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It has been suggested for a long time that the exchange interaction between chromium(II1) and nickel(I1) ions, with both in 
octahedral surroundings, might be ferromagnetic. This would arise from the orthogonality of the three tD orbitals occupied by 
the unpaired electrons of Cr(II1) and the two e8 orbitals occupied by the unpaired electrons of Ni(I1). The first compound with 
Cr(II1)-Ni(I1) interactions has been synthesized. This compound is {Cr[(ox)Ni(Me,-[ 14]ane-N4)]3)(C104)3 (CrNi3), where ox 
is the oxalato bridge C202- and Me6-[ 14]ane-N4 is (f)-5,7,7,12,14,14-hexamethyl-1,4,8,1 I-tetraazacyclotetradecane. Spectroscopic 
data together with chemical analysis have indicated that a central Cr(II1) ion is linked to three Ni(I1) ions through oxalato bridges. 
The magnetic susceptibility, studied in the 1.3-300 K temperature range, has confirmed that the Cr(II1)-Ni(I1) interactions were 
actually ferromagnetic so that the ground spin state of CrNi, is S = Sc, + 3SNi = 9/2. The magnetic data have been interpreted 
quantitatively. The interaction parameter J(7f  = -J&SNi) has been found to be equal to 5.3 c d .  The magnetization, measured 
in the C-6 X IO4 G field range, has confirmed the spin multiplicity of the ground state. The orbital mechanism of the Cr(II1)-Ni(I1) 
interaction has been discussed. 

Introduction 

In the last few years, a great  deal of effort has been devoted 
to the design of high-spin molecules. Several strategies have been 
proposed along this line. O n e  of them consists of imposing a 
ferromagnetic interaction between nearest neighbor magnetic 
centers owing to the strict orthogonality of the magnetic orbitals.' 
T h e  classical example of such a situation is provided by the 
C ~ V 0 ( f s a ) ~ e n C H ~ 0 H  dinuclear compound exhibiting a spin- 
triplet ground state stabilized by ca. 120 cm-' with respect to the 
spin-singlet excited state.2 A recent ab initio calculation confirms 
that the cornerstone of the ferromagnetic interaction observed in 
CuVO(fsa)2en.CH30H is actually the orthogonality of the two 
magnetic orbitals centered on the copper and vanadium atoms, 
re~pec t ive ly .~  T h e  stabilization of the state of highest spin 
multiplicity due to  the orthogonality has also been observed in 
a copper(I1)-chromium(II1) compound4 and in several metal 
ion-organic radical speciess7 as well as in some organic diradicals.* 

To our knowledge, it was mentioned for the first time by 
Ginsberg in 1971 that  the interaction in the  pair chromium- 
(111)-nickel(I1) might be expected to be ferr~magnetic.~ Indeed, 
Cr(II1) in  octahedral surroundings has three unpaired electrons 
occupying the  three low-lying tlg orbitals and Ni(II) ,  also in 
octahedral surroundings, has two unpaired electrons occupying 
the two eg high-lying orbitals. At  this time, Ginsberg wrote "a 
complex for testing this prediction has not yet been reported and 
it is well worth seeking." To be complete, we must specify that  
Ginsberg had in mind a complex consisting of two octahedra 
sharing a corner, e.g. [L5CrONiL5I3+ with a 180' Cr-0-Ni 
linkage. The  overall symmetry is then C2,, assuming tha t  the 
ligand L is spherical. T h e  tzg orbitals of Cr(II1) transform as a2 
+ b l  + b2 and the eg orbitals of Ni(I1) as  2a l .  For any pair of 
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interacting magnetic orbitals, the  strict orthogonality is obeyed 
and the interaction should be ferromagnetic. For two octahedra 
sharing an edge, Ginsberg suggested that the interaction should 
be antiferromagnetic. 

In the framework of our program on the high-spin molecules 
and the molecular-based ferromagnets,I0-" we have attempted for 
some time to synthesize a compound with Cr(II1)-Ni(I1) inter- 
actions. In this paper, we report on the first compound of this 
kind, namely {Cr[(ox)Ni(Me6- [ 1 4]ane-N4)]3)(C104)3, hereafter 
abbreviated as CrNi3, where ox is the oxalato bridge C2042- and 
Me6- [ 14lane-N4 is (f)-5,7,7,12,14,14-hexamethyl-1,4,8,11 -tet- 
raazacyclotetradecane. We successively describe the synthesis, 
the spectroscopic characterization, and the magnetic properties 
of this compound. We will show that CrNi3 has a S = 9/2  ground 
spin state, arising from the ferromagnetic nature of the  
C r (  111)-Ni( 11) interactions. 

Experimental Section 
Syntheses. [Ni(Me6- [ 1 4lane-N4)] (C104)2'2 and K3[Cr(~~)3] -3H2013 

were synthesized as previously described. CrNi3 was obtained as follows: 
lo-' mol of [Ni(Me,-[14]ane-N4)](c104)2 was dissolved in 30 mL of a 
50/50 mixture of acetonitrile and methanol. The solution was violet. 
One then added dropwise 10 mL of an aqueous solution containing 0.33 
X mol of K3[Cr(ox)3]-3H20. After 30 min, CrNi3 precipitated as 
a light gray-blue polycrystalline powder. The precipitate was washed 
with water and methanol, and dried under vacuo. 

Anal. Calcd for C54H108N12024C13CrNi3: C, 39.45; H, 6.62; N, 10.22; 
CI, 6.47; Cr, 3.16; Ni, 10.71. Found: C, 39.13; H, 6.70; N, 9.99; C1, 
6.14; Cr, 3.18; Ni, 10.51. 

{ [Ni(Me6- [ 14]ane-N4)]2(ox))(C104)2, for which the electronic spec- 
trum has been compared to that of CrNi3, was obtained as follows: 
mol of [Ni(Me6-[14]ane-N4)](clo4)2 was dissolved in 20 mL of a 50/50 
acetonitrile-water mixture. One then added IO-) mol of sodium oxalate 
dissolved in 20 mL of warm water. The solution immediately became 
blue. The acetonitrile was gently evaporated under vacuo at room tem- 
perature, and the expected compound precipitated as a blue polycrys- 
talline powder. 

Anal. Calcd for C34H72N8012C12Ni2: C, 41.95; H, 7.46; N, 1 1.5 1; 
C!, 7.28. Found: C, 41.91; H, 7.40; N, 11.70; C1, 7.27. 

Magnetic Measurements. In the 4.2-270 K temperature range, these 
were carried out with a Faraday-type magnetometer equipped with a 
helium continuous-flow cryostat. HgCo(NCS), was used as a suscep- 
tibility standard. Diamagnetic correction was taken as -670 X IO" cm3 
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Figure 1. Schematic representation of the tetranuclear cation in CrNi3. 
For the sake of clarity, the macrocycles bound to the Ni(I1) ions have 
not been represented. 

Table I. Frequencies ( I O 3  cm-') of the Electronic Transitions 
Observed in K3[Cr(ox)J (l), { [Ni(Me6-[ 14]ane-N4)]2(ox))(C104)2 
(2), and {Cr[ (OX)Ni(Me6- [ 1 4lane-N4)] 3](C104)3 (CrNi3) 

10 26 CrNiqb 
Cr: 4A2 - 2E + 2T2 14.4 14.4 - 4T1 24.0 23.9 
Ni: 3A2 - 3T2 10.4 10.7 - 'E 15.7 15.6 - 3T1 17.2 17.5' - 3T1(F) 27.2 27.8 

- 4T2 17.7 17.5' 

a In aqueous solution. In a 50/50 acetonitrile-methanol solution. 
cThe two transitions 4A2(Cr) - 4T2(Cr) and 3A2(Ni) - 3Tl(Ni) are 
merged. 

mol-'. In the 1.23-4.2 K temperature range, the data were obtained with 
a mutual inductance bridge. Magnetization data were recorded with a 
laboratory-made apparatus working according to the extraction method. 

Electronic Spectra. They were recorded with a Cary 2300 spectrom- 
eter in solution at room temperature. 

Spectroscopic Properties 
CrNi3 is synthesized according to the scheme 

In spite of our endeavors, we have not been able to grow single 
crystals suitable for X-ray diffraction. However, the spectroscopic 
data together with the chemical analysis and the magnetic 
properties (see below) indicates unambiguously that the structure 
of the tetranuclear cation is as drawn in Figure 1. A central 
Cr(II1) ion in an octahedral environment is linked to three Ni(I1) 
ions through oxalato bridges. Each Ni(I1) ion achieves an hex- 
acoordination with the terminal macrocycle. Me6- [ 14]ane-N4 is 
known to give a folded tetracoordination in the presence of a 
bidentate anion.12 The infrared spectrum shows the bands 
characteristic of the bridging oxalato ligand ( v c a  = 1675 cm-' 
and voca = 805 cm-') as well as those of the Me6-[ 14lane-N4 
ligand. ([Ni(Me6-[ 14]ane-N4)]2(ox))(C104)2 also exhibits an 
infrared spectrum typical of an oxalato-bridged nickel(I1) dinuclear 
complex similar to that reported by Hendrickson and co-~orkers .~~ 
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Figure 2. Electronic spectrum of CrNi3 in solution in a 50/50 aceto- 
nitrile-methanol mixture. 
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Figure 3. Experimental (A) and calculated (-) temperature depen- 
dences of xMT for CrNi3. 

The electronic spectrum of CrNi3 in a 50/50 acetonitrile- 
methanol solution is given in Figure 2 with the assignments of 
the transitions. The frequencies are gathered in Table I and 
compared to those of K3[Cr(ox),] and { [Ni(Me6-[ 141ane- 
N4)]2(~~))(C104)2 This spectrum shows the two sets of transitions 
associated with the chromium(II1) and the nickel(I1) ions, re- 
spectively. The first set is almost unchanged with respect to the 
spectrum of K3[Cr(ox)3],1s and the latter is also very similar to 
the spectrum of the compound ([Ni(Me6-[ 14]ane-N4)]2(~~))- 
(C1OJ2 where the Ni(I1) ion has the same surroundings as in 
CrNi,. The spin-forbidden transitions are not enhanced,13 in 
contrast with what has been observed in other coupled hetero- 
polymetallic systems with the same type of bis-bidentate bridges.16 
Magnetic Susceptibility and Magnetization 

The molar magnetic susceptibility xM of CrNi3 was investigated 
in the 1.3 < T/K < 270 temperature range, and the results are 
shown in Figure 3 in the form of an XMTversus T plot. At 270 
K, x M T  is equal to 5.52 cm3 mol-' K, which corresponds to what 
is expected for one Cr(II1) ion and three Ni(II1) ions magnetically 
isolated. When the compound is cooled, x M T  increases in a 
continuous fashion down to ca. 6 K and then reaches a plateau 
or a broad maximum with xMT = 11.3 (1) cm3 mol-' K. Below 
2 K, x M T  seems to decrease very slightly and is equal to 10.9 cm3 
mol-' K at 1.23 K. This x M T  versus T plot clearly shows that 
the Cr(II1)-Ni(I1) interactions are -ferromagnetic so that the 
ground state has the spin S = 9 / 2 .  The value of the maximum 

(14) Duggan, D. M.; Barefield, E. K.; Hendrickson, D. N. Znorg. Chem. 
1973, 12, 985. 

(15) Jmgensen, C. K. Acta Chem. Scand. 1954,8, 1502. 
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Figure 4. Low-lying spin states in CrNi,. 

of x M T  is close to what is expected for a S = 9 / 2  ground state 
in the temperature range where only this state is thermally pop- 
ulated. Indeed, in this temperature range, we should have 

XMT = 33NP2g9/z.32/4k (1) 

gg/2,3 is the Zeeman factor associated with this ground state, and 
the other symbols have their usual meaning. 

To fit qualitatively the magnetic data, we first derived the 
theoretical expression of the magnetic susceptibility xM arising 
from the spin Hamiltonian: 

7f = -JScr(SNi, + S N i 2  + S ~ i 3 )  + D[S: - ( 1  /3)S(S + 
1)6S,9/26S’,3 + P[gCJCr + gNi(SNil + SNi2 -k SNi3)IH (2) 

with 

s’= S N i l  + S N i 2  + S N i 3  s = s’+ S C r  (3) 

In (2), we take into account an axial zero-field splitting within 
the ground state, the corresponding parameter being D. (2) is 
valid only if 101 is much weaker than 14. Otherwise, it is necessary 
to introduce the Ni(I1) local anisotropy as well as anisotropic and 
antisymmetric exchange terms in the spin Hamiltonian.] 
Moreover, the local g factors gcr and g N i  are assumed to be 
isotropic. The g factors gs,s associated with the spin states are 
easily calculated by using well-known algebra.I7-l9 The low-lying 
spin states in zero field deduced from (2) are represented in Figure 
4 where each state is indicated by an arrow, the length of which 
is equal to its spin. The parameters were calculated by minimizing 
R defined as 

R = ~ [ ( X M T ) ” ’  - ( X M T ) ‘ a ’ 1 ] 2 / ~ [ ( X M ~ o b b ” l Z  

and found as J = 4.5 cm-’, gcr = 2.10, gNi = 2.14, and D = 1.1 
X which does not 
correspond to an excellent agreement. Moreover, several other 
sets of slightly different values of the parameters lead to almost 
equal R values. In a second attempt, we neglected the zero-field 
splitting, which in any case is found to be very small as compared 
to J ,  and we assumed that weak intermolecular interactions could 
affect the experimental data. To account for these interactions, 
we used the molecular field exchange model as shown in (4) where 

(4) 

The R factor is then equal to 5 X 

X’M = x M / (  1 - ZJ’A) 

x ’ ~  is the corrected magnetic susceptibility actually measured and 

(17) Chao, C. C. J .  Magn. Reson. 1973, 10, 1 .  
(18) Scaringe, R. P.; Hodgson, D.; Hatfield, W. E. Mol. Phvs. 1978, 35, 701. 
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Figure 5. Magnetization M versus magnetic field H plots for CrNi,: (A) 
experimental data; (-) calculated curve for a S = ’/* state with a g 
factor equal to 1.97; (- -) calculated curve for a chromium(II1) ion with 
Scr = 3 / 2  and three nickel(I1) ions with SNi = 1 uncoupled plotted with 
gcr = gNi  = 1.97. 

zJ’the product of the molecular field exchange constant by the 
number of interacting nearest neighbors. xM is given by 

with 
x = -J/2kT 

A is deduced from ( 5 )  by replacing all the gs,s, factors by one. 
In (5), the second-order Zeeman terms proportional to (gcr -gNJ2 
have been neglected. We have checked that the total magnitude 
of these additional terms with the local g values mentioned below 
is weaker than the experimental uncertainty on xMT, i.e. about 
0.05 cm3 mol-’ K. The parameters were found as J = 5.3 cm-I, 
gcr = 2.05, g N i  = 2.17, and zJ’ = -0.079 cm-’. R is then equal 
to 5 X Le. 1 order of magnitude better than before. As is 
generally true in the case of ferromagnetic interaction, the un- 
certainty on J may be rather large, of the order of 1 cm-l. The 
sign of the Cr(II1)-Ni(I1) exchange parameter, on the other hand, 
is unambiguous. 

In order to confirm that CrNi3 has a S = 9/2  ground state, we 
measured the molar magnetization M up to 6 X lo4 G at 4.2 K. 
The results shown in Figure 5 follow reasonably well the theoretical 
expression20 

= Ng9/2,3PSBb) (6) 

with 

in which B b )  is the Brilloin function. The best agreement is 
obtained for g9/2,3 = 1.97. The saturation magnetization Ms is 
estimated as 4.8 X lo4 cm3 mol-’ G. It must be pointed out that 
the value of M s  alone does not indicate that the ground state of 
CrNi, is S = 9/2. In the absence of Cr(II1)-Ni(I1) interaction, 
Ms would be equal to NP(3gNi + 3gcr/2), which is almost identical 
with the value expected for a S = 9 / 2  state. However, the 
magnetization versus field plots are very different according to 
whether the Cr(II1) and Ni(I1) ions are ferromagnetically coupled 

(19) Gatteschi, D.; Bencini, A. In  Magneto-Structural Correlations in Ex-  
change Coupled Systems; Willett, R. D., Gatteschi, D., Kahn, O., Eds.; 
D. Reidel: Dordrecht, The Netherlands, 1985; p 241. (20) Carlin, R. L. Magnetochemistry; Springer-Verlag: Berlin, 1986. 
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Figure 6. Schematic representation of the magnetic orbitals centered on 
the Cr(I1I) ion and the Ni(I1) ions in CrNi,. 

or not coupled. This difference is emphasized in Figure 5 .  
Discussion and Conclusion 

We want first to turn back to the symmetry considerations and 
to analyze the nature of the magnetic orbitals involved in the 
Cr(II1)-Ni(I1) interactions within CrNi,. 

J in (2) refers to a Cr(II1)-Ni(I1) pair. Therefore, it is justified 
to consider the symmetry of the Cr(ox)Ni bridging network, close 
to C,, instead of the overall symmetry of CrNi,, close to C3". In 
this C2, symmetry, the unpaired electrons of Cr(II1) occupy or- 
bitals transforming as a, + a2 + b2 and those of Ni(I1) orbitals 
transforming as a,  + b,. These orbitals are shown in Figure 6. 
J may be written as a sum of J,,'s contributions involving pairs 
of interacting orbitals as1 

= y3(Jalal + Jalbl + Ja2al + Ja2bl + Jb2al + Jb2bl) (8) 

In (8), all the J,,'s are positive, since they involve orthogonal 
orbitals, except Jalal. This contribution, however, may be expected 
to be rather small. Indeed, the al(z2) orbital centered on nickel 
is weakly delocalized in the plane of the oxalato bridge. Among 
the positive contributions, J a l b l  is certainly the most important 

since the a ,  orbital centered on chromium and the bl orbital 
centered on nickel are both situated in the plane of the bridging 
network and may efficiently interact. It can be noticed here that 
the interaction between Cu(1I) and V02+ ions through the oxalato 
ligand in (tmen)Cu(ox)VO(ox) with tmen = N,N,N',N'-tetra- 
methylethylenediamine also involves orthogonal b, and a, magnetic 
orbitals.21 The interaction parameter J ,  however, has been found 
to be almost negligible ( J  < 1 cm-I). The more efficient character 
of the ferromagnetic exchange pathway in CrNi, could be due 
to the fact that the a l  magnetic orbital around Cr(I1I) would be 
more delocalized toward the oxygen atoms of the bridge than the 
a, magnetic orbital of V02+. Indeed, Cr(II1) is certainly located 
in the plane of the oxalato bridge whereas the V(IV) ion is pulled 
out of this plane toward the oxygen atom of the vanadyl group. 

To conclude, we recall that one of our goals is to design mo- 
lecular-based ferromagnets.10*" Our strategy along this line 
consists of synthesizing high-spin molecules or chains and then 
assembling them in a ferromagnetic fashion within the crystal 
lattice. To obtain high-spin molecules, we are exploring two 
different approaches. The former is the achieving of ferromagnetic 
interactions due to the orthogonality of the magnetic orbitals. 
CrNi3 provides a spectacular example of the possibilities of this 
approach. A S = 9/2 ground state, if no longer ~ n i q u e , ~ ~ " ~  is still 
quite unusual. The latter strategy consists of polarizing high 
peripheral spins due to antiferromagnetic interactions with a small 
central spin. We have attempted to apply this approach by using 
manganese(I1) instead of nickel(I1) in the synthesis process in 
order to obtain CrMn3. Since the Cr(II1)-Mn(I1) interaction is 
expected to be antiferromagr~etic,'-~ the ground state of CrMn, 
would be characterized by the spin S = 3SMn - Scr = 6. Un- 
fortunately, we have not yet succeeded in synthesizing such a 
compound. 
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An ab  initio MO study has been carried out on R ~ C I ( A S H ~ ) ~ ( C O , )  and the isolobal adduct (NH3)(C0,). Although RhCI(As- 
H3)4(C02) has a pseudooctahedral structure with a 4d8 electron configuration, the most stable state is calculated to be a singlet. 
This result agrees well with the experimentally reported diamagnetism. The reactivity of carbon dioxide for electrophilic attack 
is predicted to be much more enhanced in R ~ C I ( A S H ~ ) ~ ( C O ~ )  than in (NH3)(C02), which is rationalized in terms of the coordinate 
bonding nature of carbon dioxide. The coordinate bond of C 0 2  to R ~ C I ( A S H ~ ) ~  is described by three-orbital mixing of Rh dz2 
and C 0 2  a and a* orbitals; the main interaction is a charge transfer from the Rh d,z to the C 0 2  K* orbital, into which the C02 
a orbital mixes in an antibonding fashion with the Rh dz2 orbital. This orbital mixing accumulates the electron population on 
the 0 atom of C 0 2 ,  raises the C 0 2  a and nonbonding a orbital energies, and increases the 0 pr contribution in the HOMO. All 
of these results enhance the reactivity of C 0 2  with electrophiles. 

Introduction 
There has been much current interest in the fixation of carbon 

dioxide into organic substances.2 During the last decade, intensive 

(1) (a) Kumamoto University. (b) Institute for Molecular Science. 
(2) For example, (a) Sneeden, R. P. A. Comprehensive Organometallic 

Chemistry; Wilkinson, G., Ed.; Pergamon Press: Oxford, England, 
1982; Vol. 8. (b) Palmer, D. A,; Van Eldik, R. Chem. Reu. 1983, 83, 
651. (c) Darensbourg, D. J.; Kudaroski, R. A. Adu. Orgunomet. Chem. 
1983, 22, 129. 
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efforts have been devoted to the preparation and the character- 
ization of transition-metal carbon dioxide comple~es ,~- '~  because 

(3) (a) Floriani, C.; Fachinetti, G. J .  Chem. Soc., Chem. Commun. 1974, 
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1978, 100, 7405. (c) Gambarotta, S.; Arena, F.; Floriani, C.; Zanazzi, 
P. F.; Ibid. 1982, 104, 5082. 
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1977, 24, L49. (c) J .  Chem. SOC., Dalton Trans. 1977, 708.  
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