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1-(o-Substituted phenyl)-3,5-diphenyl-5-formazans form various kinds of complexes. The copper(II) com-
plexes of 1,3,5-triphenyl-5-formazan and 1-(p-Cl and o-CHjs)-3,5-diphenyl-5-formazans (Group I) showed about
0.012 cm ™! of the parallel component of the copper(II) ESR splitting constant; those of the copper(1I) complexes

of 1-(0-Cl and o-Br)phenyl-3,5-diphenyl-5-formazans (Group II) were 0.018 cm

~!. The fvalues in the near-

infrared region of the former complexes were almost 10-times larger than those of the latter complexes. The
difference was attributed to a tetrahedral distortion of about 65—70 degrees from the planar structure in Group
I; the complexes of Group II, however, were almost planar. The complexes of 1-(o-OH and o-COOH)phenyl-3,
5-diphenyl-5-formazans (Group III) showed exchange interactions between two copper(II) ions with exchange
energies of —375 and +33.5 cm ™! for the former and the latter complexes of Group III, respectively. Referring
to the exchange and dipolar interactions, the Cu—Cu distances and the Cu—O-Cu bridging angles are discussed.

The ligand configuration in copper(II) complexes has
been studied with biological interest for a long time.’ ™2
Many of them have helped in our understanding of the
copper(Il) environment at the active sites of copper-
(II)-containing proteins. However, the results of elec-
tron spin resonance(ESR) and magnetic-susceptibility
measurements have sometimes revealed different kinds
of the copper(II) circumstance in the complexes.?

The authors have reported previously that the ESR
behaviors of copper(II) complexes of formazan are
greatly influenced by the ortho-substituent of the 1-
phenyl ring of 5-formazan (Fig. 1).>% The following
is a summary of the previously reported results: (1)
In accordance with the stoichiometries of the copper-
(IT) ion and formazan as well as the values of the ESR
splitting constants of the copper(II) ion, the copper-
(II) formazanato complexes were classified into three
groups: In Group I, the stoichiometry of the copper(II)
ion and formazan was 1:2 and the splitting constants
of the copper(II) ion were small compared with those of
the copper(II) complexes with the planar structure. In
Group II, although the stoichiometry was also 1:2, the
splitting constants were normal, similar to the values
of complexes having a planar structure. In Group III,
since the stoichiometry was 1:1, they would be of the
dimer type. The splitting constants of a single copper-
(IT) ion were quite similar to those of Group II. (2) The
structure around the copper(II) ion of all investigated
copper(II) formazanato complexes was regarded to be
basically planar, because their g values were similar to
those with a planar structure.” (3) Groups I, II, and
III nicely correspond to Type 1, 2, and 3 copper(II)-
containing proteins, respectively.®—1%
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Fig. 1. 1,3,5-Triphenyl-5-formazan.

In order to probe the differences among the groups
and to further study their characteristic properties, the
magnetic study has been examined through the temper-
ature dependence of magnetic-susceptibility measure-
ments, and absorptions in the near-infrared region have
been investigated. In addition, the ratio (R) of the par-
allel component of the g value (g/,) to also the parallel
component of the copper(II) splitting constant (4,,)
was examined. Referring to the R of other copper(II)
complexes based on crystallographic data, the tetra-
hedral distortion angle of Group I was estimated to
be 65—70 degrees, while the complexes of Group II
and III were less distorted; both R and the oscillation
strength (fvalue) of the absorption band at around 825
nm showed a good correlation. It was verified that an
increase in the d—d transition probability coincides with
a distortion. On the other hand, the exchange inter-
actions were observed in the complexes of Group III.
Two copper(Il) ions coupled antiferromagnetically in
one complex and ferromagnetically in the other, as de-
duced from the exchange energy (2J). In addition, a
different 2J was indicative of a difference in the Cu-
O-Cu bridging angles caused by different ortho sub-
stituents. The experimentally obtained zero field split-
ting parameter (D), representing the dipolar interaction
energy, enabled an estimation of the copper(II)—copper-
(IT) distance.’” The diluted samples in the nickel(II)
analogs served for an investigation of the configuration
around the single copper(II) ion in the dinuclear com-
plexes of Group III. Such a configuration difference of
the copper (1) formazanato complexes will be discussed
in relation to the ortho substituents.

Experimental

The samples used for physical measurements in the
present study were bis[1,3,5-triphenyl-5-formazanato]|copper-
(II), 1; bis[1-p-chlorophenyl-3,5-diphenyl-5-formazanato]-
copper(Il), 2; bis[l- o-tolyl-3, 5- diphenyl- 5- formazanato]-
copper(II), 3; bis[l- o- chlorophenyl- 3, 5- diphenyl- 5- for-
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mazanato]copper(II), 4; bis[1-o-bromophenyl-3,5-diphenyl-
5-formazanato]copper(II), 5; bis[1-o-oxyphenyl-3,5-diphenyl-
5-formazanato]dicopper(II), 6; and bis[l-o-carboxyphenyl-
3,5-diphenyl-5-formazanato]dicopper(Il), 7 (Fig. 2). Their
preparation methods were the same as those for ESR mea-
surements in a previous paper.!? N ickel(IT) analogs of 6 and
7 were prepared by using nickel(II) acetate following a sim-
ilar method as that for the copper(II) complexes. Their ele-
mental analyses were well fitted with the data of the calcu-
lated values within the experimental error. The stoichiome-
tries of the copper(II) ion and formazan (experimentally ob-
tained) were 1:2in 1, 2, 3,4 and 5, and 1:1 in 6 and 7.
Since the magnetism of the nickel(II) analogs was diamag-
netic within the temperature range of the physical measure-
ments, the copper(II) complexes diluted in the nickel(II)
analog were synthesized in order to obtain information con-
cerning the single copper(II) ion in the dimer environment.
The ratio of copper(II) to nickel(II) ion was 1:50.

The magnetic-susceptibility measurements were carried
out as functions of the temperature using a torsion bal-
ance (described elsewhere!®); the data were corrected for
the diamagnetism and temperature-independent paramag-
netism (TIP). The molar magnetic-susceptibility (xm) was
reported for 1, 2, and 7 previously.”’ The ESR spectra were
recorded on a JEOLCO ME 3X spectrometer equipped with
100 kHz field modulation in the temperature range from
room temperature to 4.2 K. The absorption spectra were
recorded for a dichloromethane solution in the 340—2200
nm range using a Shimadzu Multi-purpose Spectophotome-
ter (MPS50L).

Results and Discussion

Magnetic-Susceptibility Measurements. The
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Fig. 2.  Chemical structures. (a) 1, 2; X=p-Cl, 3;
X=0-CHgs, 4; X=0-Cl, 5; X=0-Br, (b) 6, (c) 7.
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temperature dependence of the magnetic susceptibility
of 1, 2, and 3 was paramagnetic down to helium tem-
perature and conformed to Curie-Weiss’s law. An ef-
fective magnetic moment (ueg) of 3, obtained from the
gradient of the inverse molar susceptibility (xa~!) vs.
temperature (7T) was 1.8 BM. peg of 1 and 2 was 1.8
BM, as previously reported. These effective magnetic
moments correspond to the value of the single spin of a
copper(II) ion of $=1/2, indicating that the exchange
interactions among the copper(II) ions are very weak.
Complexes 4 and 5 in Group II were also paramagnetic
over the entire range of the susceptibility measurements;
their magnetic moments were 1.61 and 1.55 BM, respec-
tively. Though their effective magnetic moments are
slightly smaller than that of the free spin, the copper-
(II) ions do not interact. Groups I and II are, therefore,
an isolated system of the copper(II) ion.

On the other hand, plots of xy of 6 versus the tem-
perature showed a maximum at around 275 K, which
decreased as the temperature decreased down to 77 K
(Fig. 3). At 77 K the value of x) was only that of the
temperature-independent paramagnetism. The solid
curve in the figure represents the best fit of Bleaney—

Bower’s equation obtained, with 2J=—-375 cm~! and
v =2.07.1%)
N av2 2
bt = gau B (1)

kT x (3 + exp (—2J/(kT)))

Here, 2J is the exchange interaction energy between two
copper(II) ions in a dinuclear complex and g,, is the av-
eraged g value. The result of a magnetic-susceptibility
measurement showed that since the copper(II) ions of
6 interact antiferromagnetically, the ground state is a
singlet state. On the other hand, two copper(II) ions
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Fig. 3. Experimental and calculated temperature de-

pendences of the molar magnetic susceptibility of 6
and the reciprocal molar magnetic susceptibility of 7;
2J=-375 cm™'; ¢=2.07 for 6 and 2J=33.5 cm™};
9=2.06 for 7. (H)6; (@)7.
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in 7 interact ferromagnetically, as previosuly reported.
The ground state of 7 is the triplet state since the pos-
itive 2J is indicative.’® For a comparison, a 1/x vs.
T plot of 7 is also shown in the same figure. The solid
curve shows the best fit of the theoretical data with
2J=+33.5 cm™! and ¢,,=2.06. Thus, it was confirmed
that 6 and 7 are dinuclear complexes of the copper(II)
ions, as represented in Fig. 2. The dinuclear complex of
the copper(II) ions is abbreviated as a dimer. The re-
sults of magnetic susceptibility measurements of seven
complexes are summarized in Table 1.

ESR Results.  Although the ESR results of the
complexes of Groups I and IT were previously reported,
the results and discussion concerning the complexes of
Group III were not sufficient. In the present paper,
additional results and a more detailed discussion are
represented concerning 6 and 7.

ESR of 6: The ESR spectrum of a polycrystalline
powder of 6 at room temperature (Fig. 4(a)) was a su-
perposition of two kinds of absorptions; one is asterisked
and the other is not. At liquid-nitrogen temperature,
the former was scarcely recognizable, while the latter
was emphasized due to its intensity. The spectrum
at liquid-nitrogen temperatue is shown in Fig. 4(b),
where the spectrum with 15-times intensity strength
was added in order to emphasize the absorption at a
magnetic field of 106 mT. The expanded spectrum of
the central part is also represented in Fig. 4(c).

The asterisked resonance lines in Fig. 4(a) were as-
signed as being those due to the copper(II) dimer with
the excited triplet state, which was derived from mag-
netic-susceptibility measurements. The zero-field split-
ting parameter of the triplet state was thus estimated;
D*, the zero-field splitting parameter found by a com-
puter simulation, was 0.22 cm~! for 6, and D, obtained
from the intervals between each pair of the absorptions
(Fig. 4(a)), was 0.21 cm~1.1%1" On the other hand, a
forbidden transition was observed at the magnetic field,
Hyais; the zero-field splitting parameter (DY) was calcu-
lated following Eq. 2.'® For complex 6, Hy.s and gay
were 106 mT and 2.07, respectively. Here, the zy sym-
metry (E'=0), was approximated under consideration

Table 1. Magnetic Data of Seven Complexes
Complexes  peg/BM  Magnetism Weiss’s
constant/K

1 1.8 para® —4*

2 1.8 para —4"

3 1.8 para -3

4 1.6 para -2

5 1.6 para -2

6 diamag®

7 1.8 ferromag® 12*

*) Reportred in Ref. 5. a), b) and c) are the abbrevi-
ations of paramagnetic, diamagnetic, and ferromagnetic
interactions.
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of similar values of g, and g,, and v was the microwave

frequency. As a result of the calculation, D' was 0.209
-1

cm™ .

1 [(mN\? (D)4 B2
Hhalf—g—,@{<7> +—3——} (2)

Since D*, I’, and D were in good agreement, the zero-
field splitting parameter of 6 was determined to be 0.21
cm™!. At the same time, absorption at a magnetic field
of 106 mT was confirmed to be the forbidden transition.
The zero-field splitting parameters is listed in Table 2.

The spectrum of Fig. 4(c) is attributed to the para-
magnetic part, due to the copper(II) monomer species.
As the result of a computer simulation, g, was 2.17
and, arbitrarily, g;=2.03 and g,=2.01. The parallel
component of the copper(Il) hyperfine splitting gave
0.018 cm~!. These values are quite similar to those of
the complexes of Group II. The configuration around
the copper(Il) ion in 6 would thus be similar to that
of Group II. Besides, the perpendicular components
of the copper(II) further split into 0.0017 cm™! inter-
vals, as is shown in Fig. 4(c). A computer simulation
revealed that these were a superpositon of the perpen-
dicular components of the copper(II) hyperfine splitting
and the superhyperfine splitting due to the two ligand
nitrogens.

ESR of 7:  During ESR measurements of 7, only
one absorption at ¢g=2.06 was observed, and no hy-
perfine splitting appeared both in a microcrystalline
powder and a toluene solution at room temperature
or liquid-nitrogen temperature.'® They did not yield
any structural information around the copper(II) ion.
Even in the ESR in a microcrystalline powder at lig-
uid-helium temperature, neither the fine structure nor
the hyperfine structure was resolved in the broad ab-
sorption line. However, the resonance line ascribed to
the forbidden transition due to the triplet state of the
copper(II) dimer was observed at a magnetic field of 156
mT in a microcrystalline powder of 7 at 4.2 K (Fig. 5).
Though the absorption line is located at a quite similar
magnetic field, at which contaminated Fe3* impurity
absorption of g=4.2 is observed, it is clearly due to the
half resonance, since it was observed under the condi-
tions of the ESR amplitude and modulation at which
Fe?* ESR is never observed. The zero-field splitting
parameter (') was then calculated following Eq. 2 by
the use of 156 mT of Hy.y, giving 0.020 cm~!. Since

Table 2. Exchange Energies and Zero-Field Splitting
Parameters
Complexes gav  2J/em™'  D/cm™!
6 2.07 -375 0.21
7 2.06 33.4 0.019
Cu(CH3;COO0),H,0  2.13  —284 0.35

a) Ref. 22.
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Fig. 5. ESR spectrum of a microcrystalline state of 7
at 4.2 K.

the temperature dependence of the magnetic-suscepti-
bility measurements of 7 was well interpreted with the
equilibrium between the ground triplet and the excited
singlet states, the increase of the number in the ground
triplet state at liquid-helium temperature would yield
the ESR observation at Hy,is. Thus, the observation
of the forbidden transition confirmed the ground triplet
state, which was derived in the magnetic-susceptibility
measurements.

ESR spectra of a microcrystalline state of 6 at (a) room temperature, and (b) liquid-nitrogen temperature.

ESR in a toluene solid solution at 4.2 K seemed to
peek out the fine structure of the triplet state, as the
result of a narrowing due to dilution. The D-value esti-
mation from the intervals of each pair of the shoulders in
Fig. 6 gave 0.019 cm~!. Two values (D’ of 0.020 cm™!
and D of 0.019 cm~!) were well fitted within the exper-
imental error. Thus, D of 7 is much smaller than that
of 6, giving a not very well-resolved fine structure. It
can be conclusively said that only one resonance line in
both the toluene solution and the microcrystalline pow-
der at room temperature and liquid-nitrogen tempera-
ture would have been the consequence of an exchange
interaction between two copper(II) ions and the small
D value in the copper(II) dimer. The D of 7 are also
given in Table 2.

ESR of Group III in the Nickel(II) Diluted
System:  Diluted systems of 6 and 7 in the nickel-
(IT) analogs were prepared. It was confirmed that the
nickel(II) ions had no spin in either complex. One of the
nickel(II) ions in the nickel(II) dimer was substituted by
the copper(Il) ion, and ESR absorption dut to single
copper(II) ion was observed. The ESR spectra of the
diluted samples of 6 and 7 were similar to that of Fig. 4-
(c); their ESR parameters were also similar to those of
the complexes of Group II. The configuration around a
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Fig. 6. ESR spectrum of a toluene solid solution of 7
at 4.2 K.

copper(II) ion in the dimer is also quite similar to those
of the complexes of Group II.

Cu—Cu Distance and Bridging Angle. Refer-
ring to the D value, the Cu—Cu distance in the dimer
was estimated. In the case that the exchange inter-
action is stronger and its energy is not negligible, the
distance depends upon not only the dipolar interaction
energy, but also the exchange interaction energy.?®) For
such a case, one of the authors approximated the Cu—
Cu distance (r) in the following relation:?")

D=ar? (3)

The coefficient «, which contains contributions from
both D(dipole) and D(exchange), is deduced using D
and r which are determined from ESR and X-ray ex-
periments, respectively, following Eq. 3.?% In the case
of 6, the D and J values are similar to that of Cu(II) ac-
etate monohydrate (summarized in Table 2), although
the bonding type around the Cu(II) ion is different.
The « value was calculated for Cu(II) acetate monohy-
drate; then, using this a value and the experimentally
obtained D, the Cu—Cu distance for 6 was estimated as
to be 0.311 nm.

On the other hand, it is well known that two kinds of
interactions, antiferromagnetic and ferromagnetic, are
observed through superexchange interactions, depend-
ing on the bridging angle.?®?* Hatfield et al. deduced
the two relations concerning the J value based on the
Cu—-Cu distance and the Cu—O-Cu angle for hydroxo-
bridged copper(II) dimers, based upon the structural
and magnetical data.?® Following their relations, the
Cu—Cu distance and the Cu—O-Cu angle of 6 were 0.300
nm and 102 degrees. This distance is in good agree-
ment with that determined from Eq. 3, 0.311 nm. The
fact that the distances estimated by two methods were
in good agreement with each other would mean that
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Hatfield’s empirical relation also contains contributions
from both J and D. The Hatfield relation can also be
applicable to complex 7. The Cu—-Cu distance and the
Cu—0O-Cu angle of 7 were estimated to be 0.289 nm and
97 degrees, respectively.

It was reported that a bridging angle of about 97 de-
grees is the empirical boundary between antiferromag-
netic and ferromagnetic interactions.?> 2" The Cu-O-
Cu angle estimated in 7 is just on such a boundary,
managing to yield a ferromagnetic interaction. Thus,
depending upon the ortho substituent of the 1-phenyl
ring of 1,3,5-triphenyl-5-formazan, the critical difference
in the Cu-0O-Cu angle has been produced and caused
the antiferromagnetic interaction in 6 and the ferromag-
netic interaction in 7.

Optical Absorptions and Distortion.  The li-
gand formazan has not only strong absorption at 585
nm, but the absorptions in the visible region of the
complexes are also strong. Their absorption coefficients
are 5000—6000 mol~! cm™!. They were therefore at-
tributed to the charge-transfer bands from the ligand
formazan to the copper(Il) ion. On the other hand,
since the absorptions in the NIR region of the com-
plexes were broad and weak, they were ascribed to the
d—d transition bands in the copper(II) ion. Represen-
tative absorption spectra are shown in Fig. 7. Two ab-
sorptions (A and B) were recognized in each complex;
A is at about 820 nm and B is at around 1200 nm.
B was not adequate for any further discussion, since
they were too weak and broad. Thus, the absorption
A served for a detailed consideration. Though the d—d
transition probability is probably small, the tetrahedral
distortion would increase the transition probability as
the result of d-orbital mixing.?® The absorption bands
in NIR were very broad and weak, changing from sam-
ple to sample. The oscillation strength (f), defined as
Eq. 4, was thus adopted for a comparison,®

Absorbance farbitrary units)

800 1200 1600 2000

Wavelength / nm

Fig. 7. Absorptions of 1 and 6 in the NIR region.
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F=432%10° / ” e(v)dv. (4)

The increase in the f~value indicates an increase in the
d—d transition, which is caused by a greater tetrahedral
distortion from a planar structure. The fvalues of A of
1,2, and 3 were 5.4x107 1, 3.3x1072, and 3.1x10~2, re-
spectively. They were almost 10-times larger than those
of the complexes of Groups II and III. This finding sug-
gests that a greater distortion is produced in Group I
than in Groups II and III.

The R also gives an estimation concerning the tetra-
hedral distortion.?°—34 Although the configuration is
almost planar in the case that R is within the range of
115—135, the larger R corresponds to a greater tetrahe-
dral distortion. The R values of Group I are more than
160, and those of Groups II and IIT are within 120—
134 (Table 3). It is mentioned that Group I is not pla-
nar and Groups II and III are clearly planar. Gouteron
correlated the tetrahedral angle (w; Fig. 8) and R.3®
Referring to their correlation, the w of Group I is esti-
mated to be about 65—70 degrees, and that of Groups
II and IIT is about 30—40. Group I is therefore rather
tetrahedral and, on the contrary, Groups II and III are
almost planar.

Now, a larger R corresponds a greater distortion, and
an increase in f-value also indicates greater distortion.
The R values of Groups I, I, and III were plotted versus
the fvalue (Fig. 9). They are in good correspondence.
Thus, it is conclusively mentioned that the fvalue, it-

Table 3. Spectroscopic Data of Absorption A and Ratio R

Complexes Wavelength/nm  f-value R(=g,,/A;,)
1 837.5 5.4x1072 184
2 812.5 3.3x1072 175
3 825 3.1x1072 161
4 825 4.1x1073 125
5 825 2.3x1073 121
6 825 1.0x1073 1209
7 800 3.0x1073 134%

a) These R values were estimated for the nickel(II) di-
luted systems.

?

/“_77 |
L}

Fig. 8. Tetrahedral distortion angle from the planar
structure.
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Fig. 9. Plots of R versus the fvalues of the absorption
A of the present complexes. The solid line was drawn
by the least-squares method.

self, enables an estimation of the degree of distortion.

Finally, it would be interesting to note that an ortho
substituent, such as chlorine or bromine in the 1-phen-
yl ring of 1,3,5-triphenylformazan, functions to main-
tain the planarity around the copper(Il) ion in Group
II. In Group III, furthermore, the bridging oxygen pro-
vided by the ortho substituents would work to main-
tain the planarity around the copper(II) ion. On the
other hand, in Group I, in which 5-formazans do not
have electronegative ortho substituents in 1-phenyl ring,
nothing helped to maintain the planarity around the
copper(Il) ion. Thus, the 5-formazanato copper(II)
complexes have a characteristic feature such that an or-
tho substituent in the 1-phenyl ring of 1,3,5-triphenyl-
5-formazan enables a variety of configurations around
the copper(Il) ion. Such flexibility of the configura-
tion around the copper(II) ion may cause some diffi-
culty concerning their crystal growth of 5-formazanato
copper(II) complexes.

Conclusion. The differences in three groups of 5-
formazanato copper(II) complexes could be well inter-
preted in relation to the structural characterization of
each Group, as follows. Two kinds of stoichiometry led
to two kinds of interactions among the copper(II) ions:
although in Groups I and II, the copper(II) ions do not
interact with each other, in Group III two copper(II)
ions do interact. Depending upon the bridging angle
of Cu-O-Cu, antiferromagnetic and ferromagnetic in-
teractions made their appearence in Group III. On the
other hand, the difference in the ESR splitting constant
between Group I and Groups IT and III was deduced to
the degree of the tetrahedral distortion from the planar
structure.
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