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The magnetic circular dichroism (MCD) and absorption spectra of Cu(acac),, Gu(bzac),, Cu(acest),, Cu-
(TFacac),, and Cu(HFacac), in benzene, chloroform, methylene chloride, 1,4-dioxane, pyridine, and piperidine
are observed. The behavior of these spectra can be well explained by proposing this order of energy levels: d,,,
dy,<{d,2_;2<d,2<d;;. The MCD spectra in pyridine do not show any dispersion in the neighbourhood of the
absorption peak which seems to correspond to the d,,, d;,—d,; transition; this fact suggests that the B-term of

the MCD parameters is dominant at room temperature.

There is no serious difference between the MCD of Cu-

(acac), and Cu(bzac),, or between Cu(HFacac), and Cu(TFacac),. It appears that this lowering of symmetry

is not important in interpreting the MCD spectra.

The magnetic circular dichroism (MCD) spectra of
several Cu(Il) complexes have been studied, and the
B-term of the MCD parameters has been found to be
dominant in the MCD of the Cu(II) complexes at
room temperature.) The MCD spectrum of bis-
(acetylacetonato)copper(II), Cu(acac),, dissolved in
chloroform was also studied.® The absorption spectra
of Cu(acac), in various media have been reported,
and the positions and intensities have been shown to
depend primarily upon the solvent basicity.® There-
fore, MCD studies of the solvent effects are expected
to yield a great deal of information about the assign-
ments of the transitions and the properties of the MCD
spectra. Furthermore, we have thought it worth while
to investigate the MCD spectra for several substituted
p-diketone complexes of copper(II). From this in-
vestigation, we expect to ascertain the effect of the
lowering of symmetry around copper(II) upon the
MCD and to ascertain the effect of various electron-
withdrawing abilities of substituted acetylacetonates
upon the MCD.

Experimental

Five copper(II) p-diketone chelate complexes, i.e., bis-
(acetylacetonato)copper (II), bis(benzoylacetonato) copper (II),
bis(ethylacetoacetato)copper(II), bis(trifluoroacetylaceto-
nato)copper(IT), and bis(hexafluoroacetylacetonato)copper-
(II) (abbreviated as Cu(acac),, Cu(bzac),, Cu(acest),, Cu-
(TFacac),, and Cu(HFacac),) were prepared and purified
according to the methods described in the literature.t-?
The absorption and MCD spectra of these compounds in
the benzene, chloroform, methylene chloride, 1,4-dioxane,
pyridine, and piperidine series of solvents were measured
by the techniques described in an earlier paper.V

Results and Discussion

Figure 1 gives the MCD and absorption spectra of
Cu(acac), in the chloroform, methylene chloride, 1,4-
dioxane, pyridine, and piperidine series of solvents.
The MCD datum of Cu(acac), in benzene was not
available because of its poor solubility. Belford and
his co-workers® have studied the absorption spectra,
in the visible and near infrared region, of Cu(acac),
and bis(3-ethylacetylacetonato)copper(II) in various
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Fig. 1. The MCD (upper) and absorption (lower) spec-
tra of Cu(acac), dissolved in various solvents at room
temperature.

Fig. 2. The coordinate system and geometrical model
for the calculation of solvent effects.

media. The behavior of these absorption bands upon
the alternation of the solvent have been quite succes-
sfully explained in terms of the crystal field theory.
Let us adopt the same model. The effect of the solvent
is considered as two axial ligands (two .charges, q,,
at (0, 0, z) and (0, 0, —z), as is shown in Fig. 2) are
added to a square planar complex. Cu(acac), mole-
cule in a noninteracting solvent, chloroform, may be
considered as an isolated square-planar complex. If
we assign the bands at 18810 and 15190 cm~1 observed
for Cu(acac), in chloroform to the d,,, dy,—dy, and
d,2-y2>>d,, transitions respectively,® the transition
energies in the presence of an interacting solvent are
given by:
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OE,(|x2)s | y2>— 7))
= 18810 + (—9r2 /22 +5¢rt/24)2¢,%21 2,
OB, (|#*—y%)— %)) = 15190,
SEx(|25—{)
= 14950 + (—12{r3) /22 —5{r*>[2%)2q,6%21z (1)
in units of cm™!. The values of <r2> and <r*> are
evaluated by using the analytical SCF function for
Cu obtained by Clementi:® <r?>¢,=1.106 gy,
<r*+>0,=3.301 q,t. If we assume the distance, z,
between the metal and the solvent charge, ¢,, to be
2 A, then the excitation energies given by Eq. (1) are
reduced to functions of ¢, only. The results are shwon
schematically in Fig. 3. OE,(|2x—y*>—|xy>) dis-
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Fig. 3. Excitation energy diagram as a function of
solvent charges ¢,, which are assumed to be located
axially to a square-planar complex at (0, 0, 24) and
0, 0, —24).

plays little variation from solvent to solvent. JF;-
(152>, |y2>—|%>) approaches OEy(|x*—y2>—(xy>)
as the solvent basicity is increased. The variation in
the absorption bands upon the alternation of the
solvent can be well explained by assuming the g¢,
values to be about 0.0, 0.1, 0.3, 0.7, and 0.9 for the
spectra of Cu(acac), in chloroform, methylene chloride,
1,4-dioxane, pyridine, and piperidine respectively.
These values seem to be of a plausible order of mag-
nitude.

The interpretation of the polarized visible absorp-
tion spectrum of Cu(acac), has been the subject of
speculation and controversy as attempts have been
made to remove the ambiguity of the assignment.?-12)
Unfortunately, however, the type of packing of mole-
cules in the crystal was inadequate for the attempt.1®
Hitchman and Belford!® studied the temperature-
dependent polarized spectra of Cu(bzac),; they assigned
the band at 18.1kK to d,,, dy,—d,y, the band at
15.6 kK to d,2-,2—>d,, and the band at 14.2kK to
d,»>—d,, on the basis of the temperature dependence
and the relative polarization. This ordering of the d
levels is the same as that suggested for bis(3-phenyl
acethylacetonato)copper.¥ The positions of the d-d
bands in Cu(bzac), at 14.2, 15.6, and 18.1 kK, are
very similar to those of the bands in Cu(acac),, at
14.5, 16.3, and 18.0kK;!® this suggests the same
ordering of the d levels. Katbé and Gohda?® proposed

MCD of Some Copper(1I) f-Diketones in Various Media 733

the same order of energy levels (d,,, dy,<ldy2-y2<
d,2<{d,,) for Cu(acac), in chloroform on the basis of
the MCD analysis.

The variation in the absorption bands upon the
alternation of the solvent can be well explained by
proposing this order of energy levels, as we have seen
above. On the other hand, if we assign the bands
at 18810 and 15190 cm—! observed for Cu(acac), in
chloroform to the dys-y2—d,, and d,,, dy,—d,y transi-
tions respectively, we can not explain the observed
red shift of the bands as the basicity of the solvent
increases. The energy for the d,s-y»—>d,, transition
should undergo little change from the variation in the
basicity of solvent which coordinates axially to a square-
planar complex. This property is due to the geo-
metrical structure of the d,, and d,s-,2 orbitals and
does not depend greatly on the model of the calculation.

The MCD spectra of Cu(acac), display a remarkable
change on going to a more basic solvent. This change
can be explained on the basis of the above discussion
about the transition energies and the previous analysis
about the MCD of the Cu(II) complexes.) The d,,,
d,,—d,; transition, which shows an MCD with a
positive B-term, approaches the d,2.,2—d,, transition
band, which shows an MCD with a small positive
B-term, as the solvent basicity is increased. The d,»—
dyy transition, which shows an MCD with a negative
B-term, shifts to the lower frequency region, in which
we can not measure the MCD spectra because of our
instrumental restriction. Therefore, Cu(acac), values
in pyridine and piperidine display only a negative
MCD in the region of 12.5—20.0 kK.

The MCD spectra of Cu(acac), in 1,4-dioxane and
pyridine do not show any dispersion in the neighbour-
hood of the absorption peak which seems to correspond
to the dy,, dy,—d,, transition. This fact strongly sug-
gests that the B-term of the MCD parameters is domi-
nant in the MCD of Cu(acac), at room temperature.
This conclusion is consistent with the theoretical pre-
diction previously proposed by one of the present
authors.?

The MCD and absorption spectra of Cu(bzac),,
Cu(acest),, Cu(TFacac),, and Cu(HFacac), in the
benzene, chloroform, methylene chloride, 1,4-dioxane,
pyridine, and piperidine series of solvents are shown
in Figs. 4—7. In these spectra, the effect of changing
the substituents is smaller than the effect of changing
the solvent. However, the MCD and absorption spec-
tra in the solvent with a weak basicity suggest a correla-
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Fig. 4. The MCD and absorption spectra of Cu(bzac),
dissolved in various solvents at room temperature.
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Fig. 5. The MCD and absorption spectra of Cu(acest),
dissolved in various solvents at room temperature.
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Fig. 6. The MCD and absorption spectra of Cu(TFac-
ac), dissolved in various solvents at room temperature.
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Fig. 7. The MCD and absorption spectra of Cu(HFac-
ac), dissolved in various solvents at room temperature.

tion between the relative electron-withdrawing ability
of substituents and the energy levels of copper d elec-
trons; the more electronegative the substituent, the
smaller the energy separation. The order of electro-
negativity must be CF;>OC,H; >Ph>H>CH;. The
MCD of the positive B-term of the dy,, dy,—d,, transi-
tion would overcome the MCD of the negative B-term
of the d,»—d,, transition in Cu(acest),, Cu(TFacac),,
and Cu(HFacac),.

Of course, the coordinating form and the steric
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effect of the solvent in each case is important. Kuska
and Rogers'® have reported that increasing the basicity
of the solvent has the same effect on the d electron
energy levels and on the unpaired electron density of
copper as increasing the electronegativity of the sub-
stituents. To be sure, there are also similarities in the
ESR parameters for Cu(HFacac), in a chloroform
solution and for Cu(acac), in a pyridine solution, and
the same similarity in the absorption and MCD spectra.
However, the spectrum of Cu(HFacac), in chloroform
is rather a special case; the spectrum of Cu(HFacac),
in solvents of a weak basicity, benzene or methylene
chloride, is similar to that of Cu(acac), in chloroform.
Chloroform would be an interacting solvent for Cu-
(HFacac),. :

The symmetry of Cu(bzac), or Cu(TFacac), is lower
than that of Cu(acac), or Cu(HFacac),, but there is
no serious difference between the MCD spectra of
Cu(acac), and Cu(bzac)y or between those of Cu-
(HFacac), and Cu(TFacac),. It appears that this
lowering of the symmetry is not important in inter-
preting the MCD spectra.
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