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Summary 

Magnetic susceptibilities have been measured in the temperature range 113- 
370 K for the dimeric compounds tetra-fi-carboxylatobis[n-cyclopentadienylva- 
nadium(III)] for R = methyl, phenyl and furanyl groups. The S = 1 vanadium(II1) 
ions are exchange coupled with coupling constants of -227, -197, and -185 
cm-‘, respectively. The corresponding biquadratic coupling constants are 17, 34, 
and 36.5 &n-l, respectively. The EPR spectra also reflect the exchange coupling.- 

Introduction 

Many polynuclear transition metal complexes formed with bridging carboxy- 
late groups have been foutid to exhibit very interesting magnetic properties due 
to exchange interactions between the metal centers. Although several different 
metal systems have been studied, the most extensive characterization has been 
given to copper complexes [l] . The well known d&e& complex copper ace- 
tate monohydrate Cu2Ac4 - 2H20 is the most prominate example [Z] . The large 
exchange Znteraction found in C&Ace - 2H,O has been attributed to both direct 
exchange by weak copper--Copper bonding and to superexchange via the acetate 
bridges. The relatively short copper--copper separation [S] of 2.614 A does not 
rule out the former premise. 

Recently, the preparation and magnetic moments for a series of vanadium(III) 
carboxylate complexes of the typ-e [CpV(OOCR)2]2 (Cp = rr-cyclopentadiene) 
were reported [4]. Here R can be a variety of substitutional groups, both aliphat- 
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ic and aromatic. The crystal and molecular structures of two of the members of 
this %!ries have he&u &terrn&BZ?d [5,6]_ The ~&ruc.tural in_Wstig&ious reW?al. the 
complexes to be dimeric with the Vu1 ions bridged by four carboxylate groups. 
The vanadium-vanadium separation was found to be -3.7 A which precludes 
any vanadium-vanadium bonding. However, the subnormal magnetic moments 
exhibited by these complexes are suggestive of substantial interactions between 
the vanadium centers. 

In order to characterize fully the nature and magnitude of the i&?ra&tions 
present in these systems, we have undertaken magnetic susceptibility and elec- 
tron paramagnetic resonance studies of three members of this series. The results 
of our investigations for R = CHB, C6H5, and C4H30 are reported herein. 

Experimental I 

The [CpV(OOCR)& complexes were prepared as previously reported [43. 
The magnetic susceptibilities of the complexes, in the temperature range 

77-375 K, were measured by the Faraday method [7], using a Cahn electrobal- 
ante equipped with a digital voltmeter. A sample of Hg[Co(SCN)4] was used to 
calibrate the balance [S] . The data were corrected for the diamagnetism of the 
constituent atoms using Pascal’s constants [9]. 

EPR spectra of powdered samples were recorded at 4.2, 77, and 295 K 
with a Varian 4502 spectrometer. Spectra were also recorded, in the tempera- 
ture range loo-295 K, with a JEOL-ME-3X spectrometer equipped with a JES 
VT-3 temperature controller. All spectra were obtained with X-band microwave 
frequencies and 100 kHz magnetic field modulation. The spectra shown corre- 
spond to a microwave frequency of 9.39 GHz. A Magnion 502 Precision Gauss- 
meter and a Hewlett-Packard 5245L frequency counter were used to calibrate 
the magnetic field strengths and microwave frequencies. All temperature mea- 
surements were made with a calibrated Ga/As diode. 

Results 

The magnetic susceptibility data collected for the three complexes are 
given in Table 1. The magnetic data are displayed as the effective magnetic mo- 
ment, peff(= 2.83[xmT] I’*). The temperature variation of peff for the benzoate 
complex is shown in Fig. 1 along with some calculated curves (vide post). The 
temperature dependence of p, seen in Fig. 1 is representative of all three com- 
plexes . 

The 295 K EPR spectrum of the benzoate complex is shown in Fig. 2. As 
seen from Fig. 2, a very broad and intense resonance is centered at -3400 G 
with distinct shoulders on either side of the central peak. This absorption spans 
the 2500-4200 G region of the spectrum. Resonances are also found at -1700 G 
and -1100 G. The 295,162, and 100 K spectra of the acetate complex are 
shown in Fig. 3. These spectra are very sim&~ to the benzoate complex although 
the total width of the resonances are slightly smaller. The spectra of the furan 
complex are also similar to Figs. 2 and 3. However, the rescnance widths are .~ _ 
more n&row t&an the acetate compIek and the shouiders are barely resoived. 
The tempekdure dependence of the full-field spectra of the acetate and furan 
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R = C4H30 R=CH3 R = c635 

T <K) Peff <B-M-> T W> fi’eff <B.M.) T <K) peff <B.M.) 

190 1.14 
231 1.32 
25jo 1.93 
273 1.54 
296 1.63 
297 1.64 
305 1.67 

315 1.70 
325 1.74 
335 1.78 
345 1.81 
355 1.85 
365 1.87 

375 1.91 

113 0.62 
190 1.05 

223 X.26 
273 1.46 
296 1.56 
301 1.58 
305 1.60 
310 1.63 
315 1.64 
325 1.68 
335 1.71 
346 1.74 
356 1.76 

113 0.57 
154 0.81 

s-5 I-06 
228 1.25 
250 1.38 
273 1.51 
296 1.59 
296 1.56 
305 1.63 
315 1.67 
325 1.71 
335 1.75 
345 1.78 

355 1.81 
365 1.84 

0 

Fig. I. The temperature variation of the effective moment for the beruoate complex. The solid curves 

were generated with eqn. 6 <see text). 
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Fig. 2.T3e 295K EPRspeetrumof thebenzoatecomPlex.Thespectrumcon-espon&toa microwave 

frequency of 9.39 GHz. 
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Fig. 3. The temperature dependence of the full-field EPR spectrum of the acetate complex. 

analogs are very similar. At 77 K, the spectra resemble the 100 K trace seen in 
Fig. 3. At this temperature the partial resolution of additional structure is ob- 
served. The full-field 77 K spectrum of the benzoate analog reveals a host of re- 
sonance lines which appear to result from a small amount of paramagnetic im- 
purity which supports superhyperfine structure. A monomeric vanadyl (S= l/2) 
species is suspected to be the impurity. This supposition is supported by the 
4.2 K spectrum which reveals 8 intense hyperfine lines with additional superhy- 
per-fine structure. The additional lines observed at 77 K are absent as well as the 
half-field resonances. 

The halffield 77 K spectra of the acetate and benzoate complexes are 
shown in Fig. 4a and 4b, respectively. The corresponding spectrum of the furan 
complex is identical to the benzoate spectrum. The half-field spectra of the ace- 
tate complex, in the 111-162 K temperature range, are shown in Fig. 5. The 
temperature dependence of these spectra is representative of all the complexes_ 

Discussion 

The magnetic proper-t+ described above can be understood by considering 
the V’n pairs to be exchange coupled according to the spin Hamiltonian (eqn. 1): 

B=*+BV--~ 01 

.- v.$ere theI!?! (i =‘1,2) describe the magnetic interactions of the single ions of 
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Fig. 4. The experimental and calculated spectra of the [C~V<OOCR)ZI 2 complks: (a) the acetate complex 
and <b) the benzozte complex. The spectra were recorded at 77 K with v = 9.39 GHz. 
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the pair and Hss accounts for the interactions between the single ions. The single 
ion Hamiltonians have the form shown in eqn. 2 [lo] 

H’ = psi - $ . g + g . A’ - p + @[3(&Q* + $S’(S’ + l)] + E’[(Si)Z - (Q’] (2) = 
where the terms have their usual meanings. The Hamiltonian given in eqn. 3 is 
usually sufficient [lo-121 to account for the p airwise interaction between the 
single ions. 

p=Si-De. (3) - = 
s’- Jgi as’-_i(_s’-59’ 

In eqn. 3, the W-tensor accounts for the dipolar and anisotropic exchange inter- 
actions between the ions while J and j represent the bilinear and biquadratic iso- 
tiopic exchange parameters, respectively. In order to analyze the observed magnet- 
ic properties of the complexes, it is convenient to transform the Hamiltonian 
(eqn. 1) into the total spin representation S = S’ + Sj as given [11,12] by eqn. 4. 

H=flS -g-H+ (1/2)S - (A’-Iii-A’ -I’) +D[S;-$S(S+ l)] - =- - = = 

+ E(S:-s;) - (J/2)[s(s+1)-ss’(s’+1)-s~(s’+1)] - 

- (j/4)[s(S+l) -S’(S’+l) -sj(sj+l)]2 (4) 

Here the zero-field term D is composed of both single ion D’ and g’” contribu- 
tions as given by eq% 5 [ 123 _ 

= 

D=3+D=+&Di (5) 

whereok=~S(S+1)+4Si(Si+1) andp =35(5+1)-3--_4s’(s’+1) 
2 (2S-1)(2S+3) ’ (2S-1)(2S+3) - 

Here, D’ is defined as (3/2)0:. The rhombic term E is given by similar expressions; 
however, this term is expected to be very small and will be neglected here. More- 
over, the polycrystalline data are probably not sufficient to evaluate this term if 
present. The l&near isotropic exchange interaction in eqn. 4 leads to total spin 
states with S = 0,l and 2 for the S’ = Si = 1 vanadium(II1) (3d*) case. The ener- 
gies E, of the singlet, triplet, and quintet states are 0, -J, and -3J, respectively. 
The biquadratic interaction shifts the levels to give: E,-, = 0; E, = -J + 3j, E2 = 
-3J + 3j, where we have assigned the zero of energy to the singlet state. By neg- 
lecting the fine and hyperfine ter_ms in eqn. 4 and assuming a Boltzmann distribu- 
tion for the thermal population of the states, the magnetic susceptibility of the 
vanadium(II1) pairs (per V”’ ion) is given by eqn. 6. 

N?V* 
XIIl’- 

5 + exp(--ZT/kT) 
kT 5 + 3exp(--W/kT) + exp[(-+J+ 3j)/kT] (6) 

The curves shown in Fig. 1 represent the best least squares fit of the effective 
moment calculated from eqn. 6 to the observed moments. The dashed curve re- 
presents the best fit in the absence of biquadratic exchange while the full curve 
depicts the best fit including the biquadratic term. The least squares routine used 
for the fitting minimizes the function: F = Z(&&- ~,.&*/Z~,,,, as the criterion for 
the best fit. In order to limit the number of parameters to be determined, the EPR 
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g-values (see below) were used for the fitting. The exchange parameters derived 
from eqn. 6 are given in Table 2. 

The relatively large exchange parameters indicated by the bulk magnetic 
data are consistent with the observed EPR spectra. The temperature dependence 
of the spectra canalso be understood in terms of a Boltzmann distribution for 
the population of the states. The densities ps of the thermally populated excited 
states are given by eqn. 7. 

ps = PO& exp(--E,lW 

where p. = [l + Zg, exp(-EJkT] -l. 

(7) 

Here, ps represemk the triplet or quintet densities, pa is the ground state density, 
and g, is the degeneracy of the state S. For an exchange parameter of 250 cm-’ 
the triplet state is -44% populated and the quintet state is -6.3% at ambient 
temperatures. At 77 K, -3% of the ion pairs are in triplet states while the quin- 
tet state is infinitesima.Uy populated. Therefore, according to eqn. 7, at 295 K 
observation of resonances within the multipletk of both magnetic states are pos- 
sible, however, at 77 K only transitions of the triplet state can be observed. 

For the present systems (see Fig. l), it is likely that the full-field spectra 
measured at 295 K are due to the AMs = 1 transitions of both magnetic states. 
Similarly, the half-field absorption could contain the AM, = 2 transitions of both 
states while the third-field absorption is due to the Ai& = 3 transitions within 
the quintet state only. Since the spectra observed at 77 K arise from the transi- 
tions within the S = 1 multiplet only, these spectra may be used to derive the 
magnetic parameters of the triplet state; these parameters may then be related 
to the other parameters of the Hamiltonian. In the determination of the triplet 
state parameters, the half-field spectra are the most useful since the hyperfine 
structure is well resolved. The computer simulations of these spectra are shown 
in Fig. 4a’ and 4b’. The simulations assume that all of the interactions have the 
same coordinate systems and accounts for the powder average of the spectra 
[13,14]. The parameters derived from the simulations are listed in Table 3. The 
hyperfine interaction was found to be isotropic within the sensitivity of mea- 
surement. Although, the g-values and hyperfine coupling constants derived from 
the half-field spectra are thought to be reasonably accurate, a large uncertainty 
is associated with the value of D since the A& = 2 transitions are somewhat in- 
sensitive to the zero-field splitting. 

By using eqn. 5 to evaluate the zero-field parameters of the different multi- 
plets and using eqn. 4 to generate the spectra, both the triplet and quintet reso- 
nances would be observed in the 2500-4500 G region for a single ion zero-field 

TABLE 2 

EXCHANGE PARAMETERS FOR [CPV(OOCR)~]~ 

i=O i =# 0 

R Kcm-‘1 F<X 104) J(cm-‘) i(cm-‘) F(X 104) i/J \ 

CH3 -255 9.5 -227 -17 3.6 0.076 

C6H5 -252 34 -197 34 5.2 0.172 

C.@xO -235 11 -185 36.5 1.1 0.197 



TABLE 3 

TRIPLET ST_4TE EPR PARAMETERS FOR CCpV<OOR)212 

R g# 0.01) gxye 0.01) A<* 5)(X 104, D<t 0.005) 
(cm-‘) <cmel) 

‘==3 2.00 1.95 80 (5) 0.05 
c6HS 1.97 1.99 80 (5) 0.04 

C4H30 1.97 1.99 80 (51 0.04 

splitting of -0.05 cm-‘. Here we have assumed a dipolar-only value for De, based 
on the V”’ -VI” separation [ 51, of 0.055 cm? _ These parameters are consistent 
with the half-field simulations. 

The temperature dependence of the spectra seen in Figs. 3 and 5 is consis- 
tent with the state densities given by eqn. 7. Most notably, the Ai& = 3 transi- 
tions which arise from population of the quintet state are absent in the lower 
temperature spectra. Also, as seen from Fig. 5, as the temperature increases the 
hyperfine lines broaden and finally are not resolved at -162 K. This observation 
is consistent with a simple dipalar interaction which increases with increased 
density of the magnetic states. 

The X-ray crystal structure investigation I-53 of the furan complex has re- 
vealed the dimeric structure shown in Fig. 6 where R = C4Hs0. The compound 
crystallizes in a monoclinic space group with either C2/c or Cc symmetry with 
four dimeric units per cell. The vanadium pairs are bridged by four carboxylate 
groups with the fifth coordination site occupied by a cyclopentadiene ring. The 
vanadium-vanadium separation is 3.63 A tith a mean V-O bond length of 2.04 
A. The mean V-O-C-O-V- bridge length is 6.53 A [ 51. An additional mem- 
ber of this series (R = CF3) has been characterized [6] by X-ray methods and is 
structurally similar to the furan complex. In view of the similar magnetic proper- 
ties of this series, the acetate and benzoate complexes are assumed to be dimer- 
ic with the molecular structures indicated in Fig. 6. 

The relatively large exchange interactions observed for these complexes are 
comparable to the interactions found in the structurally similar copper(D) car- 
boxylate systems. For the copper(I1) systems, a number R-groups have been 
used (primarily aliphatic) where the fifth coordination site is occupied by water 
or an amine. The Cu-0 bond lengths are in the 1.92-2.03 A range and the total 
bridge length is typically -6-45 A [l]. The most obvious structural distinction 
to be made between the copper and vanadium systems is the different metal- 
metal separations; the copper-copper separations being in the 2.58-2.75 A range. 
Despite the much greater vanadium-vanadium separations, which definitely pre- 
clude incipient bond formation, the observed magnetism of both systems is sim- 
ilar- The singlet-triplet energy separations for the copper(I1) complexes are in 
the 250-550 cm-’ range while for the present systems this energy difference is in 
the 235-255 cm-’ range (in the absence of biquadratic exchange). This apparent 
decrease in exchange energy is accompanied by a 0.1 A increase in total bridge 
length. Of course, a quantitative comparison of the two systems is impossible 
since different orbitals are involved in the magnetic interaction. 

The comparison of the copper and vanadium systems as well as the evalua- 
tion of substituent effects within-the vanadium series is hindered by the biquad- 
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Fig. 6. The xmlecular structure of the [c!pV(OOCR)212 complexes (adapted from ref. 6). 

ratic exchange interaction- As seen from Fig. 1 and Table 2, the biquadratic 
term definitely improves the theoretical fit to the experimental data although 
seemingly very large biquadratic parameters were required. The values for j de- 
rived for the present systems may be compared to biquadratic parameters de- 
rived for chromium(III)-chromium(III) pairs. The ratios j/J for the present sys- 
tems range from 0.075 to 0.197. The corresponding ratios for p-hydroxybis- 
[pentaminechromium(III j] [ 151, di-p-hydroxybis[ glycinatochromium(III)] 
US], and the Crul-Crul pairs doped into Mg&O, 1171 are 0.11, 0.10, and 
0.075, respectively. For the chromium complexes, however, both exchange pa- 
rameters are much smaller in magnitude. 

Recent theoretical work has shown that the best rationale for the biquad- 
ratic term is not intrinsic higher order exchange-only, but that the physical 
source of biquadratic term is manifested in exchange striction [lS] . The ex- 
change striction arises from the dependence of the bilinear exchange on the 
interspin distance which differs for differing total spin states and a balance be- 
tween the elastic and exchange forces is achieved. Lines has shown [lS] that 
the effects of exchange striction results in a slight temperature dependence of 
the bilinear parameter tid produces a biquadratic term. The biquadratic param- 
eter is approximated [17,19] as: 

j = f [(aJ/ar)icJ 2 (8) 
where r-is the equilibrium interspin distance and c the elastic stiffness compo- 
nent along the direction of r. As seen from eqn. 8, the biquadratic term is not 
independent of the bilinear term. This is consistent with the data in Table 2 as 
welI as the increase in j/J of the vanadium systems over the chromium complexes. 
However, it should be noted that our treatment did not consider the tempera- 
ture dependence of the bilinear term and, therefore, the actual values for the bi- 
quadratic parameters are not necessarily reliable since J and j are highly corre- 
lated. 

FinalIy, we note that the magnetic properties observed for vanadium corn- 
plexes are very similar to the copper acetate analog [ZO J CuZAc4 - pyz (pyz = pyr- 
&zine) which consists of Cu2Ac4 dimeric units bridged by the pyz rings. The 
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Cu,Ac4pyz complex has a singlet-triplet separation of 325 cm-’ and an intedi- 
mer interaction of -1100 G. The character&tic 7 line hyperfine interaction, 
which shows a temperature dependence similar to Fig. 5, was not exchange aver- 
aged by the interpair interaction because of significant exchange striction forces 
WI - 
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