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In order to investigate the ground state configuration of some square planar cobalt(II) complexes such as
Schiff base complexes of the ¢is-[CoN,O,] type, whose ESR spectra are quite different from those of cobalt(II)
phthalocyanine and porphyrins, the spin-orbit matrix based on the four zero-order wave functions, (yz)?, (xz)',(z%)%,

and (xy)'»? were diagonalized on assuming reasonable values for necessary parameters.
shown that an unpaired electron is localized in dy, orbital in the ground state for these complexes.

The result has clearly
ESR spectra of a

series of cobalt(II) complexes with N -macrocyclic ligands were measured and interpreted in terms of the conclusion

obtained here.

In recent years the electronic states of low-spin cobalt-
(IT) complexes have attracted attention because of
their close relation to Vitamin B,; and biological oxygen
carriers. As the consequence of studies on ESR and
magnetism, it was established that the electronic con-
figuration of the ground state is (d,;)%(d,,)%(dy,)%(d,2)?,
(denoted by (z2)+®) for cobalt(II) phthalocyanine®4
and porphyrins,? where x, y, and z axes were adopted
as shown in Fig. l-a. This is referred to as Type I.
On the other hand, there is another type(Type II) of
low-spin cobalt(II) complexes whose ESR spectra show
a quite different pattern from that of the former group,
as shown in Table 1. They include Schiff base com-
plexes such as [Co(salen)] and [Co(acen)], where H,
salen and H,acen denote N,N’-disalicylideneethylene-
diamine and N,N’-bis(l-acetonylethylidene)ethylene-
diamine, respectively. Their ESR spectra differ a
great deal from those of the Type I group in (1) the
large separation between g, and g, (whereas the por-
phyrin group shows axial symmetry of g-tensors) and
(2) the very small |4,] and |4,] values as compared
with those of the Type I group. For the ground state
configuration of the Type II compounds, three pos-
sibilities which have given rise to much argument can
be considered.®-1 Recently the correct values of g-
and A-tensors for [Co(acen)]') and [Co(amben)]'®

were determined in the single crystals of the correspond-
ing nickel(II) complexes, where Hyamben denotes N,N'-
bis(o-aminobenzylidene)ethylenediamine. In their at-
tempt to interpret the result by use of perturbation
calculation, Cariati et al') could not give an un-
ambiguous assignment of the ground state configura-
tion. They suggested the mixing of the two configura-
tions for the ground state. However, their conclusion
is unsatisfactory, since 1) they employed a positive
value (0.28) for the Fermi hyperfine coulpling constant
to fit 4,9 values with the experimental ones in the
case of the (z2)! configuration, which is not compatible
with the generally accepted view that the Fermi hy-
perfine coulpling constant assumes a negative value in
the case of the (z2)! configuration as the consequence
of the coupling with the (4s)?) configuration, and 2)
in order to fit g% values with the experimental ones,
the energy separation between d,, and d,, orbitals was
assumed to be 6—7 x 103 cm™! in the case of both (z%)!
and (yz)?! electronic configuration. Similar results have
also been reported.!®:1%16) However, there appears no
reasonable evidence to assume such a large separation
between d,, and d,, orbitals for the complexes of the
planar ¢is-[CoN,O,] and [CoN,] types.

This unsatisfactory result seems to be due to the
inadequate application of the perturbation theory to
the present system. Calculation of g- and A-values

z z for these systems have so far been carried out by use
of the well-known formula of the first order perturba-
R 0 S S tion theory for a nondegenerate ground state.l?)
PAD (D ;
/ S, / 7 0 0
N N /s o (@181 |,
AR / 96> = N|[g8> -T2 g0y | )
X
1 X However, application of equation (1) is valid only
a 1b when 4,»4. In our system there is a sufficient pro-
Fig. 1. x,y, and z axis in the square planer complexes. bability for some of d,, d,,, dg,, and d,> orbitals to be
TasrLe 1. ESR PARAMETERS OF SQUARE PLANAR COBALT(II) COMPLEXES
A 4 A
Type Complexes®) ya Zx gy | 4. (10_1 c;l-l) |4y Ref.
I [Co(pc)] 1.91 2.92 2.89 160 270 260 3
[Co(tpp)] 1.798 3.3922 3.322 197 315 315 5
II [Co(acen)] 2.00 3.26 1.88 34 116 38 11
[Co(salen)] 1.74 3.805 1.66 30 291 50 8
[Co(sac),] 1.899 3.280 1.904 35 105 35 27

a) H,pc: phthalocyanine, H,tpp: o,B,y,0-tetraphenylporphyrin, H,acen: N,N’-bis(l-acetonylethylidene)ethylenedi-
amine, Hysalen: N,N’-bis(salicylidene)ethylenediamine, Hsac: dithioacetylacetone.
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energetically close to each other. Thus, in diagonaliz-
ing the 4 X 4 spin-orbit matrix based on the (xy)1,(xz)l,
(yz)! and (2z2)! states,'® we have calculated g,- and A4,-
values as the function of various parameters and com-
pared the results with the experimental values in order
to elucidate the ground state of the Type II complexes.
In order to examine the conclusion thus reached, we
have measured the ESR spectra of a series of cobalt(IT)
complexes with N,-macrocyclic ligands.

Calculation

In performing the perturbation calculation for the
spin-orbit interaction, we have adopted the eight zero-
order wave functions, (X)*°*~, where (x)* denotes

+
an antisymmetrized determinatal function, [(d.2_j2)-

- +
(de2oy2) (X) 1 (x=d4,, d,,, diy, and d,?) based on the
three electron hole formalism. Hence the wave func-
tions for the system were formulated according to the
Kramers theorem!® as follows.

T+ — o (y2)t + ioy(x2)t — ics(22)! + ¢y(xy)t @)

- - + +
U= = ¢)(yz)t — icy(x2)! — icy(22)1 — ¢4(xy)? (3)

The coefficients ¢;, ¢,, ¢;, and ¢, were determined by
diagonalizing the following 4 X4 matrix,

+ p— —_
(y2)! (x2)1 (@)1 (xy)?
A v's 1
A — —17 _—
4 3 2 2 2 1 2
z V'3, 7
5 4 % -5
V'3 V'3
3 2 ;» TA A2 0

where 1 denotes the spin-orbit coupling constant for
the system, 1=—£kly,, {5y being the free ion value for
Co?+(—515 cm™1), and £ is the orbital reduction factor
evaluated at 1.0, 0.9, 0.8 and 0.7. The diagonal ele-
ments, 4,, 45, 4;, and 4, are functions of ligand field
and interelectronic repulsion.

Based on Egs. 2 and 3, g;- and A4;-values can be ex-
pressed in terms of k, ¢y, ¢,, ¢, and ¢, (and £ in the case
of A,/P), where P and & denote 2gyf,Bu{r=3)4,29
and Fermi hyperfine coupling energy in unmits of P,
respectively.

& = 2[er + 6 — 632 — ¢4% — 2key05] )]
gx = 2[c® — 2+ 62— ¢,2 — 2V 3 keyos— 2kescy] (5)
gy = 2[c1% — ¢ — ¢+ s+ 21/ 3 kegez— 2kcy 64 (6)

A, [P = 2[~ 2"152_—;—(012 + 6P — e —c?)

1
+ ——7—(012 + 652 —2¢3%+ 2¢,% + 3¢5,

—1/ 3 ¢163—3ca64— 1V 3 ¢a63)] (7

Ax/P =2[—2V"3 ¢1c3— 20204——;——(012— 62+ 32 —cy2)
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1
+ —,7—( —2¢%+ ¢yt — 32— ¢y2 —3¢y6,— 30464
— 1V 3 ¢263—21"3 ¢3¢4) ] (8)
Ay[P = 2[2y/ 3 ¢y65— 26164 ———;—(012 — 2 — 5%+ 6,?)

1
+ 7(012 + 26,2+ ¢+ 6,2+ 3cy00

+1 8 ¢165— 3636, — 213 ¢364)] 9)

Throughout the calculation P=0.020 cm~! was adopted
(free ion value for P is 0.025 cm™1,2),

Results and Discussion

After several preliminary calculations we have become
convinced that the small |4,| and |4,] values of Type
II complexes can not be accounted for on the basis of
(z%)! ground state, where a negative value is to be as-
signed to the Fermi hyperfine coupling constant,
£.422,23) The (xy)! ground state is also improbable,
because 1) the d,; orbital is practically nonbonding
in the Schiff base complexes, and 2) the interelectronic
repulsion in the (xy)! state is higher (at least 6000 cm™1)
than that in both the (z2)! and (yz)! states.?¥ Recently
McGarvey'? investigated the contributions from the
spin-quartet states and the mixing of d,» and d, 29
orbitals to the ESR parameters of low-spin cobalt(II)
complexes. He showed that the contributions from
the spin-quartet states are very important for 5- and
6-coordinated complexes, but can be neglected for 4-
coordinated planar complexes. This can be explained
as follows. The energy separation between d,* and
d,2_;2 orbitals in the square planar complexes is larger
than that in 5- and 6-coordinated complexes, so that
the energy gap between the ground doublet state,

+ - ¥
[(dg2_y2)(de2_y2)(d,2)| and the excited quartet states

+ +
such as ](dxz_yz)(dg)(&-yz)l etc. is larger than in the
former complexes.

McGarvey also took a sizeable mixing of d, and
d,;% into consideration in order to explain the ESR
parameters of [Co(sac),] and [Co(mnt),]?~ on the basis
of (z2)! ground state, these complexes being classified
as Type II complexes in this paper. However, his
interpretation appears to be imcompatible with our
experimental results. Accordingly, we considered here
only the (yz)! configuration for the ground state of the
Type 1T compounds throughout the calculation, assum-
ing the contribution from the spin-quartet states to be
negligibly small. This means that we have set 4, to

" be zero in the 4 X4 matrix, therefore 4,, 4,, and 4,

are the energy separation from the ground (yz)! state
for (xz)1, (z2)!, and (xy)l, respectively.

It has been known that a sharp absorption band is
always observed around 8000 cm—! in the complexes
with quadridentate Schiff bases of the ¢is-[CoN,O,]
type.2®) Judging from its intensity (loge=1.5), this is
undoubtedly a spin-allowed d-d transition. This band
is most probably assigned to the (yz)'—(xy)! transi-
tion, since the interelectronic repulsion energy in (xy)!
state is much larger than that in (yz)! and (z2)! states,
and there seems to be no particular reason to separate
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the (xz)! and (z?)! states from the (yz)! state in such

a high energy as 8000 cm~!. Furthermore, it has been 4
revealed in the course of calculation that the large g,
values, 3.2—3.9 (Table 1), can be accounted for in
terms of the orbital contribution from the (xy)! and a
(z%)! states, only when these states are separated from 37
the ground state by less than 3000 cm—!. Thus, 4, b
was fixed at 8000 cm~! throughout the calculation. 2 c
In Figs. 2—9, g, and 4, values are plotted as functions —3 2
of 4, and 4,. The g,, g,, and g, values vary sensitively w21 f
with 4, and 4,, as seen in Figs. 4, 5 and 6. respectively. e
It should be noted that g,(Fig. 4) can be fitted to the
ot 2 3 4 5
4l A, (X108 cm-1)
Fig. 4. The variation of g, as a function of 4,. 4, are
(a) 500 cm-1, (b) 1000 cm-, (c) 1500 cm-%, (d) 2000
cm™1, (e) 3000 cm—! and (f) 5000 cm~1. In all cases, &
o 3t and A are fixed to be 1.0 and —450 cm™!, respec-
3 tively.
2
&
2+
a
o I 2 3 4 5 7
Ay(108 cm~1) = 3
Fig. 2. The variation of g-values(i=x,y, z,) versus 4,, E;«) §
with k=1.0(——), £=0.9(—-—) and k=0.8(—--—). le
Other parameters, 4, and A are fixed to be 2000 and gd
—450 cm™1, respectively. 2L
a
300 o I 2 3 4 5
4, (X10%cm™?)
Fig. 5. The variation of gy as a function of 4,. 4, are
=~ (a) 500 cm~%, (b) 1000 cm~2, (c) 1500 cm™%, (d) 2000
]'E 200+ cm~!  (e) 3000cm=!, and (f) 5000 cm-!. Other
o parameters, k£ and A are fixed to be 1.0 and —450
= cm™1, respectively.
z 100 experimental value (e.g., 2.00 for [Co(acen)]}) by assum-
§ ing a reasonable d,,-d;, separation, i.e., 0—3000 cm™!,
E whereas in the case of the calculation based on Eq. 1,
< A, an unreasonably large separation (=5000 cm~1) has to
be assumed in order to fit the calculated g, value to
o the experimental one.13:15:16)
Ay The g, value(Fig. 5) sharply increases with the de-
crease of A,, the effect of 4, being minor compared
A« with that of 4,. Accordingly, 4, can be estimated as
o s 3 45 900—1500 cm~! for [Co(acen)] from Fig. 5 and ex-

perimental g_ value (3.26).1Y The 4, value (Fig. 8)
Ay (X10°cm™) highly dependent on A4,, and suffers little effect from

Fig. 3. The variation of Aj-values(i=x,y,z) uversus the variation of 4,, thereby enabling us to estimate the
A, with 4;=2000 cm™!, 1=—450 cm~! and £=0.5. 4, value for [Co(acen)] at 1300—1600 cm™! from the
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4, (X 10% cm™1)

Fig. 6. The variation of g, as a function of 4,. 4, are
(a) 500 cm~1, (b) 1000 cm~—2, (c) 1500 cm=2, and (d)
5000 cm~t, Inallcases, k and A are fixed to be 1.0 and
—450 cm™1, respectively.
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o | 2 3 4 5

4, (X102 cm™?)

Fig. 7. The variation of 4, as a function of 4,. 4, are
(a) 500 cm—1, (b) 1000 cm~2, (c) 1500 cm™1, (d) 2000
cm™1, (e) 5000 cm~!. Other parameters, £ and 4 are
fixed to be 0.4 and —450 cm~, respedtively.

experimental value of |4,] (115.8X10-¢ cm~1).1) This
is compatible with the value, 900—1500 cm~1, estimated
from g, according to the diagram in Fig. 5.

On the basis of the above discussion, assuming re-
asonable values for the necessary parameters, we ob-
tained satisfactory agreement between calculated and
experimental g, and 4, values in the case of the two
examples of Type II complexes, as shown in Table 2,
where both ESR spectra were measured on single
crystals. From the ¢y, ¢,, ¢; and ¢, values listed in Table
2, it can be concluded that an unpaired electron is
localized in the d,, orbital, i.e., mixing of the (z2)! is
very small.

It is well known that the ESR spectrum of [Co-
(mnt),]3-, (where Hymnt denotes 2,3-dimercaptomaleo-
nitrile) shows?® a pattern similar to that of both [Co-
(acen)] and [Co(salen)], undoubtedly belonging to Type
II. However, analysis of the ESR spectra on single
crystals revealed that the directions of principal axes
of g-tensors are, as depicted in Fig. 1-b,29 different
from those of [Co(acen)]. Thus, on the basis of the
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o 1 2 3 4 5
Ay (X102 cm™?)

Fig. 8. The variation of Ay as a function of 4,. 4, are
(a) 500 cm—1, (b) 1000 cm™t, (c) 1500 cm—%, and (d)
3000 cm—1. Other parameters, £ and 4 are fixed to be
0.4 and —450 cm™, respectively.
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Fig. 9. The variation of A, as a function of 4,. 4, are
(a) 500 cm=%, (b) 1000 cm™%, (c) 1500 cm~2, and (d)
3000 cm~t. Other parameters, £ and 1 are fixed to be
0.4 and —450 cm™1, respectively.

new x,y, and z axes we formulated equations similar
to Egs. 2—9 according to the same principle. The
results was very similar to that obtained in the case
of the coordinated system in Fig. l-a. For example,
a similarity of results of the calculation based on the
different coordinate systems can be seen, if we compare
Figs. 10, 11 and Table 3 (based on the coordinate
system in Fig. 1-b) with Figs. 2,3 and Table 2 (based
on the coordinate system in Fig. 1-a), respectively. It
was confirmed by repeated examination that the choice
of the x and y axes does not bring about any signifi-
cant effect on the calculated values.

From the above discussion, we can conclude that
in Type II complexes an unpaired electron is localized
in the dy, orbital in the ground state. It should be
emphasized that in this approach we could interpret
the ESR parameters of the compounds on the assump-
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TaBLE 2. CALCULATED VALUES OF g, 4;(i=X, y, z) AND
¢;(j=1, 2, 3, 4) FOR THE COORDINATE SYSTEM OF Fig. 1-a
Experimentally obtained values are given in parentheses.

[Co(acen)]®» [Co(salen)]™
Fa 2.00(2.00) 1.79(1.74)
&= 3.36(3.26) 3.84(3.805)
g5 1.94(1.88) 1.80(1.66)
|4;] (X10~%cm™?) 23 (34) 14 (30)
|4z] (x10~*cm™1) 114(116) 250 (291)
|4y] (x10~%cm™1) 22 (38) 22 (50)
¢ 0.9699 0.9322
s —0.0632 —0.0344
c3 —0.2332 —0.3617
Gy —0.0292 —0.0269

a) Assumed values: 4,=2000cm™!, 4,=1400cm,
A,=8000 cm™!, A=-—450cmL, £=0.9 and £=0.5. b)
Assumed values: 4,;=2000cm™!, 4,=800cm™?, 4=
8000 cm™1, A= —450 cm~1, £=0.8, and £=0.5.

5
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& 3r
=
<
>
&
2t
|
0 | 2 3 4 5

A, (X108 cm-1)

Fig. 10. The variation of g-values (i=x,y, z) versus A,
in the case of the coordinate system of Fig. 1-b, with
k=1.0 ( ), k=09 (—-—), and £=0.8 (—-.—).
Other parameters 4,, 4, and 4, (in this case, this means
the energy separation between (yz)! and (x2—y?)?!)
are fixed to be 2000, —450, and 8000 cm~1, respec-
tively.

tion of reasonably small energy separation for the d,
and d,, orbitals, for which in the previous calcula-
tions!3:15,16) 3 large separation had to be assumed in order
to fit the calculated values to the experimental ones.
The present result has enabled us to analyze the ground
state configuration of low-spin square planar cobalt(II)
complexes from their ESR spectra (even spectra of
powder samples), where the magnitude of hyperfine
coupling energy of the peaks around the g=2.0 is most
characteristic (¢f. Table 1).

The presently obtained experimental results support
the above conclusion. The powder ESR spectra of
diluted cobalt(II) complexes with the N -macrocyclic
ligands, L-a, L-b, and L-c (Fig. 13) are shown in Fig.

Low-spin Square Planar Cobalt(II) Complexes 147
4001
T
8
v 2007
=)
X
Z A,
g
e O Ay
< Ax
0052 3 4 5
4, (103 cm™?)
Fig. 11. The variation of A;-values (i=x,y,z) versus

A, in the case of the coordinate system of Fig. 1-b.
Other parameters, 4;, 1, 4;, and & are fixed to be
2000, —450, 8000 cm~! and 0.4, respectively.

TasLE 3. CALCULATED VALUES OF g, 4; (i=X%,Y, z), AND
¢j(j=1,2, 3, 4) FOR THE COORDINATE sYsTeM of Fig. 1-b
Experimentally obtained values are given in parentheses.

[Co(acen)]»  [Co(salen)]®
y A 2.02(2.00) 1.78(1.74)
8 3.40(3.26) 3.90(3.805)
gy 1.86(1.88) 1.68(1.66)
|4,] (x10~*cm™1) 42 (34) 40 (30)
|Ag] (X10~%cm™?) 130(116) 254 (291)
|4y] (x10~*cm™?) 53 (38) 42 (50)
6 0.9729 0.9499
Cs —0.0663 —0.0466
3 —0.2195 —0.3077
4 —0.0294 —0.0279

a) Assumed values: 4;=2000cm™!, 4,=1500cm™L,
A;=8000 cm—1, A=—450cm, £=0.9, and £=0.45.
b) Assumed values: 4,=2000cm™!, A4,=1000cm™,
A;=8000 cm~1, A=—450 cm~1, £=0.9, and £=0.5.

12. Tt is evident that the ESR pattern of [Co(L-a)]?+
entirely differs from that of both [Co(L-b)] and [Co-
(L=c)]. According to our criterion, [Co(L-a)]2+ belongs
to Type I complexes because of the hyperfine splitting
(1451 =138 x10"% cm1) of the highest field absorption
(g5=2.00). On the other hand, two absotptions (g,, g5)
were observed around g=2.0 for [Co(L-b)] and [Co-
(L=c)], their hyperfine splittings being very small (|4,],
| 451 <50 10-* cm™!). The features of [Co(L-b)] and
[Co(L~c)] are very similar to those of [Co(amben)]
and [Co(acen)], respectively. It should be noted that
the hyperfine splitting at the lowest fields aborption
of [Co(L-c)], (g,=3.153, |4,]|=126x10"*cm™1), is
much larger than that of [Co(L-b)], (g,=2.636, |4,]
=0). This can be readily elucidated in terms of our
calculated results based on the (yz)! ground state con-
figuration. One absorption band is observed in the
range 10000—12000 cm™! for [Co(amben)]? and [Co-
(L=b)]. For these cases, we have calculated g, and 4,
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2500 3500 G

AV VAR VARV Ve

Fig. 12. ESR spectra of some square planar cobalt(IT)
complexes (obtained at 77 K, and G=10-* T).
1; [Co(L-a)]?t+ 2; [Co(L-b)] 3; [Co(L-c)].

p-tol

N p-tol NK\
[NH HNJ <NH H::>
S e

p-tol p-tol

L-a L-b L-c

Fig. 13. Some N -macrocyclic ligands used in this paper,
where p-tol represents p-tolyl.

values, assuming 45 to be 10000—12000 cm~1. As a
result, it was found that the variation of 4, in the range
8000—12000 cm~! brings about no significant effect on
the calculated values, shown in Figs. 2—9. Asshown in
Figs. 8 and 3, 4, is very sensitive to the energy separa-
tion between (yz)! and (z2)!. As this energy separation
increases from 1400 to 2500 cm~1, g. varies from 3.2,
to 2.7, and A,, from 140X 10~4cm™ to zero. Thus,
we can elucidate the ESR parameters of [Co(amben)],
[Co(L-b)] and [Co(L-c)] in tersm of our calculated
results based on the (yz)! ground state configuration.

McGarvey took a sizeable mixing of d,;: and d_,
orbitals into consideration in order to explain the ESR
parameters of [Co(sac),] and [Co(mnt),]?~. According
to his discussion, there should be a large difference in
the mixing of d,2 and d,; orbitals in [Co(L-a)]?+,
[Co(L-b)] and [Co(L~c)]. However, this is naturally
unrealistic since all these complexes have effective D,
symmetry and such a large difference can not be ex-
pected.

Experimental

Preparation. The perchlorate of 5,5,7,12,12,14-hexa-
methyl-1,4,8,11-tetraazacycotetradeca-1,7-diene, L-a, and the
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tetraphenylborate of [Ni(L-a)]?* were prepared according
to the methods of Curtis.?® The ligands, L-b and L-c, 6,13-
di-p-tolyl-1,4,8,11-tetraazacyclotetradeca-4,6,11,13 -tetraene,
and  3,11-di-p-tolyl-1,5,9,13-tetraazacyclohexadeca-1,3,9,11-
tetraene, were obtained from the reaction mixtures of 4-p-
tolyl-1,2-dithiolium hydrogensulfate and ethylenediamine or
1,3-propanediamine, according to methods similar to those
described by Tang et al.3V Low-spin square planar nickel(II)
and cobalt(II) complexes with L-b and L-c were also pre-
pared according to the methods of Tang et al.3V)

Measurements. For the ESR measurements, all the co-
balt(II) complexes were diluted in the corresponding nickel-
(II) complexes. ESR spectra were obtained with a JEOL
ESR apparatus model JES-3X-ME using an X-band. DPPH
was used as a standard marker.

The calculations were performed on the Facom 230-75
computer at the Computer Center of Kyushu University.
Secular determinants were solved by program HERMTS.
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