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124.0 (s, CsMes), 96.9 (1, J = 122 Hz, TaCHCHCH,CH,), 44.2 (t,

J =125 Hz, TaCHCHCH,), 12.3 (q, J = 128 Hz, CsMe;).

Collection of the X-ray Diffraction Data for Ta(n’-
CsMes) (CqHsC=CC¢H;)Cl,. A well-formed orange parallelepiped
of approximate dimensions 0.20 X 0.20 X 0.19 mm was carefully
wedged into a 0.2-mm diameter thin-walled capillary, which was then
purged with argon, flame-sealed, fixed into an aluminum pin with
beeswax, and mounted into a eucentric goniometer.

The crystal was aligned and data were collected on our Syntex P2,
automated diffractometer with use of methods described previously.!!
Crystal parameters can be found in Table VII.

Solution and Refinement of the Structure. The structure was solved
by using the Syntex XTL system on our in-house NOVA 1200
computer. Scattering factors for neutral atoms were used in their
analytical forms;'? the contributions of all nonhydrogen atoms were
corrected for both the real (Af’) and imaginary (Af ") components
of anomalous dispersion.’?® The function minimized in the least-
squares refinement process was > w(|F,| — |[F¢|)% the weights used
(w) were derived from the stochastic ¢(]F,|) values, modified by an
ignorance factor (p) of 0.015 (see eq 5).

w = [(o(IFD)* + (pIF]™ &)

A Patterson synthesis was used to locate the tantalum atom. A
series of difference-Fourier syntheses, each being phased by an in-
creasing number of atoms, yielded all 26 remaining nonhydrogen
atoms. Hydrogen atoms of the C¢H;C=CCH; ligand were included
in calculated positions, based upon d(C-H) = 0.95 A3 and were

(11) Churchill, M. R.; Lashewycz, R. A ; Rotella, F. J. Inorg. Chem. 1977,
16, 265-271.

(12) “International Tables for X-Ray Crystallography”; Kynoch Press:
Birmingham, England, 1974; Vol. IV: (a) pp 99-101; (b) pp 149-150.

updated as necessary. Full-matrix least-squares refinement led to
final convergence with Rp = 3.3%, R, = 3.1%, and GOF = 1.346
for all 2884 independent reflections (none rejected) with 244 variables.
The discrepancy indices for those 2571 reflections with I > 3¢(I) were
RF = 2.6% and RWF = 3.0%.

A final difference-Fourier synthesis was devoid of significant
features. (The highest peak was of height 0.56 ¢ A=, and there were
indications of the positions of some, but not all, hydrogen atoms
associated with the n°-CsMe; ligand; this aspect was not further
pursued.)

The unsual tests of the residual, S w(|F,| - |Fi[)? vs. |Fy, (sin 8)/X,
sequence number, and identity or parity of the Miller indices, suggested
that the weighting scheme was satisfactory. Final positional and
thermal parameters are collected in Tables II and III.
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The ESR spectra of cobalt(IT)- and copper(II)-doped bis(V,N-bis(2-(diethylamino)ethyl)((2-hydroxyethyl)amino-O)dinickel(II)
diperchlorate ([Ni,(bdhe),](ClO,),) have shown the presence of nickel(II)—cobalt(II) and nickel(II)—copper(II) pairs. For
comparison purposes also the ESR spectra of copper(II)-doped zinc(II) analogue have been recorded. The g values of
the pairs have been related to the g values of the individual ions through a vector coupling relation which has been tested
with use of available literature data. The effect of large zero field splittings of the individual ions has been discussed. The
sign of the interaction has been shown to be antiferromagnetic for the nickel(II)-copper(II) pair, while no safe conclusion

was reached for the nickel(II}—cobalt(II) couple.

Introduction

The spectroscopic and magnetic properties of mixed-tran-
sition-metal complexes are attracting increasing interest,'™’
since they can largely expand the number of experimental data
on exchange interactions and give new information to correlate
the magnetic properties with the structural features of the
complexes.

In general it may be difficult to obtain discrete complexes
containing pairs of different metal ions, but it is easier to obtain
measurable concentrations of such pairs in the lattices of
dinuclear complexes by preparing the compounds starting from

* To whom correspondence should be addressed at the Istituto di Chimica
Generale ed Inorganica dell’Universita.

variable amounts of two parent metal complexes. Magnetic
resonance spectroscopy can then be used in order to reveal the
presence of heterodinuclear complexes.®?
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Figure 1. Polycrystalline powder ESR spectrum (9 GHz) of Cu-doped
[Ni,(bdhe),}(ClO,), at 4.2 K.

In the solid state, ESR spectroscopy can be used to obtain
the spin Hamiltonian parameters of the exchange-coupled
pairs. Their interpretation, however, may be difficult. In
general the g values of the dimer have been related to the g
values of the individual ions.'®!! Although the method can
be fruitful in the case of small zero field splitting,'? we want
to show that, when this condition does not hold, the analysis
may become unsuccessful. Such effects are shown by the ESR
spectra of cobalt(II)-nickel(II) and copper(II)-nickel(II)
exchange-coupled pairs observed in the lattice of bis(V,/N-
bis(2-(diethylamino)ethyl)((2-hydroxyethyl)amino-0))di-
nickel(II) diperchlorate ([Ni,(bdhe),](ClO,),).
Experimental Section

Cobalt(II)- and copper(II)-doped [M,(bdhe),](ClO,), (M = Ni,
Zn) derivatives were prepared as described elsewhere.® Single crystals
suitable for ESR spectra were obtained by slow evaporation of di-
chloromethane—acetone solutions of the above complexes and oriented
on a Perspex rod with the aid of a polarizing microscope.

The crystals of the nickel(1I) derivatives were found to conform
to the reported structure!* by the Weissenberg technique, and the
crystal faces were identified by the same technique.

Single-crystal ESR and ligand field spectra down to 4.2 K were
recorded with the apparatus described elsewhere.!*16

Results

The preparation of the {M,(bdhe),](ClO,), complexes has
been described elsewhere.!* If in the reaction mixture both

(9) Banci, L.; Bencini, A.; Dei, A.; Gatteschi, D. Inorg. Chim. Acta 1979,
36, L419.

(10) Gibson, J. F.; Hall, D. O.; Thornley, J. M. H.; Whately, F. R;
“Magnetic Resonance in Biological Systems”; Ehrenberg, A., Malm-
strom, B., Vanngard, T., Eds.; Pergamon Press: New York.

(11) Owen, J. J. Appl. Phys. 1961, 32, 2135.

(12) Owen, J; Harris, E. A. In “Electron Paramagnetic Resonance”;
Geschwind, S., Ed.; Plenum Press: New York, London, 1972.

(13) Banci, L.; Dei, A. Inorg. Chim. Acta 1980, 39, 37.

(14) Dapporto, P.; Sacconi, L. J. Chem. Soc. A 1970, 681.

(15) Bencini, A.; Gatteschi, D. Inorg. Chem. 1977, 16, 2141.

(16) Bertini, I.; Gatteschi, D.; Scozzafava, A. Inorg. Chem. 1976, 15, 203.
Bencini, A.; Benelli, C.; Gatteschi, D. Ibid. 1978, 17, 3313.
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Figure 2. Angular dependence of the g2 values of Cu-doped [Ni,-
(bdhe),](ClO,), in the three principal crystal planes.

Table 1. Principal g Values and Directions for
[(Ni,Cu), (bdhe), ] (C10,),°

g

2.80 2.03 2.02
I 0.85 -0.52 -0.02
Iy 0.45 0.72 0.53
Iy -0.27 ~0.46 0.84

¢ The direction cosines are referred to the crystal axes.

Table Il. Direction Cosines of the Relevant Bond Directions in
[Ni, (bdhe), ] (CIO,),%

Ni~O(5) Ni=N(1) Ni=-N(2) Ni=N(3) Ni-O(5') Ni-N{’

l; —0.3556 -0.8676 ~0.2683 0.4206 0.7624 0.2601
Iy 0.6417 -0.4749 0.0089 -0.8684 0.6335 0.8147
I 06795 0.1473 -0.9633 0.2626 0.1318 0.5182

¢ The direction cosines are referred to the crystal axes.

M and M’ perchlorate salts (M, M’ = Co, Ni, Cu, Zn) are
added in variable amounts, polycrystalline powders containing
M-M and M-M’ dimers can be obtained. Although no
analytical support of the existence of M—M’ couples can be
achieved, the ESR spectra to be described below give a clear
evidence of their presence.

Since the X-ray crystal structure of the nickel(II) derivative
is available,' crystals of this compound containing both co-
balt(II) and copper(II) in low concentrations were grown. As
suggested by variable-temperature susceptibility data,!® at very
low temperature the nickel(II) lattice must be essentially
diamagnetic so that it is well suited for ESR experiments. In
the following we will use the shorthand notation Ni-M to
indicate the samples in which low concentrations of the metal
M are present in the nickel lattice.

The polycrystalline powder spectrum of the Ni—-Cu sample
recorded at liquid-helium temperature is shown in Figure 1.
It can be interpreted by using a S = !/, spin Hamiltonian,
yielding g, = 2.75 and g, = 2.02. The signal can be observed
only close to 4.2 K. N

Single-crystal spectra were recorded with the static magnetic
field in the three principal planes of the orthorhombic cell. The
spectra confirmed that the observed transitions occur within
one Kramers doublet. The angular dependence of the g2 tensor
is shown in Figure 2. The method by Schonland!” was used
in order to obtain the principal g values and directions. Two
sets of such values are compatible with the orthorhombic cell,'®

(17) Schonland, D. S. Proc. Phys. Soc., London 1959, 73, 788.
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Figure 3. Orientation of the g tensor in the molecular frame for
Cu-doped [Ni,(bdhe),](ClO,),.

Figure 4. Polycrystalline powder ESR spectrum (9 GHz) of Co-doped
[Ni,(bdhe),](ClO,), at 4.2 K.

but one set was rejected since the values did not correspond
to those observed in the powder spectra. The principal g values,
together with the principal directions are shown in Table 1.
The orthorhombic symmetry of the cell determines the pres-
ence of four magnetically nonequivalent sites. The principal
directions of the other three sites can be obtained from those
shown in Table I by using the following relations for the
direction cosines: I, m, n; I, m, n; I, m, fi. In principle each
of these sets can be attributed to each molecule in the unit cell.
However, according to one choice, the g value is reasonably
close to the bond directions which would individuate the
trigonal axis, in the ideal case of two perfect trigonal bipyr-
amids. If the direction cosines of the bond directions shown
in Table II are used, the angle made by g, with Ni-O(5’) and
Ni—-N(1) are calculated to be 26 and 7°, respectively. Figure
3 shows the orientation of the g axes in the molecular frame
according to this choice.

The polycrystalline powder spectrum of the Ni—Co sample
recorded at 4.2 K is shown in Figure 4. Also in this case an
S =1/, spin Hamiltonian seems to be appropriate, yielding
g1 =3.4,g,=0.8, and g; = 0.6. The single-crystal spectra
confirmed that the features seen in the powder spectra are
associated with one transition. The angular dependence of the
g? values is shown in Figure 5, and the principal g values and
directions are given in Table III. According to one choice,
the highest g value is close to the metal-metal direction,
making an angle of 14° with it. Figure 6 shows the orienta-
tions of the g axes in the molecular frame.

For information on the g values of the copper(II) complex,
also the polycrystalline powder spectrum of Zn—Cu samples
was obtained at Q-band frequency and is shown in Figure 7.
The spectra are typical of five-coordinate copper(1l) com-
plexes,'®!? close to the trigonal-bipyramidal limit.2%22 The
spin Hamiltonian parameters are g, = 2.25, g, = 2.16, g; =

(18) Bencini, A.; Gatteschi, D. Transition Met. Chem., in press.

(19) Bencini, A.; Bertini, I.; Gatteschi, D.; Scozzafava, A. Inorg. Chem. 1978,
17, 3194,

(20) Hathaway, B. J.; Billing, D. E. Coord. Chem. Rev. 1970, 5, 147.

(21) Barbucci, R.; Bencini, A .; Gatteschi, D. Inorg. Chem. 1977, 16, 2117.

(22) Bencini, A.; Gatteschi, D. Inorg. Chem. 1977, 16, 1994.
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Figure 5. Angular dependence of the g* values of Co-doped [Ni,-
(bdhe),;](Cl0y), in the three principal crystal planes.

-

Figure 6. Orientation of the g tensor in the molecular frame for
Co-doped [Niy(bdhe),](ClOy),.

———

Figure 7. Polycrystalline powder ESR spectrum (35 GHz) of Cu-
doped [Zn,(bdhe),](ClO,); at 4.2 K.

2.02, 4, =105 X 10*cm™, 4, =50 X 10* cm™, and 4; =
60 X 107 cm™L,

Since the structure of the zinc(II) lattice is now known, no
single-crystal spectra were recorded. However the comparison
with previous literature data suggests that the g; must be close
to the trigonal axis of the bipyramid.

The single-crystal polarized electronic spectra of the pure
nickel(IT) complex were recorded to obtain information on the



Banci et al.

396 Inorganic Chemistry, Vol. 20, No. 2, 1981

€/'a+ ePa="q 8 - "=, I + '3[, =, 8 ‘TROUIOS 3q 0} POIOPISUOD U IARY P PUE ‘7 “'(F ‘S JO Saxe O, *1Xal AU} Ul POULJop ST I0jerodo URTUO) UL oyl 5

15—

1%+

_«\n|

13—

1%

1t

ey

«\.v

e

e

e

«\nv

Aaw ﬁascwx )] ql(,, D)/ 1] Su..«r “p)y/ 260
1 N —A _m M.~| q %3 T + “QAM\WV + NE«:N\.& T - —Ah%_ h%.~+ u.m u.s Q,NA«\ _0\3
[= o P390 /D)~ (g, “5 + *g,, *DAn(gf) —(“g 5 -*g *DIAn(,, 9/1)~ - “2g(*23- "29bn(g/,, D~ —(“g"'“51+ *g'*Hlemy/,, ,7) ot AGEl D
*p—-*pi)( )
(“p + *p(W/ 1) *al((., D)1l + _%\m\"_aM
T T
|~ l<gen g3 =€) = PlTH  + 7D (g R
T
Gmmwgﬁsﬂﬂw_uwwmm“: r— ., *3g8n(z/1) 29C,, 91 — ' Ay i€ D~ + (°g 81— *g *H)8ni(9/,, T —2g(*23 - "zHAri(g/,, D~ + *g *HAn(,, 9/T)
- ! T/
+ [(“g* 45
+*g'%3) - (“g'“3
1
+*g *DAAN, 9/ D= °H(e, 9T+ "FH (1€l D~ PAH UL+ o, AN (, g+, FFEEAN( ,, ©) 2T ei€ + Ao/ i€IT)
° (“p— *pr £gthg,
_ al(., o/ PG + _mm; 4
- QAm\m:NV.H. EN\A«:NE + Mn (‘g *a
+ NMM Nwmaa\:_s: +Xg A9/, , D (;, g1~ ,, TN/, .£) ATl + "3 gz 1) - Core“3g1+ ,, X 27, ¢ + "H,, €/T)
TS oo
_x, «%3!? _aw. 1 )«N:Nm I
N_ g "2 + Qmm\: _.Nv ;: /D A«\mz%zmw
—-*g %3_G1Ao\«\ Q)+ g~ N3m1Am\«mu_an| ¥ € + B (G A 9] A«;awaﬂml «;u.wa.mvmi a-(«+ 2B gAMZ/D + , FFET/, £
j 2
£
Xaglx am_a.
—*4"*5) — (g3 Yr+°a
omﬂt _o\: - —,NAE .m\u\ _Nv - k.m Hs_miA: .O\C 0 omt i€ + .au\_m\: A«\mhwhmul u\mhwhmvmiﬁm\:.mv + :MNMnmﬁlAN\mv
o= Ha e T Gle— Fet = el Gy el Cle el
oA */ 1 =§ ‘T = '§ © 10] XIe UBUOITWERH °A JIqeL
D . e e il “ 0C1 "SOXE [B1SAIO 91f] O] PIIIAJAI OIB SIUISOD UOTIIRIP YL, o
d), Ve« d¢ $T “ " e e €11 . . . 2
i . 6v°0 ¥9°0 65°0— 1
@.«_mﬂ <« A (454 6 160~ 9570 18°0— 9
Ve de TSI e« Je L 6L°0 190 100 o
uornjsue. 2.
‘xews sqe ‘xew sqe 3

suonsuer], p-p oyl o} *(*O1D) [ *(oypq) ‘NI
Jo enoadg stuonoory syl Jo Juswudissy A 9IqEL

p ("OID) [ *(oupq) *(0DIN)]
10J suonoon(] pue sonjeA Fedoulld Il 91qeL



Co(II)- and Cu(II)-Doped [Ni,(bdhe),](CIOy),

KTy -
~ E

Arbitrary scale

A
5 10 15 20 25
Frec:uency,103cr1'1'1

Figure 8. Single-crystal polarized electronic spectra of [Ni,-
(bdhe),](Cl1O,), recorded at 4. 2 K with the radiation incident on the
(010) face: electric vector parallel to a (—) and parallel to ¢ (---).

electronic structure of the host lattice. They were recorded
with the radiation incident orthogonal to the (010) face, with
the electric vector parallel to @ and ¢. They are shown in
Figure 8. The spectra are highly polarized and reveal a great
number of bands. The spectra do not show appreciable var-
iations from room temperature to 4.2 K. For the assignment
it is useful to adopt the D, nomenclature, even if the symmetry
of the complex is lower and the selection rules of that group
are not obeyed. By comparison with similar chromophores, 26
the assignment shown in Table IV is suggested.

Discussion

The analysis of the magnetic properties of exchange-coupled
metal ions can be made by using several different theoretical
tools such as spin Hamiltonian formalism and valence bond,
molecular orbital, and ligand field models. All of these have
several advantages and disadvantages. However the simplest
to be used and the most appropriate for ESR data is the spin
Hamiltonian formalism, which allows one to relate the pa-
rameters observed for the couple to the parameters of the
corresponding single ions. For the case of couples of different
metal ions, a suitable spin Hamiltonian is shown in eq 1.

# = upB-g;S; + ugB-gyS; + S°D-S; + S,D,'S; +
JS['Sz + Sl'D'SZ + d‘Sﬂ(Sz + I]'AI'SI + Iz‘Az‘Sz (1)

The first terms of the spin Hamiltonian (eq 1) are the single
ion Zeeman and zero field splitting terms, and the next three
are the bilinear interaction terms, while the last two are the
single ion hyperfine terms.

When J is the leading term in the spin Hamiltonian (eq 1),
i.e., if it determines a large zero field splitting compared to
that given by D,, D,, D, or d, only the total .S values are good
quantum numbers. With the Wigner—Eckart theorem it was
shown?’ that the spin Hamiltonian parameters in the coupled
representation are related to those of the single ions according
to the relations in eq 2, where g, and D, are the spin Ham-

g =gt g, A, =4, A, = a4

Dc=D/2_C3D/2+C3Dl—C4D/2+C4D2 (2)
iltonian parameters for the couple, A, and A, are the hyperfine
coupling constants of nucleus 1 and 2, respectively, in the
couple, and

(23) Ciampolini, M. Struct. Bonding (Berlin) 1969, 6, 52.

(24) Bertini, L.; Ciampolini, M.; Dapporto, P.; Gatteschi, D. Inorg. Chem.
1972, 11, 2254,

(25) Bertini, L.; Morassi, R.; Sacconi, L. Coord. Chem. Rev. 1973, 11, 343.

(26) Wood, J. Prog. Inorg. Chem. 1972, 16, 228.

(27) Chao, C. C. J. Magn. Reson. 1973, 10, 1.
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=SS+ 1)+ 8(S;+ 1) -85, +1)]/25(S + 1)
=[S+ 1)+ S,(S;,+1)~Si(S; + 1D]/2SS + 1)

o =[1/5QS - DUBISS + 1) + Si(S; +1) -
Sy(Sy+ P =4S + 1)235,(S; + D]/4S + 1) +
S+ 1P =(S -SAS + S+ D) - (S+ D/
(4S + 1)32S + 3))
cs = [1/82S - DUB[S(S + 1) + SxiS, + 1) -
Si(S;+ DP-4(S + 1D2S,(S, + D)/HS+ 1) +
S+ 2= (S =SS + S, + 1) - (S + 1)/
(4S + 1228 + 3)} 3)

It must be stressed here that in the original derivation of
these formulas no explicit mention to their limit of validity
is given, although it is clear that they are correct only if the
conditions mentioned above apply.

These formulas have been used sometimes for the inter-
pretation of the spin Hamiltonian parameters of exchange-
coupled pairs of dissimilar ions, although their validity has
hardly been checked. Recently the ESR spectra of a cop-
per(II)-manganese(II) pair in the lattice of dichloroaquo-
(pyridine N-oxide)copper(II) has been reported,”® and the g
values of the coupled S = 2 state have been found to be smaller
than 2, a result which was felt to be surprising. Now the above
system is especially well suited to check the validity of formulas
2 and 3, since the g and A values of the copper(II) single ion
can be estimated by the values observed in the copper(II)-
zinc(II) couple® and the g value of the manganese(II) ion can
be safely assumed to be isotropic and equal to 2. Further the
zero field splitting of the manganese(II) ion must be small,
and the estimated separation of the S = 3 and S = 2 states
is at least 250 cm™. %8

For eq 3, with S; = !/,, S, =3/,,and S = 2, the g values
in the coupled state are given by eq 4.

& = 7/6gMn - 1/(SgCu (4)

Equation 4 explains quite simply the g values smaller than
the spin-only value. With the g¢, values previously reported,
the values g, = 1.95, g., = 1.99, and g, = 1.99 are obtained,
in excellent agreement with the experimental data g; = 1.952,
g, = 1.991, and g, = 1.986.

As far as the hyperfine interaction is concerned, the formulas
in eq 3 demand that Ay, in the couple is 74y, /6 of the single
ion, while Ag, is —!/s that of the single ion. Since A4 in the
copper(II)~zinc(II) pair was found to be 139 X 10~ cm™,?
the agreement with the reported value?® of 23 X 10 cm™ is
perfect. No data are available for the manganese(II)-zinc(II)
pair, but the manganese(II) hyperfine coupling constant of
76 X 10~ cm™! reported for a MnO,Cl; chromophore,* which
is rather similar to the MnO,Cl, one present in this complex,
suggests a value of 4 = 89 X 10~* cm™ in the couple, again
in excellent agreement with the value of 90 X 10™* cm™! re-
ported for the copper(II)-manganese(II) couple.?® "

For the present [M,(bdhe),](ClO,), complexes the situation
does not seem to be so favorable. The symmetry of the com-
plex is very low, and the zero field splitting of the nickel(II)
and cobalt(II) ions in principle is not neglectable.'® For the
Ni—Cu couple we have S; = 1/,, S, =1,and S =3/, and !/,.
The g values for the S = !/, state are related to those of the
single ions according to eq 5.

& = 4/SgNi - 1/3gC\1 (5)

(28) Krost, D. A.; McPherson, G. L. J. Am. Chem. Soc. 1978, 100, 987.

(29) After this manuscript was submitted, we became aware of a new paper
by McPherson et al.¥ where the same conclusions are reached through
a slightly different approach.

(30) Paulson, J. A.; Krost, D. A.; McPherson, G. L.; Rogus, R. D.; Atwood,
J. L. Inorg. Chem., in press.
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Figure 9. Energy level diagram for a monomeric unit possessing the
geometrical features of [Niy(bdhe),}(ClO,),. The angular overlap
parameters are ¢,(0) = 3500, ¢,(Ni) = 4200, e,(N)(N;) = 3700,
and e, =0 cm™..

For eq 5 to be used correctly the principal g directions of
the single ions and of the pair should be known. The g of the
pair is found to be very close to the “trigonal” axis of an
idealized trigonal bipyramid. If the ESR spectra of the Zn—Cu
complex are used as an estimate of the g values of the single
copper(II) ion, it must be concluded that the unpaired electron
is in an essentially d,: orbital, z being the trigonal axis. It
seems reasonable therefore to assume that at least the g, axis
is the same for the single copper(II) ion and the Ni-Cu couple.
With eq 5, the corresponding values of the nickel(II) single
ion are calculated as g, = 2.61 and g, = 2.06-2.09. These
values should be compared to the average g = 2.40 calculated
from the magnetic susceptibility data.!?

In a perfect trigonal-bipyramidal environment the ground
state of a nickel(II) ion should be *E’,? and the g values for
the ground doublet should be g; = 8 and g, = 0.% However,
in the present case the symmetry is far from Ds;, and it must
be expected that the orbital degeneracy is removed. The
single-crystal polarized electronic spectra of the pure [Ni,-
(bdhe),](Cl0O,), complex show a marked splitting of the first
band which should be attributed to the E’ — 3E” transition
in Dy, symmetry. Further the close similarity of the room
temperature and 4 K spectra suggests that there are not levels
appreciably populated at room temperature. Finally it must
be mentioned that the selection rules do not conform to those
of Dj, symmetry.

Sample calculations using the angular overlap model®
suggest that the order of the levels for a MN;0, chromophore,
possessing the geometry of the present dimer, is as shown in
Figure 9. The highest orbital can be described as essentially
22 in nature, in agreement with the ESR data of the Cu-Zn
complex, and the next two levels, which would be degenerate
in pure Dy, symmetry and should correspond to xy and x? -
y* orbitals, are largely split, confirming that the nickel(II)
complex can be considered as orbitally nondegenerate.

The g values calculated above for the nickel ion show that
a very large orbital contribution to the g value might be
brought about by the near degeneracy of the ground level.
However there is also the possibility that the g values suffer
the influence of the zero field splitting of the nickel(II) ion.
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The complete Hamiltonian matrix for the S, = 1/,, §, = 1
couple is given in Table V. The two blocks along the diagonal
corresponding to the S = 3/, and § = !/, states are in
agreement with the eq 2 and 3. However, there are off-di-
agonal elements between S = !/, and S = 3/, states involving
the zero field splitting of the nickel(II) ion. It is easy to verify
that the g values of the S = 1/, state are affected by the D,
value. Therefore the estimated g values for the nickel(II) ion
are affected by an error which depends on the J/D, ratio. The
major conclusion which may be reached from the analysis of
the ESR spectra of the Ni~Cu pair is that the coupling must
be antiferromagnetic. This must be determined by the in-
teraction of the z? orbitals, which, as shown by the data for
the pure copper(II) dimer,'? is antiferromagnetic, and that
between the z? orbital of copper(II) and the xy (or x? - y?)
orbital of nickel(II). Since the latter are not in close contact,
although orthogonal, they are not expected to give a large
ferromagnetic interaction,>* thus justifying the observed an-
tiferromagnetism.

The ESR spectra of the Ni—Co couple are more puzzling.
Since S; = 1 and S, = ¥/,, the possible S states are S = 5/,,
3/,,and '/,. The observed spectra appear to be due to tran-
sitions within one Kramers doublet, but this in principle might
belong to each of the three S states. No other transition could
be detected, leaving therefore the problem open about the state
to which the Kramers doublet belongs. If the assumption is
made that JS,-S; is the leading term in the spin Hamiltonian,
then either S =3/, or § = !/, can be the ground level. The
effective g values do not conform to those usually found for
a S = 3/, spin system split in zero field.'"®** On the other hand
the effective g values cannot be reconciled with a S = !/, state.
The g values for a trigonal-bipyramidal cobalt(II) complex
must be close to 2,% since the ground state is *A,, i.e., orbitally
nondegenerate. A support to this view comes also from the
available ESR'®37 and magnetic susceptibility data.’® Even
if the g values of the nickel(II) complex obtained above are
used, it is not possible to justify the g values observed in the
Ni~Co pair. On the other hand the observed g values also do
not correspond to those expected for a S = 3/, system split
largely at zero field,!® ruling out the possibility of assigning
the spectra to some high-spin cobalt(II) impurity. Also pre-
liminary results on Co—Zn complex confirm that the g values
of a single cobalt(II) ion are different.

It must be concluded that in this case the zero field splittings
of both the ions are presumably large, and their effect may
be that of making the order of the levels largely different from
that predicted on the assumption of large J. Therefore for the
Ni-Co pair it is not possible to obtain any meaningful in-
formation on the nature of the magnetic coupling on the basis
only of these data.
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