider important are the following: 
a) The g and g I values of 3, defined by the resonance condi- 

tion g,,, , ,  = AE/(pBHp)  in which A E  is the magnetic splitting 
of the lowest Kramers doublet of the Hamiltonian [Eq. (3)], 
should closely match the EPR data for these quantities. 

b) The calculated D,,, value, defined as half the energy gap 
separating the ground and first excited Kramers doublets, 
should be considered in the context of the temperature-de- 
pendence of the intensity of the EPR resonance. 

c) Considering that the structures of the free and coordinated 
l a  are very similar, the deviation between the monomeric 
and tetrameric values for the intrinsic parameters-g , g I, 
and D-of the Co"' sites should remain within reasonable 
boundaries. 

d) The spin-orbit coupling parameter must lie within the 
strong- and weak-field limits of 1801~1270 cm-I. 

e) By reason of the axial nature of the Co"' sites, it is to  be 
expected that the principal axes of the J i ,  gi, and Di tensors 
a t  each 1 a moiety are collinear and that the main principal 
axes (2'. z", and 2"') are orthogonal t o  the 1 a planes as indi- 
cated in Figure 6. that is, a z a ' .  

The target data are summarized in the first line of Table 1. 
Taking the above mentioned points into account, the best fits 

are found for 6 ~ 5 0 0 - 1 0 0 0 c m - ~  (Table 1). In this range, the 
optimized g ,, values are close to  the target number, whereas 
g 1. ,c, is on the low side. The values for g ,, .,c, and g converge 
to a common value on lowering 6, and the g,,, tensor becomes 
isotropic for 6 z 0 (see Table 1).  The isotropy is a consequence 
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Table 1 .  Spin-Hamiltonian parameters obtained by least-squares fitting of the magnetic susceptibility data of [PPh,P recorded at 0.1 T. Optimized values of adjustable 
parameters in Equation (3) are given with decimal point; remaining parameters are kept constant during fitting [a]. 

D,.,/cm- ' [c] R x 10' d/cm ' Dlcm-'  J1cm-l [bl g,, g, g I, .#ex g1.w 

1 37 [dl 2.65 [d] 2.02 [d] 2.95 [el 9.65 [el 12.5 [el 0 
2 2000 35.4 - 17.6 4.2 2.0 2.8 [fl  8.7 [fl  8.9 [f] 3.0 
3 lo00 34.9 ~ 19.4 3.8 2.0 2.7 9.0 9.6 1.5 
4 500 34.3 - 23.5 3.6 2.0 2.9 9.0 9.1 1.6 
5 250 34.5 - 25.8 3.3 2.1 3.7 8.8 9.2 2.5 
6 0 32.9 - 26.9 3.3 2.1 7.3 7.2 9.2 4.2 
7 - lo00 38.8 - 26.5 4.1 1.6 16.3 1 .o 17.0 17.4 

[a] Y = - ~473, - y  = '1. for all entries. i = 540 cm-'. The angle a' is set at 55". [b] J = J, = J,, . [c] Defined as half the energy gap between the ground and first excited 
Kramers doublets of Equation (3). [d] Obtained from magnetic susceptibility of monomer. [el Obtained from EPR data of tetramer. [fl  Calculated in the ground Kramers 
doublet of Equation (3), using spin-Hamiltonian parameters given in the same line. 

of the increase in symmetr of the spin Hamiltonian to cubic for 
6 = 0 and a' = arccos(l/&). This behavior serves as a positive 
check for the calculation routine employed. At this, the magic 
angle, the main principal axes (z'. z''. and z'") of the 4, gi ,  and 
Di tensors (i = 1, 2, 3) are orthogonal as required for cubic 
symmetry (Fig. 6). The deterioration of the R values and the 
reversed order of the g,,, factors computed for 6 < 0  (line 7, 
Table 1, gl l . tc ,>gl , ,c , )  require that 6 > 0  for obtaining accept- 
able solutions. Hence, in the framework of the Hamiltonian 
[Eq. (3)], the observed anisotropy of g,,, can only arise from a 
trigonal distortion of positive sign (6>0), stabilizing a singlet 
orbital ground state, 4A,,  at  the Co" ion. The calculated g,, and 
g, values for both the Co" monomer and the studied tetramer 
invert in magnitude as 6 is varied from positive to negative; this 
provides good support for the conclusion that 6 is positive for 
the Co" in the tetramer. 

The D,,, values lie in a narrow range 9-11 cm-', slightly 
below the EPR value estimated for this quantity from the overly 
simple Equation (2). The optimized values for the intrinsic zero- 
field parameter of the Co"' ions in the tetramer (0233- 
38 cm- ') closely match the number deduced from the magnetic 
data for the monomeric Co"' species. Furthermore, Table 1 
shows that the values for the Co"' monomeric and tetrameric 
values for g, almost match. However, the g,, values of the 
tetramer are on the high side of the monomeric value, and we 
consider this the most troubling feature of our model. Different 
causes for the discrepancy in the g ,, values can be considered: i) 
distortions of the 1 a ions in the assembly of the tetranuclear ion, 
ii) neglect of the temperature-independent paramagnetism of 
the Co"' sites in the treatment of the tetramer, iii) neglect of 
anisotropic exchange, and iv) limitations of the spin Hamiltoni- 
an [Eq. (3)] in describing the magnetic properties of the mole- 
cule. The results of fits performed at  the limits of the allowed 
range for the effective spin-orbit coupling constant show that 
the optimized parameter values d o  not significantly differ from 
the numbers found in the middle of the range. Finally, the ex- 
change-coupling constants J obtained have a ferromagnetic sign 
and lie in the range -22k5  cm-'. 

We now return to  discuss the calculation of the temperature- 
dependence of the EPR intensity employing the optimal set of 
spin-Hamiltonian parameters deduced from variable-tempera- 
ture magnetic susceptibility data of the tetranuclear compound. 
The agreement with the experimental data is far from ideal (see 
Curve B in Fig. 10). In order to analyze the discrepancy, we 
present a number of energy-level diagrams (Fig. 12): 
a) Diagram a shows the zero-field splittings in octahedral sym- 

metry, that is, calculated with 6 = 0 and a' = arccosl/l/5. 
The levels appear as doublets ( E  and E )  and quartets (V), 
where the symmetry labels refer to irreducible representa- 
tions of the double group O*. 
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Fig. 12. Energy level diagrams (m- ') showing the eigenvalues of the Hamiltonian 
[Eq. (3)] (Diag. a. b. and c) and of the axial zero-field Hamiltonian [Eq. (3)] (Di- 
ag.d).  Values used: d = O ,  J = - 2 3 . 5 m - '  (Diaga);  6 = 5 0 0 c m - ' ,  
J = - 23.5 cm-' (Diag. b); 6 = 500cm-',  J = - 500cm-' (Diag. c); the remain- 
ing parameters are taken as Y = 225 cm-',  D = 34.3 cm-'.  a' = arccosl/l/5. 
D,-, =14.2 cm-'  (Diag. d). Degeneracy and expectation value, (5'). of the states 
are indicated in parentheses. Diagram a is obtained in 0, symmetry, and Dia- 
grams b, c, and din D ,  symmetry. The broken lines in Diagram c indicate the energy 
eigenvalues of the Hamiltonian [Eq. (l)] as obtained in the states 1 9 / ' ;  M), 
M = f '1, and f '/', using a value of D,,, that is equal to half the splitting between 
the ground and first excited state. The ground-state energies are taken as the zero 
point of the energy scale. 

b) Diagram b shows a trigonal distortion induced by crystal- 
field splitting (6 +O), which removes the degeneracies of the 
Y states; this results in a level scheme consisting of single 
Kramers doublets. The parameter values used in the calcula- 
tion of Diagram b are obtained from a fit of the magnetic 
susceptibility data (line 4, Table 1). Figure 12 also presents 
the expectation values of the square of the total spin opera- 
tor, (s2) ,  evaluated in the states indicated. The expectation 
values deviate significantly from the values for the pure spin 
numbers, S ( S  + 1) (where S = '/,, '/,, . . .). in the cases of 
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weak exchange (Diag. a b) and indicate strong spin- 
state mixing induced by the v and D terms in the Hamil- 
tonian. 

c) Diagram c presents the energy levels calculated by setting 
IJI + D. The exchange interactions give rise to large energy 
separations between the almost pure spin multiplets, 
which are far too few in number at low energy to fit the steep 
decay of the EPR intensity at T>14 K (Fig. 10). This 
indicates that J cannot be much larger than the determined 
value. 

d) Diagram d depicts the relative energies of the zero-field split- 
ting Hamiltonian [Eq. (3)] adopting for D,,, the value ob- 
tained from fitting of the variable-temperature EPR data 

A comparison of the Diagrams a, b, and d reveals that the 
density of states in Diagram d is unrealistically low. The density 
of states has an important impact on the temperature-depen- 
dence of the EPR intensity, owing to depopulation of the reso- 
nant ground doublet with temperature. As can be seen from 
Curve B in Figure 10, the temperature variation of the EPR 
intensity calculated on the basis of the crowded level scheme 
(Diag. b) parallels the steep decay observed in the experimental 
data more closely than does Curve A obtained for the sparse 
level scheme (Diag. d). However, the temperature range with 
constant intensity (T< 8 K) obtained with Diagram b is narrow- 
er than that observed ( T e  13 K); this suggests that the energy 
gap between the ground state and first excited state, evaluated 
with the optimal parameters given in Table 1, is smaller than the 
actual splitting. The lack of agreement is somewhat mitigated if 
one takes into consideration that the Hamiltonian [Eq. (3)] de- 
scribes the energies of 324 states on the basis of only five inde- 
pendent parameters: 6, D, J ,  g,, , a n d g  I (y is fixed as described). 
Thus, it is to be expected that a fit of the magnetic susceptibility 
data will be insensitive to  individual splittings because it requires 
a global agreement with experiment over a broad temperature 
range. A simple model for the temperature-dependence of the 
EPR intensity, accounting for a high density of states, is given 
by Equation (8), where El is the energy of the first excited state 

[Eq. (211 ' 

I,T = c/(l + e-E,/kr + 10e-E,/kr) (8) 

and E, the energy of an effective, 10-fold degenerate state repre- 
senting the next ten excited levels (Diag. b). As can be seen from 
Curve C of Figure 10, good agreement with experiment is found 
for El = 35 and E, = 60 cm-'. This result suggests that the 
energy gap between the ground state and the first excited state 
is about twice as large as the splitting calculated from the sus- 
ceptibility data. The EPR and the magnetic analyses agree in the 
fact that the number of low-lying states needs to be larger than 
in Diagram d in order to interpret the data. 

Discussion of spin-Hamiltonian parameters: The ferromagnetic 
exchange interaction observed in 3 raises questions concerning 
the underlying coupling mechanism. As the Co"' and Co" ions 
are separated by 3 A, the exchange coupling is expected to be 
ligand-mediated. Strong superexchange pathways require con- 
siderable overlap among magnetic orbitals on neighboring ions. 
We have seen that by far the strongest interaction between the 
Co"' ions and the bridging oxygen donors is with the Co"' B,  
orbital; in principle, this orbital is best able to participate in 
ligand-mediated exchange coupling. However, as noted above, 
the Co"' B,  orbital is high in energy and empty. We suggest this 
ligand-determined bonding effect eliminates antiferromagnetic 
exchange in 3, while leaving open the possibility of ligand-medi- 

ated enhancement of ferromagnetic coupling by a Goode- 
nough -Kanamori process. 

If this analysis is correct, the electronic structure of any mag- 
netic ion M, that is not a d9 ion also should be distorted by 
[ K ~ - P A C * ] ~ -  to eliminate strong antiferromagnetic superex- 
change with any second metal M, in the contiguous site, provid- 
ing that [ti4-PAC*I4- is bound in a planar configuration and 
that any additional axial ligands are not also very strong o 
donors. Therefore, dominant ferromagnetic exchange might be- 
come a general property for these systems. It is of interest to 
note that, not only can the B ,  orbital be isolated in energy 
by using [ti4-PAC*I4-, but our experience with a family of 
related ligands shows that the metal B ,  energy can be tuned 
over a considerable energy range by manipulation of the 
peripheral structure of the ligand.[2'1 This opens the possibility 
of adjusting the B ,  orbital energy to maximize the ferro- 
magnetic exchange interaction through ligand design, while 
leaving the structural features of the bridging network minimal- 
ly disturbed. 

The expression given by Goodenough1201 for the ferromag- 
netic exchange-coupling constant 5, derived from the interac- 
tion between a half-filled orbital and an empty orbital centered 
at  two interacting paramagnetic sites, essentially reads 
J F z  -PZJintra/U2 (not including the local spin factors). The 
parameters figuring in this expression are the interionic transfer 
integral P, connecting the half-filled orbital and the empty or- 
bital, an intraatomic exchange integral Jinlrs, and the energy 
needed for transferring the electron U .  In the Co"-Co"' moi- 
eties of the molecule, U is expected to depend linearly on the 
energy of the B ,  level a t  the Co"' site, according to 
U = c + E ( B , ) .  Consequently, ligand-induced changes in 
E ( B , )  will modify the magnitude of JF. The strongest ferromag- 
netic interactions should arise for B ,  level energies just above 
the pairing limit, below which the Goodenough mechanism 
would break down as the ground-state spin of Co"' would be- 
come high. Alternatively, stabilization of the B ,  orbital might 
convert the Co"' to a more conventional, strong axial Lewis acid 
such that it would bind additional ligands and become a typical 
low spin Co"' ion. However, it should be borne in mind 
that predictions for the value of JF based on ligand control of U 
may be blurred by changes in P produced by the ligand modifi- 
cations. These considerations suggest many novel investiga- 
tions. 

As noted above, the structural as well as the magnetic data of 
the tetranuclear compound reveal a trigonal distortion in the 
octahedral coordination sphere of the central Co" ion, that is, 
the 0-Co"-0 angles (71") are distorted from the octahedral val- 
ue (90"), and the distortion parameter 6, occurring in the spin 
Hamiltonian [Eq. (3)], is found to be positive. The angle @ be- 
tween the C,  axis and the Co"-O bonds is 60°, that is, 5.3" 
greater than the value pertaining to octahedral symmetry. A 
detailed crystal-field analysis of the relation between 6 and 6 has 
been given by Gerloch and Quested.'331 The study shows that 
the @-dependence of both the magnitude and sign of 6 may 
drastically change depending on the value adopted for the sec- 
ond-order crystal-field radial parameter, C,. Gerloch and 
Quested concluded from single-crystal studies of the magnetic 
properties in a series of monomeric Co" compounds with slight- 
ly "squashed" octahedral coordination (@> 54.7") that the or- 
bital ground state of the Co" ion is doubly degenerate ( 6 ~ 0 )  in 
these systems. With the same crystal-field parameters suggested 
by these authors, notably a large value for C,, the theoretical 
relationship between 6 and @ also would predict a negative 6 
value at the Co" center of the tetranuclear system. However, the 
present study reveals that in the tetranuclear compound the 
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inverse relationship between 6 and 0 seems to hold, that is, 6 is 
clearly positive in a squashed octahedral environment. The orig- 
in of this discrepancy calls for further analysis. We suggest it 
might result from the weakness of the crystal field at Co" in the 
tetranuclear complex 3. 

Conclusion 

In this report, we have described the synthesis, characterization, 
and magnetic properties of the salt [PPh,] 3. The system exhibits 
moderate intramolecular ferromagnetic exchange coupling. 
Analysis of the magnetic properties leads us to suggest a ligand- 
based approach for controlling exchange pathways. Planar 
strongly a-donating chelates of the [~~-PAC*]~-- type  isolate at 
high energy one d orbital of any metal ion coordinated in the 
tetradentate site; for any ion other than a d9 ion, this d orbital 
will be empty and is likely to be the most important d orbital for 
superexchange interactions with a second metal ion coordinated 
at the bidentate alkoxide donor site. It is unavailable for antifer- 
romagnetic exchange coupling, but it can enhance ferromagnet- 
ic exchange coupling by overlap with a magnetic orbital of the 
metal in the bidentate site. 

Importantly, if the analysis is correct, the observed ferromag- 
netic exchange coupling in 3 would owe its origin to the under- 
lying bonding properties of [K~-PAC*]~- to just the Co"' ions. 
The geometry and electronic structure are imposed by the [ K ~ -  
PAC*I4- ligand on the Co"' ion and on other metal ions in 
oxidation states for which the square-planar geometry is rarely 
if ever observed. But the design approach might not be limited 
to planar tetradentate M, ions: the isolation at high energy of 
the important orbital for superexchange is achieved with strong- 
ly a-donating [~~-PAC*]~-- type  complexes when axial ligands 
are also present giving five- and six-coordinate geometries.I2'l 
The suggested approach might help to expand practical thinking 
about the control of exchange coupling to include the bonding 
properties of total chelating ligand complements as control ele- 
ments. This is also appealing because one has to think only 
about the bonding at a single metal ion of an interacting pair or 
group to conceive of controlling the exchange interactions. It is 
important to recognize that studies of related systems should be 
undertaken to further test the proposed approach.r4t1 

Magnetic susceptibility data: The magnetic susceptibility measurements were per- 
formed on a Quantum Design SQUID MPMG at the University of Colorado at 
Boulder. The data were collected in the range of 5-350 K for powdered microcrys- 
talline samples of [PPh,]3 at two measuring fields (0.1 and 1 T )  and [PPhJla at 
0.1 T. Data for microcrystalline IpPh,p were also collected in frozen nujol at 0.1 T 
and were found not to differ from the data for the unsuspended sample. The two 
separate field data sets differ insignificantly and fitting procedures were focused on 
the 0.1 T data. Diamagnetic corrections were applied based on Pascal's constants. 

Synthesis of IPPh,p: To an orange solution of [PPh,]l a [22] (150 mg, 0.1 mmol) in 
CH,CI, (SO mL) was added Co(BF,),.6H,O (2 equiv, 11 mg. 0.03 mmol), and the 
mixture was stirred (24 h). The red solution was filtered through Celite and the 
CH,CI, removed under vacuum. Benzene (40 mL) was added to the solid residue, 
and the solution evaporated slowly (60°C. 12 h) to give red crystals: Yield 11 mg 
(25%. the first crop was collected at low yield to assist in attaining high purity). 
Larger samples were prepared for magnetic studies by scaling the procedure. 
'HNMR (300MHz. CDCI,): d =17.5 (s. 18H), 10.7 (s. 18H). -18.9 (s, 18H), 
-45.6 (s. 18H). IR (Nujol): Y [cm-'1 = 1707, 1642. UVIVis (CH,CI,): i., [nm] ( E  

in W'cm-')  = 236 (3100). 316 (1600). 346 (1 500) .  474 (2100). Anal. calcd for 
C,,H,,P(C,,H,,N20,Co),Co: C, 54.80; H. 6.13; N. 5.56; P, 2.05. Found: C. 
54.85; H, 6.10; N. 5.64;  P. 2.31. 

CrystaUographic measuremeots: Single crystals of [PPh,p at 20 f 1 "C are or- 
thorhombic. space group Pbca-D:: (No. 61). with a = 20.741 (4), b = 24.489(6). 
c = 29.340(5) A. V = 14903(6) A'. and Z = 8 (dc.,.d = 1.348 gcm-'; p.(Mo,J = 
0.96 mm-'). A total of 10286 independent reflections having ZO(Mo,,)<45.8" (the 
equivalent of 0.6 limiting Cu,. spheres) were collected at room temperature on a 
computer-controlled autodiffractometer using full (1.2O-wide) w scans and 
graphite-monochromated Mo,. radiation. The structure was solved by direct meth- 
ods with the Nicole1 SHELXTL software package as modified at Crystalytics Com- 
pany. The resulting structural parameters have been refined to convergence 
[R,(unweighted, based on F) = 0.057 for 391 1 independent reflections having 
2B(Mo,3 <45.8" and I >  3u(1)] by using counter-weighted cascade block-diagonal 
least-squares techniques and a structural model that incorporated anisotropic ther- 
mal parameters for all nonhydrogen atoms of the anion and for the P atom of the 
cation, and isotropic thermal parameters for the phenyl carbons of the cation and 
for all hydrogen atoms. The six carbon atoms and five hydrogen atoms for each of 
the four independent phenyl groups of the cation were refined as rigid groups with 
idealized planar geometry. Nineteen of the twenty-four methyl groups of the anion 
were included in the refinement as idealized sp' rigid rotors. The five remaining 
methyl groups could not be satisfactorily refined as rigid rotors (presumably be- 
cause of disorder in the contiguous C 8 - 0 3  groups), and were therefore included 
in the structure factor calculations with idealized staggered configurations. Two of 
the 1 a ligands are disordered in the solid state with two alternate positions (54146% 
for the first and 70/30% for the second ligand) for the C 8 - 0 3  group. The lower- 
percent positions are indicated by primes in Figure 2. Further details of the crystal 
structure investigation may be obtained from the Director of the Cambridge Crys- 
tallographic Datacentre, 12 Union Road, GB-CambridgeCB2 lEZ(UK), on quot- 
ing the full journal citation. 
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Experimental Procedure 

Materink and methods: All solvents and reagents were reagent grade and were used 
as received. Infrared spectra were obtained on a Mattson Galaxy Series SOW FTlR 
spectrometer. UV/Vis spectra were obtained on a Perkin-Elmer Lambda Array 
3840. Conventional X-Band EPR spectra were recorded in derivative mode on a 
Bruker ER300 spectrometer equipped with an Oxford ESR-900 helium flow 
cryostat. A variable-temperature study was conducted to obtain an estimate of the 
molecular zero-field splitting based on an / ,T  vs. T plot, where I, is the intensity 
calculated by double integration of the EPR signal. An internal S = standard, 
for which I,Tis independent of temperature, was employed to calibrate the temper- 
ature and to estimate the error in /,. A noncoordinating Cu" standard, [Cu(TPP)] 
(TPP = 5.10,15.20-tetraphenylporphinare), was chosen to minimize disruption of 
the tetranuclear cobait complex. and it was found that [Cu(TPP)] does not perturb 
the EPR spectrum of 3 at workable concentrations. The mean value of the raw 
[Cu(TPP)] data, taken over the temperature range considered (5 I T< 27 K). defines 
the base line relative to which the temperature variation of the I,T was plotted for 
the tetramer. A margin of error in the I,Tvalues, arising from inaccuracies in both 
the temperature measurement and the double integration procedure. was defined as 
the standard deviation of the distribution of the 1,T values measured around the 
[Cu(TPP)] baseline. This same error margin was adopted for the data for compound 
3. 'H NMR spectra were measured at 300 MHz on an IBM NR/300 FT-NMR 
spectrometer. 'H NMR chemical shifts are reported in d (ppm vs. (CH,),Si) with 
the solvent as an internal standard. Microanalyses were performed by Midwest 
Microlabs. 
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