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Nickel(II) in a Weak Tetragonal Field
Sir:

There has recently been considerable interest in the
apparently four-coordinate nickel(II) complexes which
exhibit anomalous magnetic moments in solution or in
the melt. This behavior has been ascribed to: (a)
the formation of six-coordinate species by the addition
of two polar solvent -molecules,’:? (b) a square-planar—
tetratiedral equilibrium in inert solvents,®* (c) solute—
solute association®® and (d) an equilibrium between
spin-paired and spin-free planar nickel(II) species.”®
While examples of the first three mechanisms are well
known,!~¢ the last, while potentially of interest from
the standpoint of obtaining information concerning the
electronic structure of Ni(II), has not previously been
reported. The difficulty in examining this type of
behavior has been the unavailability heretofore of a
Ni(II) complex which illustrates this phenomenon.
We wish to report our studies on a system where nickel,
in the crystalline phase, is found predominantly in the
diamagnetic state, with a thermally accessible triplet
state.

Dichlorotetrakis(N,N’-diethylthiourea)nickel(II) is
green at room temperature and is presumed to be trans-
octahedral in the solid state on the basis of comparison
with other substituted thiourea complexes.® The
recrystallized compound is diamagnetic and blue at
low temperature (77-194°K.) and attains partial
paramagnetism, reversibly, as the temperature is
raised; data obtained by the Gouy method are sum-
marized in the first two columns of Table I. We are

TABLE I

MAaGNETIC MOMENTS AND DERIVED QUANTITIES FOR [Ni(detut)s-

Cl.}

Temp., #, AE}
°K. B.M.? N1 Ns K cm. -1
280 1.10 0.88 0.12 0.14 605
290 1.22 0.85 0.15 0.17 580
300 1.33 0.82 0.18 0.21 555
310 1.46 0.79 0.21 0.27 525
320 1.57 0.76 0.24 0.33 495
330 1.69 0.72 0.28 0.40 465
340 1.81 0.67 0.33 0.48 435
350 1.93 0.63 0.37 0.59 400
360 2.05 0.58 0.42 0.72 360
370 2.17 0.53 0.47 0.88 315

e Read from a least-squares plot of 30 points over the range
270-370°K. *® Calculated from eq. 10 of ref. 7.

forced to conclude that, in [Ni{(detu).Cly], the nickel
resides in a weak tetragonal field,” and that the mag-
netic moment is governed only by the thermal popula-
tion of a low-lying paramagnetic level.
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Fig. 1.—Reflectance spectra of [Ni(detu),Cl:] as a function of
temperature.

The analogous blue-green bromo and green iodo
compounds are diamagnetic at room temperature,
but the bromo compound appears to become feebly
paramagnetic at higher temperatures (100°). Since
chloride is closer to N,N’-diethylthiourea than bromide
or iodide in the spectrochemical series,!? the tetragonal
component of the field in the Br~ and I~ complexes is
larger than in the Cl~ compound, which accords with
the observed magnetic behavior.

An expression has been derived’ for the tempera-
ture dependence of magnetic susceptibility of tetragonal
Ni(II) complexes where the separation, AE, between
the 'A ground state and the °B state is small. We
assume the magnetic moment of the fully paramagnetic
[Ni(detu);Cl:] to be 3.2 B.M.,'* and have calculated
AE as a function of temperature. The calculations
(Table I) indicate a decrease in tetragonality with
increasing temperature, consistent with increasing in-
plane vibrational motions, but because of the approxi-
mations in the derivation of the equation used, no
further significance can be attached to this behavior.

The equilibrium constant, K, for the reaction

singlet (,_’ triplet

may be calculated from a knowledge of the mole frac-
tions, N; and Nj, of the individual singlet and triplet
species. A plot of In K vs. 1/7 has a slight curvature,
confirming the variation of AE with temperature,
and from the slope at 25° we calculate AHzs = 4
kcal./mole, AF = 0.9 kcal./mole, and AS = 10 e.u.
The fact that AH is larger than AE, and that AS is
larger than R In 3, suggests that the reaction being
considered involves not only the uncoupling of spins,
but also a loosening up of the lattice. X-Ray powder
patterns have been obtained at both 77 and 300°K.,
and these show that the gross crystal structure does not
change with temperature; there is no evidence of any
lines splitting.

A second important observation on this system is
recorded in Fig. 1, where it will be noted that the in-
tensity of the absorption band at 4900 A. increases
markedly with temperature. We believe that this
band may be assigned to a transition from the 3B
excited state to a higher energy level. This result
accords nicely with the magnetic results.!*
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is over 8 A., and we assume that it is at least as large in [Ni(detu)iCls].
Metal-metal bonding is therefore not evident, nor is a path for superexchange
interaction apparent in the structure!® of [Ni(tu)sClz]. We also assume its
absence here. Furthermore the spectra (Fig. 1) are similar to other com-
pounds with a tetragonal field,! such as [Ni(etu)s}(Cl10y)2. Lastly, the
effects of magnetic coupling on spectra are not well known, but appear to be
small.'s The temperature dependence of the spectrum therefore does not
appear to be due to exchange effects.
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88, 2289 (1963).
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Orbital Degeneracy and the Electron Spin Resonance
Spectrum of the Benzene-1-d Negative lon!
Str:

In recent years there has been considerable interest
in the Jahn-Teller theorem? and in the simpler mole-
cules such asthe negative ion radical of benzene to which
it is applicable.®* The ground electronic state of this
radical is doubly degenerate, but the substitution of a
methyl group as in the toluene and p-xylene anions has
a large enough effect to remove the degeneracy.®®
Although the substitution of deuterium for hydrogen in
a free radical normally has a negligible effect on the
spin-density distribution, it is possible that the de-
generacy of the benzene anion would be lifted by
deuterium substitution, and we consequently have
investigated the electron spin resonance spectrum of the
negative ion of benzene-1-d.
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Fig. 1.—TFirst derivative of the e.s.r. spectrum of the benzene-
1-d anion. The reconstruction includes dotted lines correspond-
ing to a 4% impurity of CeHe™.
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The e.s.r. spectrum of the benzene-1-d anion is shown
in Fig. 1. Benzene-1-d, which was prepared by the
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method of Weldon and Wilson,® was dissolved in a 1,2-
dimethoxyethane-tetrahydrofuran mixture and re-
duced to the anion radical with a sodium-potassium
alloy using the procedure of Bolton.” An X-band
superheterodyne spectrometer® was employed with a
sample temperature of —100°. The spectrumn 1is
readily interpreted as arising from C¢H;D~ with about
a 4% impurity of CéHs~. The latter serves as a con-
venient internal standard, and the hyperfine splittings
relative to benzene, r¥; = a¥; (CsH;D)/a® (C¢Hs), are:
;’H:, = 7’H3 = 7’H5 = 7H6 = 1046 ES 0002, 7'H4 = 0.908
%+ 0.005, and »,P = 0.148 = 0.002. Using a¥ (CiHyg) =
3.75 gauss*? gives (in gauss): aH, = 3.92 = 0.01,
aty = 3.41 £ 0.01,and aP; = 0.55 £ 0.01. The widths
of both the deuterated and undeuterated benzene
anion absorption lines were the same within experi-
mental error and had the value 0.3 gauss between points
of extreme slope. The symmetry of the CeHyD-
spectrum about the central line of the CsHs~ spectrum
implies an equality of the g-values of the two radicals
to within three parts in 108,

The spectrum of the monodeuteriobenzene anion
thus shows that the twofold degeneracy of the ground
electronic state of the benzene negative ion is lifted on
deuterium substitution. The increase relative to the
benzene negative ion of the spin densities from posi-
tions 2, 3, 5, and 6, and the decrease at the other
positions, indicates that the orbital which is anti-
symmetric with respect to reflection in the plane through
the 1 and 4 positions makes a greater contribution
than the symmetric orbital The antisymmetric
orbital is also predominant, and to a much larger
extent, in the toluene and p-xylene anions.®> The direc-
tion of the changes that we have found on deuterium
substitution is consistent with the secondary isotope
effects observed on rates and equilibria.® In the
methyl-substituted anions, the stabilization of the
antisymmetric orbital is thought to arise from the
electron-repelling effect of the methyl groups,®® but
the importance of vibronic interactions is not fully
understood. The role of these interactions in the
deuteriobenzene anions is currently under investiga-
tion.

Adding together the hyperfine splittings in the mono-
deuteriobenzene anion gives (*/s) (478, + 27H) = 1.004
+ 0.001, so that a constant value of Qcy® in Mec-
Connell’s!! relation a¥; = QHcgp; for CeHe~ and
C¢H;:D ~ implies the equality of the spin densities at the
1- and 4-positions in the deuterated radical. There is
thus a small but significant isotope effect since a®,/a?,
= 6.15 +£ 0.11 while the value of 6.514 is expected if
the difference in proton and deuteron splittings is
caused only by the magnetic properties of the two
isotopes.!?

The anion of benzene-1,4-d; has also beer: observed,
but the sample was contaminated with an appreciable
amount of benzene-1-d. Preliminary studies indicate
the spectrum is consistent with predictions based on
the spectrum of the benzene-i-¢ anion. Furthe:
aspects of the effect of deuteriumn substitution on the
benzene anion spectrum are being actively investi-
gated.
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