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% [obs] = transient observed; X = unknown trace impurity.
Note that reaction with N, is much more important than with X
under our conditions.

the technique of flash photolysis with infrared detection has
become. Notably in the case of Cr(CO)sN,, a detailed in-
frared study in room-temperature solution (q.v.) can now be
directly compared with low-temperature work>® (see Table
I). The opportunity for such a comparison is rarely possible.
There is clearly a scope for a wide range of applications of
solution flash photolysis with infrared detection.!’

The unique use of the specifically monolabeled compound
Cr(CO)s(1*CO), the synthesis of which has recently been
accomplished in our laboratory,'? proved valuable in the in-
terpretation of the infrared spectrum of Cr(CO)sN,. More
extensive 1*CO isotopic studies of Cr(CO); species using this
compound should now also be possible.
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(17) Other obvious and important targets of flash photolysis with infrared
detection are thermally equilibrated excited states. The short lifetimes
and, in the case of other than metal carbonyl compounds, considerably
weaker absorptions demand improvements in sensitivity and time reso-
lution such as are in preparation, including pulsed laser excitation and
laser diode infrared sources. An interesting alternative to our approach,
albeit restricted as yet to the long nanosecond to microsecond time scale,
has recently been presented. The pulsed continuum infrared radiation
of a laser-produced plasma is used as an extraordinarily powerful source
(Adamson, A. W.; Cimolino, M. C. J. Phys. Chem. 1984, 88, 488). We
thank Professor Adamson for the communication prior to publication.
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Heterobimetallic systems are particularly interesting in the
theory of exchange interactions. They provide the possibility

Figure 1, Perspective view of [CuNi], with the x and y molecular
axes (from ref 8).

of comparing spin-Hamiltonian parameters for each pair state
with the local parameters associated with the single-ion ground
states.> 71!

To obtain all the expected information, it is necessary to
have at one’s disposal the pure material for the magnetic
susceptibility study and a host material doped with the coupled
system for the observation of hyperfine structure in the EPR
spectrum. To our knowledge, till now, these two conditions
were not fulfilled for any heterobimetallic system. The host
lattice must present two characteristics: to be isostructural
with the pure material and to be EPR silent in the temperature
range where the spectra are recorded. We had previously
investigated the complex CuNi(fsa),en(H,0),-H,0, noted
[CuNi], where (fsa),en* is the bichelating ligand derived from
the Schiff base 1,2-bis[(2-hydroxy-3-carboxybenzylidene)-
amino]ethane.® Magnetic and EPR properties were compared
to those of the isostructural [CuMg] and [NiNi] complexes,
in which only one of the two metal ions is paramagnetic. We
determined the energy gap —3J/2 = 213 cm™ between the
doublet and quartet states arising from the antiferromagnetic
coupling. We found quite a satisfying agreement between the
observed g values of the ground doublet state of [CuNi] and
those calculated from the g values of the noncoupled [CuMg]
and [NiNi] compounds.

Since we worked with pure materials, we were not able to
carry out the same investigation for the hyperfine tensors.
However, [CuNi] is potentially a good candidate for checking
the validity of similar relations between pair and local hy-
perfine parameters. Such an investigation became possible
when we realized that [CuCo] was an ideal host lattice for
this purpose. [CuCo],? [CuNi], and [CuMg],'® have identical
trigonal structures with three molecules per unit cell. The
structure of one of these compounds, namely [CuNi], is re-
called in Figure 1, with the in-plane x and y molecular axes.
The z molecular axis is collinear with the ¢ trigonal axis.
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Figure 2. EPR spectra along the k; and k, directions. The peaks
associated with [CuMg] are indicated by dashed arrows and those
associated with [CuNi] by full arrows.

Cu(11) occupies the inside site with a strict planar surrounding;
the other metal ion occupies the outside site with a pseu-
dooctahedral coordination. The molecular symmetry is very
close to C,,. In [CuCol, the heterobimetallic units pile up
clockwise along the unique axis of the trigonal lattice (space
group P3,). In [CuNi] and [CuMg], they pile up counter-
clockwise (space group P3;).} [CuCo] is EPR transparent at
any temperature in the range 4.2-300 K.

Experimental Section

All the data presented here were first obtained on unintentionally
Mg- and Ni-doped crystals of CuCo(fsa),en(H,0),H,O prepared
as previously described.® A first hint of the presence of EPR-active
heterobinuclear impurities was obtained through the observation of
a rather complex powder EPR spectrum at 4.2 K. A complete sin-
gle-crystal study was then performed by using a Bruker ER 200 D
spectrometer equipped with an Oxford Instruments continuous-flow
cryostat, a Hall probe, and a Hewlett-Packard frequency meter. The
single crystal, a rhombohedron, was mounted on a Perspex rod and
rotated around the three orthogonal axes k;, k,, and k, (see Figure
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Figure 3. Angular dependence of the X-band EPR spectra in three
orthogonal planes for [CuCo] doped with Ni and Mg, at 10 K. The
full and dashed curves are visual aids connecting the [CuNi] and
[CuMg] experimental points, respectively. k; lies in the ab plane and
is parallel to a y molecular axis (as defined in ref 8); k; lies 17° from
c and 73° from the ab plane; k, lies 73° from ¢ and 163° from the
ab plane. A schematic representation of the crystal packing per-
pendicular to the ¢ axis is recalled in the upper right corner.

Table I. gand A Tensor Components for [CuMg] and [CuNi]¢®

g tensor A tensor
[CuMg] g1=218(1) Ay;=2221)x10"“em™
g =206(1) A;=29(1)x10*cm™
[CuNi] g1=222Q1) Aj=69()x10*cem™
8 =2252) A, <10x10*cm™?
gy = 2.36 (2)

@ Estimated standard deviations in the last significant figure
are given in parentheses.

3) in steps of 10°, by means of a goniometer. k; was perpendicular
to the ¢ trigonal axis and to one of the rhombohedral edges. Since
there is strong evidence that the projections of the rhombohedral edges
in the ab plane are parallel to the copper—metal axes (x molecular
axes), it can be inferred that k; is parallel to a y molecular axis.

Two groups of lines were observed whose angular variation and
corresponding values of the g tensor could be assigned as belonging
to [CuNi] and [CuMy] (where My is a diamagnetic ion), respectively.
This assignment was confirmed by repeating the same experiment
on intentionally doped crystals obtained by evaporation of a methanolic
solution containing CuCo(fsa),en(H,0),-H,0 and CuNi(fsa),en-
(H,0),;H,0 in a 9:1 ratio. The shape of the features attributed to
[CuNi] was then unchanged but their intensity was largely amplified.
Finally, chemical analysis of the unitentionally doped crystals revealed
Ni:Co and Mg:Co ratios of 5 X 10™* and 107, respectively. As
examples, the two spectra along the &k, and k&, axes are shown in Figure
2.

Results and Discussion

All spectra were recorded around 10 K. It can be noticed
here that the magnetic behavior of both pure [CuNi] and
{CuMg] complexes in the low-temperature range revealed
intermolecular interactions.® In the present case, this effect
should be negligible since the proportion of EPR-active pairs
is of the order of 1073, Let us examine now each of the two
pairs.

[CuMg]. The interpretation of the EPR spectra is
straightforward. Four equidistant lines (Figure 3, dashed lines)
are recorded for every direction of the magnetic field. They
are attributed to the hyperfine interaction of the unpaired
electron with the copper nucleus, = 3/,. The g and A pa-
rameters deduced from the angular dependence of the g and
A%g? tensors are given in Table I. Within experimental un-
certainties, both g and A are found to be axial, with their
maximum principal values along the ¢ axis. This axiality
explains why the three binuclear sites of the unit cell appear
magnetically equivalent in this case. The agreement between
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the g tensor components reported here and those of the pure
[CuMg] complex® is found to be good, particularly in view of
the uncertainty of the measurement of g, in the powder
spectrum of the pure material.

[CuNi]. The [CuNi] spectra (Figure 3, full lines) are much
more difficult to analyze than those of [CuMg], since the
resonant fields of the three magnetically inequivalent binuclear
sites are distinct. Again, hyperfine structure is present, splitting
each resonance of the k;k, and kk, planes into four equi-
distant lines. Because of the very low abundance (1.19%) of
the ¥INi isotope with [ = 3/,, this hyperfine structure arises
exclusively from the coupling of the S = !/, electronic ground
state with the I = 3/, nuclear spin of copper. The contributions
of the three magnetically inequivalent sites are clearly dis-
played in the k,k; plane, whose normal was found to be only
17° from the trigonal axis. A total of twelve lines were ex-
pected in this plane, but only three broad envelopes are re-
solved, in agreement with the very weak value of A (see
below). The three envelopes are out of phase by 60° and two
of them intersect every 30°. When H is parallel to k;, the
intensity of the high-field line is about twice that of the low-
field line; two of the three magnetic sites, with their molecular
x axes 30° from H, contribute to the high-field line, while only
one magnetic site, with its molecular y axis parallel to H,
corresponds to the low-field line. Inversely, when H is parallel
to k,, the low-field group of lines, which now represents the
contributions of the two magnetic sites with their molecular
y axes approximately 30° from H, becomes more intense than
the high-field group. In the k3;k; and k,k, planes, where H
is rotated from the k4 or the k, axis toward the c axis, eight
hyperfine lines collapse into four equally intense lines, as ex-
pected.

The g and A parameters deduced from the analysis of the
angular dependence of the g2 and g?A? tensors for each of the
three magnetic sites are given in Table I. The minimum
principal g value is found along the c axis; its value is 2.22,
in excellent agreement with that determined from the study
of the pure compound.® In contrast, whereas the g tensor of
the pure compound appears to be axial, in the diluted com-
pound it exhibits a rhombic symmetry with g, = 2.25 and g,
= 2.36, where the principal magnetic axes coincide with the
molecular axes x and y. The maximum principal A value,
equal to 69 X 10™* cm™! is found along the ¢ axis. In the ab
plane, the hyperfine parameter is found smaller than 10 X 107
c¢m! and cannot be determined with accuracy.

The appropriate spin Hamiltonian to describe the low-lying
states in [CuNi] is
# = BH-(8cuScy + gniSn) + SniD-Sni — SScudSni + S

DeonitSni + IewAcusScy (1)

where the meaning of the symbols, but the last one, has already
been specified.? The last term is the copper(II) single-ion
hyperfine structure term. The spin Hamiltonian associated
with the S = !/, ground pair state is

1), = BHg S + Tew(Ac)1»8 (2

where the meaning of the symbols is obvious. The relations
between g, 5, gcy, and gy;, on the one hand, (Ac,)1/; and Ac,,
on the other hand, are

dgni — Bcu
812 = ——13 (3)

(Aco)i)2 = ~YrAcu 4)

We already discussed the validity of relation 3. As far as the
hyperfine interaction is concerned, the validity of relation 4
is nicely checked for the well-determined principal value of
the A tensor, since (A4yc,)1;2 = 69 X 107 cm™ and the cor-
responding value in the same direction for [CuMg] is A¢c, =
222 X 1074 cm™!. We find the agreement to be quite good'?

and definitely better than that found in two similar single-
crystal studies.>!! The fact that the smallest value of the
hyperfine coupling could not be established is also a check of
relation 4 since the perpendicular value for the pair estimated
from the corresponding one in {CuMg] should be less than
10 X 1074 em™.

The agreement found between the observed hyperfine pa-
rameters in [CuNi] and [CuMg] and those deduced from the
spin Hamiltonian (1) suggests that the approximations on
which it is based are valid.® These approximations are as
follows: (i) the wave functions of the real electrostatic Ham-
iltonian (including spin—orbit coupling and Zeeman terms)
appropriate to describe the low-lying pair states are Heitler-
London functions constructed from eigenfunctions of local
Hamiltonians; (ii) the coupling between ground configuration
(CullNill) and metal-metal change-transfer configuration
(Cu™Ni! or Cu'Ni'l) is not taken into account. Furthermore,
we can specify the range of validity of the relations (3) and
(4). In [CuNi], the isotropic exchange is found to be of
medium magnitude. But if |J] were very small, the total spin
S would not be a good quantum number any longer and the
meaning of the Hamiltonian (2) would vanish. At the other
extremity, if J were very negative, the Heitler-London de-
scription of the low-lying states, which is implicity required
by the spin Hamiltonian (1), would not be appropriate any
longer.

Since we did not observe any EPR transition within the
upper quartet state of [CuNi], we were not able to check
relations relative to zero-field splitting effects, similar to (3)
and (4), as has been done with other heterobinuclear sys-
tems.*>7 In order to specify the range of validity of the ap-
proximations required by the spin-Hamiltonian formalisms (1)
and (2), we shall study other Cu(II)-Ni(1I) pairs with smaller
doublet—quartet energy gaps. To conclude, we want to em-
phasize that the [CuNi] complex considered in this note is
apparently the first heteropair for which we have both the
energy gap between low-lying spin states owing to accurate
magnetic measurements on the pure material and the details
of the electronic structure of the ground state owing to this
EPR study on a doped diamagnetic host lattice. We also wish
to point out that [CuCo] could be used as EPR-silent host
lattice for investigating the properties of low-lying states in
other pairs.!3
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(12) One of the reviewers suggested that an additional term in the Hamil-
tonian (1) of the form I A’c,»Sni could account for the weak deviation
with regard to relation 4.

(13) In fact, making use of this conclusion, we also prepared [CuCo] doped
with Mn with an initial Mn:Co ratio of 1:20. Unfortunately, the EPR
spectrum of the resulting well-shaped crystals proved to be of prohibiting
complexity.
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As compared with NMR spectroscopy of other group 4B
elements, that of 7*Ge has attracted less attention chiefly
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