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Absorption and circular dichroism spectra of the internal ligand
a->n* transitions in complexes such as the copper(Il) complex of the
Schiff base from (R)-1,2-propanediamine and two molecules of acetyl-
acetone have been studied. The results have been interpreted by means
of exciton theory to give information about stereochemistry. It is
found that this complex in solution has a structure halfway between
tetrahedral and planar arrangement. The corresponding oxovanadium-
(IV) complex is closer to planarity, and the nickel(II) complex is
found to be planar. Interpretations of the circular dichroism spectra
of these complexes are based upon simple LCAO-MO theory and the
assumption that the d—d transitions borrow electric transition dipole
moments from the nearest allowed transitions: the ligand z—»>n*
transitions. The level order for the d-orbitals in the copper complex
seems to be (vy) > (2 —y?) > (v2), (yz)> (2%).

In the crystalline state, many copper(II) complexes are found to have
varying coordination numbers. For example, several adducts of tetra-
coordinated complexes exist, such as the anhydrate, the hemihydrate,
and the monohydrate of the copper(II) complex with 4,4’-(ethylenediimino)-
di(3-penten-2-one).1# Also, in the molecular structures of copper com-
plexes, a profound irregularity has been found. Thus bis(ethylenediamine)
copper(Il) complexes are strongly distorted ¢ relative to the structure of, for
example, trans-di-bromo-bis(ethylenediamine) cobalt(III).5 From ecrystal
structures in general it appears that copper(II) complexes are less regularly

* Present address: Chemistry Dept. A, Technical University, DK-2800 Lyngby, Denmark.
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1440 JENSEN AND LARSEN

built than the corresponding cobalt(III) and nickel(II) complexes. Although
already in 1942 it was asserted ® that Ni en(fme)s* was highly distorted from
planarity because of the appreciable magnitude of the optical rotatory dis-
persion, very little information about the molecular structure of complexes
in solution exists. In this paper, use will be made of the internal ligand
transitions in some copper, nickel, and oxovanadium(IV) complexes analogous
to copper acetylacetonate to give information on the relative orientation of
the two conjugated planar ligands in solution. The pertinent z—zn* ligand
transitions in dimeric molecules such as B-pn(acacH),’ have been rationalized
by exciton theory.

Geometry of Cu R-pn(acac), in solution. The absorption spectrum of Cu
R-pn(acac), shown together with the circular dichroism in Fig. 1 have some
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characteristic regions. In the range 15 — 23 kK are the ‘“‘d—d’’ transitions, and
at 29— 35 kK are bands which are attributed to the essentially internal ligand
transitions because they are found in the same wavelength range as in the
free ligand. At higher energy, more bands are observed. They may be due
to allowed charge transfer transitions.

The transition dipole strength of the bands assigned as due to the m—»a*
transition on the ligand is 1.3 x 10™® cm™ em® compared with 2.2 x 10-1? em™
cm?® in the free ligand.” The relatively good agreement is taken as an additional
indication of the correct assignment to this band, since both ¢ and = bonding
to the metal may influence the intensity. The band is split into two apparent
components with an energy separation of ~ 3.5 kK. The origin of this splitting
could be » bonding in a planar complex, as Cotton et al.l* have shown by
an extended Hiickel calculation. Or, the origin of the splitting could be exciton
splitting of the excited states in a nonplanar (screwed) complex. The latter
explanation will be used here, because Cu R-pn(acac), exhibits large Cotton

* The abbreviations used are: en for ethylenediamine, pn for 1,2-propanediamine, tn for 1,3-
propanediamine, chxn for ¢rans-1,2-cyclohexanediamine, acacH for aocetylacetone, fmeH for
formylcamphor (from natural (+)p-camphor), sal for salicylaldehyde, and combinations as
en(acacH), for the “Schiff base” formed from one molecule of diamine and two molecules of
the diketone (really enamines).
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Cu(Ill) COMPLEXES OF SCHIFF BASES 1441

effects in the range of the n—n* transitions, and this means that these tran-
sitions cannot take place in the same plane. As a consequence of the claimed
large distortion from planarity it follows, that the z bonding between metal
and ligand in this complex is small.

Following the procedure given previously ? the angle 6 between the two
transition moments is calculated from

tan?0/2=D_/D,

where D_ and D are the integrated intensities of the low and high energy
components, respectively. These magnitudes are not accurately determined
because of overlap of the bands. Thus an experimentally estimated 6 value
of 45° is uncertain by as much as + 509%,.

Within the exciton formulations, and provided that the two transition
moments both are perpendicular to the line which connects their centers, the
energy splitting can be calculated from (see eqn. 6, Ref. 7)

AE=2/3D

where r is the distance between the transition moments of the two nm—n*
transitions, and D is the dipole strength of half the quadridentate ligand.

Using the experimental values Dy .=2D_ . .=1.3x107% cm™ cm?,
0=45° and 4E=3.5 kK, the value for r in the above equation is found to be
3.0 A in agreement with assumed intramolecular distances.

The circular dichroism spectrum in the 30 — 35 kK range exhibits two Cotton
effects, coming from the two resultant exciton transitions. The positive sign
of the low energy component must originate from a right handed helical tran-
sition. Thus the deviation from planarity has been found with sign as shown
in Fig. 2.

The experimental rotatory strength, R_, for this band is 4.6 x 102 ¢cm™
cm?, which is reasonably close to the value 15x 1072 calculated, using the
above found geometrical parameters 6 and 77

cosf

monomer

. 46.2 x 10724
R,=—aE (P,xP,) =nE+D+%sm0= —%0—~-fd—fdvcm‘10m3

’
2

The cancellation of the two circular dichroism components seems more
important in the complex than for the free ligand where R_=12x 102 cm !
cm® (the d¢ curves in Figs. 1 and 2 of Ref. 7 should be multiplied with 10).

It is often valuable in stereochemical work to make compounds of high
rigidity, and, for example, (R.R)-chxn(acacH), was used when the free ligands
were considered. It would indeed be desirable to use this as a ligand in a copper
complex. However, we have been unable to prepare Cu (R,R)-chxn(acac),. Also
Schwarzenbach has reported such negative attempts.® A negative result seems
predictable from considerations on atomic models; it is remarkable that (R,S)-
chxn(acacH), forms a complex.8

It has been noted 7 that in the comparatively rigid molecule R-pn(acacH),,
the dissymmetric configuration of the pair of skew lines formed by the electric
transition dipole moments was determined by the methyl group on the diamine
bridge. However,in R-pn(fmcH),, the bulk of theasymmetric camphorgroups was
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Fig. 2. Cu R-pn(acac),. An indication Fig. 3. Sign of the eigenvectors in 3z and
of the structure and the absolute configura- 47 orbitals in acac™, respectively.
tion of the chiral system, formed by the

conjugated ligand parts.

the dominating factor, since en(fmcH), and R-pn(fmcH), gave nearly identical
UV circular dichroism of opposite sign to that of R-pn(acacH),. The complexes
Cu en(fmc), and Cu R-pn(fme), exhibit circular dichroism of opposite sign
in the 30 — 35 kK range, and the curve for the latter complex is similar to that
of Cu R-pn(acac),. Therefore, in the complexes, a methyl group on the diamine
bridge is the determining steric factor.

Comparison with crystal structures. A number of Schiff base complexes
have been investigated by X-ray crystallography. The only obviously pertinent
examples are those provided by Hall and Waters,!® of Cu en(acac), with 0,
1/2, and 1 H,0. The molecular structures are irregular but much more planar
than claimed here for the structure in solution. However, when the deviation
of the donor atoms from their mean plane is calculated, the screwed structure
is definitely demonstrated as shown in Table 1. A large number of complexes
of Schiff bases of salicylaldehyde have been investigated in the crystalline

Table 1. Literature values for the atomic coordinates have been used to insert an

orthogonal coordinate system such that (a) the ligators define the x,y plane (least mean

squares), (b) the x axis is the projection in this plane of the line passing the midpoints

between the two oxygens and the two nitrogens, respectively, (c) the z axis is normal to

the z,y plane and passes through the metal ion. The z coordinate for copper is given
to demonstrate the irregularities far beyond experimental uncertainty.

Compound Ref. z-coordinates in A of

0 (1) 0 (2) N 1) N (2) Cu
Cu en(acac), 1 —-0.019 0.018 0.0094 —0.008 0.028
Cu en(acac),, 1/2 H,0 2 —0.056 0.056 0.047 —0.046 0.005
Cu en(acac),, H,0 3 —0.033 0.030 0.030 —0.033 0.186
Cu en(sal), 11 —0.035 0.031 0.033 —~0.037 0.158

% The computed z,y coordinates for this atom seem to be wrong and it is supposed that the
original paper! contains a misprint for the coordinates to this atom.

Acta Chem. Scand. 25 (1971) No. 4



Cu(ll) COMPLEXES OF SCHIFF BASES 1443

state as well as in solution. The geometry of such complexes varies from
planarity to nearly tetrahedral structures.®1° The geometrical arrangement of
Cu en(sal), ! is analogous to that of Cu en(acac), (see Table 1).

Electronic structure. The main object for the following discussion is the
origin to the circular dichroism bands observed under the absorption due to
ligand field transitions. These transitions are forbidden to the first order in
electric dipole excitation. However, in the low symmetry of Cu en(acac),,
d->d transitions mix with allowed transitions of the same symmetry. The 29 —
35 kK transitions are the nearest source, and we shall, in what follows, adopt
the working hypothesis that the electronic spectrum in the 15— 23 kK region
predominantly is produced by those d—d transitions which gain their intensity
from the 29—35 kK n—xa* ligand transitions. The mixing will be described
within an LCAO-MO formulation, using a simplified modification of the scheme
outlined by Liehr.12

Referring to the above found geometry for Cu R-pn(acac), we note that
the chromophoric symmetry cannot be higher than C,, but we shall
characterize the orbitals and the states by the irreducible representations be-
longing to the D, point group. Since we are mainly interested in the z orbitals,
where empirical Hiickel parameters are not very different for N and O, this
is a less drastic restriction than it would be for complexes with only ¢ ligators.
Thus the basis orbitals in the discussion are:

(1) the ligand p. orbitals directed along z’ which may or may not be parallel
to the zz plane (Fig. 2). Each (1 and 2) conjugated ligand skeleton forms the

basis for the five ligand orbitals of the form nn= Z Cin Dt i

The highest occupied (3x) orbital and the lowest unoccupled (4n) orbital
have the forms sketched in Fig. 3. From these orbitals are formed composite
molecular orbitals which transform as the irreducible representations of the
D, point group. Using the coordinate system of Fig. 2, these composite MO’s

are: B

(4”1—47'2)/\/_2_
(470 +4n2)/\/§
(37, + 37,) A/ 2
(87, — 8my)/v/ 2

The ligand = orbitals combine in molecular orbitals with some of

(2) the metal 3d orbitals.

The transformation properties of the basis orbitals are given in Table 2.
The relative energies of the d orbitals and the » orbitals are important for the
form of the molecular orbitals. Extended Hiickel MO calculations indicate the
relative energies 372 3d < 4n for a similar system but with a different (planar)
symmetry.* However, there seem to be rather small spectral differences
between crystalline Cu acac, and dissolved Cu en(acac),; therefore we assume
a qualitatively similar structure with the b,(xy) orbital less stable than the
3z orbitals. Then the molecular orbitals are of the form given in Table 3 in
the order of increasing stability. The ground state becomes

( )
37(b,)
37t(bs)

ll ll Il |I

T S T e SO S
= b, b, by’ by a* a*bybybybyaab,|
Acta Chem. Scand. 25 (1971) No. 4



1444 JENSEN AND LARSEN

where the + or — denote « and g spin, respectively, and arbitrarily the 3d(a)
orbitals are differentiated by an asterisk.

The 29 — 35 kK transitions may now be described as being due to excitation
of an electron in the “3z” orbitals b," or b," to the ‘“4a” orbitals a’ or b,’.
In the exciton formulations of Ref. 7, the pertinent transitions are to the two
doublet states

T ~, b, o, =+ +, -, 4, S F
”Ba"=%[lbl'bz'ba’ba'bﬂ~Ibl'bz'bs by’ by +1by"by by a’ by
+ - - + 4
-6, by bslalbll:l
. -+t T
2an = 4 1B, @' by by bl — by @by’ By bl + 117 B By by’ By
+ 7 ;- I— I+ I+ ]
—1b1"b1"b5"by" by
where the filled 3d orbitals are omitted for convenience.
Two of the d-excited states have the same symmetries as these m-excited
states (see Table 2), and following our working hypothesis, we shall now

investigate if it is possible to explain the ligand field part of the absorption
and circular dichroism spectra by considering only these two d-excited states.

'able 2. The table shows how the basis ligand = orbitals and the metal 3d orbitals transform in the
oint group D,. The subscripts to the n orbitals refer to the ligand part with positive (1) or negative
) y coordinates (see Fig. 2). To the right, the assignments of the Cotton effects observed for

Cu R-pn(acac),.

Orbital levels Doublet states
Type Representations Type Representations Energy Sign
in D, in D, kK (Cotton effect)

dn by=(4n,—4m,) [/ 2, a=(4m,+ 4m,) [/ 2 n-Excited states fBy7 32.6 —

by (zy) n 30 +
341 (x2—y?) A(?) 22 -

by, by (x2), (y2) d-Excited states {B,, By(?) 18.5 -+

a 22 _ A 16 —
3n b,=(37n,437,)/1/2, bg=(37,—3n,)[+/2 Ground state B, (1]

Table 3. Unnormalized molecular orbitals for the copper(II) complex arranged in three
groups after energy. All mixing coefficents are positive, except ¢, (see text). The a molec-
ular orbital represents the essentially (z2—y?) orbital, and (z?) is omitted for convenience.
Primed orbitals are essentially ligand = orbitals.

a’=4a(a)—c,3d(a) by’ =4n(b,) —cy3d(by)

b, =3d(b,) —¢;3n(b,)

b, =3na(b,) +c,3d(by) by’ = 3n(by) + ¢;3d(bs)
a=23d(a) + cedn(a), by=3d(by)+c,an(by), by=3d(bs) T csdn(bs)
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Introducing the molecular orbitals of Table 3 it is found that the pertinent
matrix elements for the electric and magnetic transition moments P and M,
respectively, for the z (Fig. 2) polarized transitions are:

P.*= (B, |er|2 B,y = (by'lex|by + (bs'lex|a’) ~
(37, |ex|dm,> — (3m,lex|dmyy =P, 1

P = (B, ler|?By?) = (bylex[b> = — 05¢,{47(by)|ex|3n(b,)> =
— 3 cqc, P, i

M= 5 By |LPByy = 5 — [y IL,Jby> +<a'|L by ] ~
g (41| L3, — () L |30 ] = — Mo

M= oo CBYLPBy = 5 <bylL,iby) =
5= @yl Lyjazy = —i By 1

and for the z polarized transitions:

P =B, ler[247y = (b, |ez|a’> + (by'|ez|b,’ > ~
(3m,lez|dm,) + (3mylez|dmy> = — P,k
P =B ler[2A% = (alez|b,) = § cy0e P, K

i ®  mamye — _ A
M= 5o GALRB, = — M fy

i ® spgarpps_ & ~
Md 2mC<A 1L' ‘B1> 2/',"/c <b1|L1[a> -

2imc (aylLja?—y2> =210y k

Thus the dipole (D) and rotatory strengths (R) for the two ligand field transi-
tions are

D)= P = }cgc,2P 2 R =14csc,P Bu

D/ =|P/[=}cs’cs*P}? R/ = csceP.Bu
Both d—d transitions should accordingly exhibit positive Cotton effects,
if ¢4, g, and ¢, are all positive. The mixing coefficients in the molecular orbitals
have signs not only dependent on the relative energies of the orbitals involved,

but also dependent on the overlap integrals. The phases are chosen such that
the overlap integrals between metal d orbitals and ligand = orbitals are positive

Acta Chem. Scand. 25 (1971) No. 4
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in a planar or nearplanar complex. The overlap integral between the two orbi-
tals of A symmetry, <(a?—y?/4n(a)>, represents a problem since it is zero in
a regular planar arrangement. In the very distorted Cu R-pn(acac),, even the
sign of the overlap integral is impossible to evaluate because the conjugated
ligand parts most probably are bent relative to each other in such a way that
the ligand = orbitals no longer are parallel to the xz plane (Fig. 2). Alsoin crystal
structures are reminiscenses of a bent structure in the complexes. When the
distortion from planarity is as large as it is in the copper complex, it seems
quite reasonable that the bending of the two acetylacetone parts towards
each other is pronounced, otherwise the ethylene bridge would not be long
enough. Here, it is pertinent to notice that we have not been able to make the
corresponding zinc complex which we expected to take on a tetrahedral
structure.

In the region 15— 19 kK is observed a negative and a positive Cotton effect.
The positive Cotton effect is assigned to the 2B,—2B,? transition, and the
negative to the 2B;-244 transition. This gives accordance between the sign
of the Cotton effects and the known positive signs of ¢; and ¢,, and it follows
then that ¢, and (2% —y3?|4n(a))> are negative.

If the observed value for the ratio D,'/D,"~ {; is inserted in the ex-
pression for the calculated ratio D;'/D,* observed to be ~ },|cq!/|c,| is found to

2
be v/(10/4): DD =cgeDy(extefDa)= =4 |2 =y
? 7
This ratio between the eigenvectors inserted in the expression for the ratio
between the numerical value of the rotatory strengths gives
Ce

3 % an 4 70
Ri1JR =2 22| () ~2V W /=1

The experimental ratio between the rotatory strengths is estimated to 1.5
and may be too big because of cancellation of R,;* from the Cotton effects of
higher energy. Therefore, there seems to be a satisfactory numerical self con-
sistency.

The use of unnormalized molecular orbitals should not introduce significant
numerical errors, since the mixing coefficients are small.

Such considerations lead to assignments which are summarized in Table 2.
The positive Cotton effect at 18 kK is attributed to the (xz) - (xy) (B,~> B,) tran-
sition. Of the two d-»d transitions with B, symmetry, essentially (2% —y?) - (xy)
and (22)— (2y), only the former has a first order magnetic transition moment, and
only this transition should exhibit a large Cotton effect. The negative Cotton
effect at 16 kK is assigned to the (2 — y?) - (zy) transition. The (yz)— (xy) (B, - By)
transition should not, according to the used model, give rise to any Cotton
effect. However, the energy of this transition may very well be close to that
of the B,—B,? transition.

The transition (z2)— (xy) could have higher energy than the other d -»d transi-
tion because of the possibility of an efficient mixing of the (2%) with the (4s)
orbital. As mentioned above, this transition does not give rise to any first order
magnetic moment. A Cotton effect connected to this transition must be small,
since both the electric and the magnetic transition moments are borrowed. Only

Acta Chem. Scand. 25 (1971) No. 4
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a detailed numerical analysis would enable us to predict the sign for this tran-
sition. The circular dichroism curve could indicate that this transition takes
place at 22 — 23 kK. However, the main origin of the negative circular dichroism
at 21 —-27 kK is not assigned to a d—d transition.

It is believed that the transition producing this Cotton effect is analogous
to that giving a shoulder in the absorption curve for Cu acac, at 26 kK.
This shoulder has caused much discussion in the literature, and it is now gen-
erally accepted that it is not a d—d transition, at least. Belford and Yeranos,15
and Jorgensen ¢ have tentatively assigned the transition as a 3z—» (zy) transi-
tion. This assignment is in agreement with the rather low intensity. However,
the symmetries of the excited states should be B, and B;. These cannot mix
with the z-excited states, and so no circular dichroism is expected. If, instead,
the 25 kK band is due to the transitions (zy)—4n, two Cotton effects are ex-
pected, because then mixing with 4~ and B," is possible. The observed circular
dichroism could be in accordance with this assignment proposed by Cotton.l?
Also the transition from the non-bonding oxygen ¢”"-orbitals (as opposed to
the ligand n orbitals) to the 47 orbitals yield 4 and B, states (n—>a* transitions).
So, also this proposition seems possible, and further, with this assignment,
there is no difficulty in explaining the existence of circular dichroism bands in,
for example, VO R-pn(acac), and in Ni R-pn(acac), (vide infra) at nearly the
same wavelength.

The 3n->4n transitions at 30 — 34 kK have been commented on.

The experimental techniques used here do not distinguish very well between
the various possibilities for the origin of the bands in the UV range above 35
kK, and they will not be discussed further.

The complex Cu tn(acac), (see Fig. 4) has a third methylene group in the
bridge between the n systems. The absorption spectrum of this complex is
rather different from that of Cu pn(acac),. The difference must be a consequence
of the change in the strain of the bridge from one conjugate part to the other.
It is seen from the 30— 32 kK band that the ns—z* transition moments are
much more co-planar than in Cu pn(acac),. In the visible region the absorption
is much less intense than it is for Cu pn(acac),. At ca. 25 kK, two shoulders
are clearly visible. These shoulders may be the two components of the ¢*—n*
transitions.

In a recent paper, Downing and Urbach 18 have reached the qualitative
result that some Schiff base complexes of copper are non-planar. These authors
emphasize the role of the methyl group on the bridging diamine in,for example,
Cu R-pn(acac),. The tentative assignments of the ligand field transitions pro-
posed by Downing and Urbach are very different from those reached here,
using a simple LCAO-MO model. The value of our model must of course be
measured by its successful use on several systems. Therefore, a discussion of the
nickel and vanadyl complexes analogous to Cu R-pn(acac), is relevant.

Ni R-pn(acac),. In the preceding discussion it has been demonstrated that
part of the UV absorption and circular dichroism spectra can be explained
satisfactorily by the combined use of exciton and simple MO theory. The cor-
responding nickel complex seems more complicated. The spectra are shown in
Fig. 5. The circular dichroism curve is similar to the extremum values published
by Downing and Urbach.1® The ultraviolet part of the absorption does contain

Acta Chem. Scand. 25 (1971) No. 4
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Fig. 4. Molar absorption spectrui. of Cu tn(acac), in methanol solution.
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a band which may be assigned as an essentially ligand 3n— 4z transition, where
complex formation has drastically modified both the transition energy (32
kK in both pn(acacH), and its copper complex, but 37 kK in Ni pn(acac),)
and the intensity (in Ni pn(acac), 0.46 x 1071?, in Cu pn(acac), 1.3 x 1071, and
in pn(acacH), 2.2 x 1071 ¢cm™! cm3). The absorption band contains a shoulder
at the low energy side of the maximum with an apparent splitting of ca. 3
kK. However, the circular dichroism curve in this region is of very low in-
tensity, and the pattern is not as expected for coupled chromophores with
two Cotton effects of equal size but of opposite signs. Therefore, it is inferred
that the complex (the chromophore) is very nearly planar on a time average.
Thus, there may be a pronounced difference in the electronic structures of
the copper and nickel complex of pn(acacH),. A strong = bonding between
metal and ligand is likely to exist in the nickel complex.

We may tentatively proceed a little further, using the same model as used
for the copper complexes. The ionization potentials for nickel are not very dif-
ferent from those of copper; therefore, the same order of the molecular orbitals
can be assumed with the ligand 3z orbitals lying below at least the most anti-
bonding 3d orbital, and the ligand 4x orbitals at higher energy than this 3d

Acta Chem. Scand. 25 (1971) No. 4
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orbital. When this is the case, the pertinent matrix elements are similar to
those calculated for the copper complexes. Because of the symmetry, P,*
is much smaller than P,*, and similarly ¢4 is smaller than c,. Therefore, in
this model, P becomes much smaller than P*, and only one absorption band
in the visible is expected. This absorption band, due to the d—d transition
(x2)—>(2y), exhibits anegative Cotton effect, whereas the same transition exhibits
a positive Cotton effect in Cu R-pn(acac),. This observation shows that Ni
R-pn(acac), is distorted from planarity in the direction opposite to the
extremely distorted structure of the copper complex. Only one Cotton effect
is observed under the absorption due to the m—>n* transitions. This seems to
indicate that one of the n transition moments nearly vanishes because of an
efficient mixing between the ligand # and 3d orbitals.

VO R-pn(acac),. The absorption and circular dichroism spectra have been
reported peviously.? They show that the Schiff base complex is far from planar
in solution, but less so than the copper complex. A recent crystal structure
determination of VO en(acac), shows that the m-system in this complex
also in the crystalline state is non co-planar.??

Table 4. Unnormalized molecular orbitals for the vanadyl complex arranged in groups
after energy. All mixing coefficients are positive. The (2?) orbital is omitted for convenience.

b,=3d(b,) —k.3n(b,)
by=3d(by) F kyn(by) b2 Jalbd— kadn(t)
by’ = 47 (by) + k,3d(b,) o' = 4n(a) — ks3d(a)

a=3d(a)+ kedn(a)

by =3n(b,) +k,3d(b,) by = 37n(bs) + ke3d(b,)

There is a difference of some 35 kK in the 3d-ionization potentials for copper
and vanadium. This enforces us to assume that even the least antibonding
3d orbital, (x%—?), is less stable than the 3z orbitals, so that the molecular or-
bitals for the vanadyl complex must take the forms given in Table 4. With
these orbitals, the = and d transition moments of both allowed symmetries are:

P.F=CAlerPBy> = by’ ex|b,’> + by lexla’y ~ P i
Pj=CAler2By?y = (alex|by) ~ — Yhyky P i
¥ _ L 2R x| T2 — _e_ ! 4 ’ N =
M= g CB|LPAY = 5 [<by/|L,Iby> +<@'| L, [bg )]
_MxﬂMi
. © eparegy= % ~—1i Bui
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P = Aler\By™y =<b,'|ezla’> + <by'lezlby’> = — P, k
Pj=(Aler|*B,% =<alez|b,> = bk ,ky P,k

© © ’ ’ 7 ’
M= me CGBLEAY = Sme [<@'|L,[by"> + <by'|L,Iby">] =

—M By k

M} = 5 CBALPAY = 5o (bylLjay 21 fu k

Rdx= ’}ksko P Bu
Ry =k koP fu

Consequently, two allowed positive Cotton effects are expected in the range
of d-»d transitions if all mixing coefficients are positive. This has been observed,
and this coincidence very strongly supports the empirical assignments given
earlier and thus lends support to the MO scheme for oxovanadium(IV)
complexes given by Ballhausen and Gray.2® It is not surprising that
the (x®—y?)—(xz) (B,) transition gives a small Cotton effect, since we have
used & low but obviously too high symmetry for these contemplations.

Experimental. The properties of the complexes studied agreed closely with those re-
ported previously.%*% The agreement was established from melting points, chemical
analyses, and "H NMR spectra.
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