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Linear correlations with positive slopes have been found for the zero-field splitting parameters (

 

D

 

) and the anisotro-
pic exchange parameters (

 

D

 

ex

 

) vs the singlet–triplet separations (

 

−

 

2

 

J

 

) for [Cu
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CO) for a wide range of 
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J

 

 values, ca. 240–650 cm

 

−

 

1

 

.  The values of 

 

D

 

 and 

 

D

 

ex

 

 for benzoyl-
formate were found to be the highest ever studied.  The quality of the linear relations of 

 

−

 

2

 

J

 

, 

 

D

 

ex

 

 and 

 

D

 

 with the square
of the coefficient of 2p

 

x

 

(C) of the symmetric HOMO of the bridging carboxylate ions, coeff,

 

2

 

 were found to be in the
order, 
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 vs coeff
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.  A roughly linear relationship with a negative slope was found for 

 

D

 

vs 

 

−

 

2

 

J

 

 for a system, [Cu
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(O
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CCMe

 

n

 

Ph

 

3

 

−
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)

 

4

 

(L)
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], in which the 

 

−

 

2

 

J

 

 values cover a relatively small range, ca. 320–370
cm

 

−

 

1

 

.

 

During the past few decades, extensive studies on magnetic
exchange interactions in dimeric copper(

 

Ⅱ

 

) systems have been
made.

 

1–5

 

  Most of the magnetic studies on copper(

 

Ⅱ

 

) dimers
have been performed on di(

 

µ

 

-oxo)-bridged copper(

 

Ⅱ

 

) com-
plexes and dimeric (carboxylato)copper(

 

Ⅱ

 

) complexes.  The
magnetic interaction in the copper(

 

Ⅱ

 

) dimers is ascribed to a
superexchange of the unpaired electrons of d

 

x

 

2

 

−

 

y

 

2

 

 orbitals on
each copper ion in the ground state through bridging ligands.

 

6

 

Historically, the studies of magneto–structural correlations of
the (carboxylato)copper(

 

Ⅱ

 

) dimer systems have been contro-
versial.

 

1–3,5,7–9

 

  In 1975, Hoffmann et al. proposed a fundamen-
tal spin–spin exchange mechanism for copper(

 

Ⅱ

 

) dimeric sys-
tems based on the MO method:

 

10

 

 the spin exchange occurs
through overlapping of the symmetric metal MO and the sym-
metric HOMO of the carboxylate ion bridges.  It was known
that there is a correlation between the value of 

 

−

 

2

 

J

 

 and the p

 

K

 

a

 

of the parent carboxylic acid.

 

7,11

 

  However, the unexpectedly
large values of 

 

−

 

2

 

J

 

 for the (trifluoroacetato)copper(

 

Ⅱ

 

) quino-
line adduct (310 cm

 

−

 

1

 

) and the (formato)copper(

 

Ⅱ

 

) adducts
(ca. 500 cm

 

−

 

1

 

) where the conjugate acids of the ligands have a
high acidity were not reasonably explained at that time.  In
1981, an ab initio direct calculation of 

 

−

 

2

 

J

 

 for (acetato)cop-

per(

 

Ⅱ

 

) hydrate (

 

−

 

2

 

J

 

 

 

=

 

 286 cm

 

−

 

1

 

) was made by de Loth,
Daudey, and coworkers.

 

9

 

  However, the highly sophisticated
calculation had its limitations.

 

3,12

 

  The weak point was that the
procedure could not be used to explain the larger 

 

−

 

2

 

J

 

 values
(ca. 500 cm

 

−

 

1

 

) of the (formato)copper(

 

Ⅱ

 

) dimers compared to
the acetates, since the singlet–triplet energy separation is much
smaller than the total energy, and hence a high precision of the
theoretical calculation is required.

 

13

 

  Under these circumstanc-
es, magneto–structural studies on (silanecarboxylato)cop-
per(

 

Ⅱ

 

) complexes (

 

−

 

2

 

J

 

 

 

=

 

 ca. 1100 cm

 

−

 

1

 

) were carried out.

 

14,15

 

Further, a qualitative explanation has been successfully given
for the magneto–structural correlation of the dimeric (carboxy-
lato)copper(

 

Ⅱ

 

) systems of a wide range of 

 

−

 

2

 

J

 

 values of 220–
1200 cm

 

−

 

1

 

 based on molecular orbital calculations of the
RCOO

 

−

 

 ion (R 

 

=

 

 CH

 

3

 

, H, SiMe

 

3

 

, etc.).

 

17–19

 

  Mulliken popula-
tion analyses indicate that the electron population of the bridg-
ing RCOO

 

−

 

 correlates with the 

 

−

 

2

 

J

 

 values of the dimeric (car-
boxylato)copper(

 

Ⅱ

 

) complexes.  The key factor is the 2p

 

x

 

 orbit-
al population of the central C atom in the symmetric HOMO of
the bridging RCOO

 

−

 

 ion (

 

x

 

 is along the C–R bond): the larger
is the 2p

 

x

 

 orbital population, the larger is the −2J value of the
(carboxylato)copper(Ⅱ) complexes.
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An ESR study of copper(Ⅱ) dimers was initiated by Bleaney
and Bowers for (acetato)copper(Ⅱ) hydrate in 1952.19  A few
decades later, ESR studies of copper(Ⅱ) dimers had been exten-
sively investigated by Gatteschi and coworkers on di(µ-oxo)-
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bridged copper(Ⅱ) complexes to elucidate the exchange inter-
actions between the ground and excited states in these struc-
tures.20–24  The notable conclusions of the studies are: there is
no correlation between −2J and D, and D is always negative
for these dimeric single-atom bridged copper(Ⅱ) systems.25

Recently, we conducted an ESR study on (trichloroaceta-
to)copper(Ⅱ) (TCAC) complexes to observe the correlation of
the ESR parameters, D and Dex, with the Cu≥Cu distances.26

In this study, linear relationships with positive slopes were ob-
served for D (or Dex) vs Cu≥Cu distances and for these ESR
parameters vs −2J.  The metal geometry of TCAC complexes
varies from square pyramidal (SP) toward distorted trigonal bi-
pyramidal (DTBP) with elongation of the Cu≥Cu distance
from 2.760 to 3.261 Å, accompanied by a change of −2J from
240 to 79 cm−1 and of D from 0.369 to 0.173 cm−1.

We have now extended such an ESR study to (carboxyla-
to)copper(Ⅱ) dimers with square pyramidal metal geometry
(Fig. 1).  In the most extensive studies made to date, the ob-
served relationships between −2J and D are rather ambiguous:
there are compounds for which −2J increases with increasing
values of D, and vice versa.27–33  A reason for this ambiguity
may perhaps be in the inaccuracy of these magnetic data for
the compounds within the small range of values observed for
−2J and D.  In 1971, Yablokov et al. reported a magnetic and
ESR study of (carboxylato)copper(Ⅱ) complexes with a wide
range of −2J and D values, including (formato)copper(Ⅱ)
complexes.35  They claim that in the dimeric (carboxylato)cop-
per(Ⅱ) complexes −2J and D change in the same direction.
However, the compounds on which their claim was based in-
cluded compounds which have anomaly small −2J values, ca.
100 cm−1.  These compounds are considered to have molecular
structures different from those of the common (carboxyla-
to)copper(Ⅱ) dimers with D4h symmetry.8,35–38  Since then, to
our knowledge, no explicit correlation between D and −2J has
been reported for dimeric (carboxylato)copper(Ⅱ) complexes
of D4h symmetry.  Under these circumstances, the finding that
(silanecarboxylato)copper(Ⅱ) complexes which have very
large −2J values is quite important.  However, the ESR spec-
tral intensity of these compounds is too weak to obtain any rea-
sonable ESR parameter.  Quite recently, Ohba et al.40 have
found that dimeric (benzoylformato)copper(Ⅱ) complexes
show −2J values of ca. 650 cm−1.  In the present paper, we re-
port on ESR spectral data for (benzoylformato)copper(Ⅱ) pyri-
dine derivatives.  Newly collected data for (formato)copper(Ⅱ)

and (acetato)copper(Ⅱ) pyridine derivatives are also included.
Further, ESR, magnetic and reflectance spectral data have been
systematically collected for [Cu2(O2CCMenPh3−n)4(L)2] (L =
pyridine, etc.) in the hope that such systematic detailed data
collection would shed new light on the nature of the magneto-
ESR correlations of (carboxylato)copper(Ⅱ) dimers.

Experimental

Syntheses.    (benzoylformato)copper(Ⅱ) complexes were pre-
pared by procedures reported by ohba et al.39  All of the other
compounds were prepared by procedures listed elsewhere.40–42

Physical Measurements.    Polycrystalline powder ESR X-
band spectra were recorded on a Jeolco JES-ME-2 spectrometer at
room temperature.  The resonance field values were corrected us-
ing DPPH (g = 2.0037) as an external standard.  A NMR magnet-
ic field meter EFM-2000AX (ECHO Electronics) was used as a
magnetic field marker.  The reflectance spectra were recorded on
Hitachi 323 and Nihonbunko UV-570DS spectrophotometers.
The ESR parameters for [Cu2(O2CR)4(L)2] (R = CH3, H and
C6H5CO; L = 2-, 3-, 4-picoline and in addition pyridine for R =
C6H5CO) are given in Table 1.43  The ESR, magnetic and electron-
ic reflectance spectral data for [Cu2(O2CCMenPh3−n)4(L)2] (n =
0–3; L = pyridine, 2-, 3-, 4-picoline, 2, 6-lutidine and quinoline)
are listed in Table 2.43  The ESR spectra of some selected com-
pounds in Tables 1 and 2 are given in Fig. 2.  The ESR parameters
(g//, g⊥ and D) were obtained from the observed values of Hz1, H⊥2

and Hz2 after Chasteen.44

Results and Discussion

In the present study, the interpretation of the ESR spectral
data of (carboxylato)copper(Ⅱ) complexes was based on a pa-

Fig. 1.   Cage structure of (carboxylato)copper(Ⅱ) dimers,
[Cu2(O2CR)4(L)2].

Fig. 2.   ESR X-band spectra of polycrystalline samples at
room temperature.  A [Cu2(O2CR)4(3-picoline)2]: curve 1,
R = CH3; curve 2, R = H; curve 3, R = C6H5CO.
B [Cu2(O2CCMenPh3−n)4(3-picoline)2]: curve 1, n=0;
curve 2, n = 1; curve 3, n = 2; curve 4, n = 3.
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per by Solomon et al.,6 as was also made in our previous paper
on (trichloroacetato)copper(Ⅱ) (TCAC) complexes.27

The zero-field splitting parameter (D) is given by the sum of
two components,6,46

D = Dex + Ddip, (1)

where Dex is the component from an anisotropic exchange and
Ddip is the component from a through-space interaction be-
tween the two point magnetic moments centered on the two
metal ions,

Dex = −1/16(g// − 2)2 Jxy, x2−y2 
+ 1/4(g⊥ − 2)2 Jxzyz, x2−y2, (2)

Ddip = −(g//
2 + 0.5g⊥

2)β2/r3, (3)

where Jxy, x2−y2 and Jxzyz, x2−y2 are the exchange interactions be-
tween an unpaired electron in the dx2−y2 orbital of a copper ion
in the ground state and a second electron in the dxy and dxz, yz or-
bitals, respectively, of the other copper ion in excited states.  In
Eq. 3, r is the Cu≥Cu distance.  The values of Ddip were calcu-
lated by Eq. 3 using the observed values of g// and g⊥ as well as
the values of r from the references given in Table 1.  The val-
ues of Dex were obtained by substituting the values of D and
Ddip into Eq. 1.

In Table 1, the values of g//, g⊥, Ddip, D, Dex and −2J of
[Cu2(O2CR)4(L)2] are listed together with the data for some se-
lected (carboxylato)copper(Ⅱ) complexes.

It is quite important to note that there is a fundamental dif-
ference in the characteristics of the ESR parameters between

(carboxylato)copper(Ⅱ) complexes and di(µ-oxo)-bridged cop-
per(Ⅱ) complexes.  As can be seen in Table 1, D and Dex of
(carboxylato)copper(Ⅱ) complexes are always positive.  On the
other hand, D of di(µ-oxo)-bridged copper(Ⅱ) complexes is al-
ways negative.21,23  The negative D value of the latter complex-
es is essentially due to the orthogonality of the magnetic orbit-
als, dxy and dx2−y2, in these complexes of SP metal symmetry.

Based on a variety of magneto-optical techniques, in 1989
Solomon et al.6 reported for (acetato)copper(Ⅱ) pyrazine a
number of exchange energies, Jn, x2−y2 and Jn, n, with n being
x2−y2, xy, xz, yz and z2.  In this study, Jxzyz, x2−y2 and Jz2, x2−y2

were found to be ferromagnetic in accordance with that the d
orbitals are orthogonal in D4h symmetry.  However, Jxy, x2−y2

was found to be −25 cm−1, which is weakly antiferromagnet-
ic.  In this case, the spin–orbit coupling is comparatively large
and allows the ground state to mix with the dxy excited state as
long as Jxy, x2−y2 becomes weakly antiferromagnetic.  Their re-
sults are quite remarkable in the history of ESR studies of (car-
boxylato)copper(Ⅱ) complexes.  They have afforded experi-
mental and theoretical bases, even qualitatively, for the fact
that Dex and D are positive for the dimeric systems.

In 1975, Hoffmann et al.10 proposed a fundamental MO
mechanism for the superexchange interaction in (carboxyla-
to)copper(Ⅱ) complexes: the spin-exchange occurs through an
overlap of the symmetric metal MO composed of dx2−y2 orbit-
als and the symmetric highest occupied MO’s (HOMO’s) of
the bridging carboxylate ions.  The symmetric HOMO of the
carboxylate ion is constructed from the 2px orbitals of the O at-
oms and from the 2px orbital of the central C atom as 2px(O)–
2px(C)–2px(O).  In previous studies,16,39 we found a linear cor-
relation between the diagonal part of the 2px(C) electron popu-

Table 1.   ESR and Magnetic Data for [Cu2(O2CR)4(L)2]a)

Compound g// g⊥ Ddip D Dex −2J Referenceb)

 cm−1 cm−1 cm−1 cm−1

R = F3C
1 L = quinoline 2.44 2.17 −0.300 0.425 0.725 310 46 47

R = FCH2

2 L = quinoline 2.397 2.095 −0.3402 0.395 0.735 364 48 49 50
R = Cl3C

3 L = 2-F-benzothiazol 2.379 2.084 −0.3229 0.369 0.692 240 26 51
4 4,7-Cl2-quinoline 2.402 2.071 −0.3173 0.380 0.697 237 26 51

R = ClCH2

5 L = quinoline 2.375 2.087 −0.3349 0.371 0.706 331 50 52
6 2-picoline 2.375 2.079 −0.3259 0.373 0.699 320 50 53

R = CH3

7 L = 2-picoline 2.380 2.066 −0.3540 0.356 0.710 332 ∗ 16
8 3-picoline 2.377 2.069 −0.3721 0.354 0.726 326 ∗ 16
9 4-picoline 2.389 2.072 −0.3696 0.354 0.724 333 ∗ 16

R = H
10 L = 2-picoline 2.397 2.113 −0.3377 0.420 0.758 482 ∗ 16
11 3-picoline 2.368 2.079 −0.3444 0.423 0.767 489 ∗ 16
12 4-picoline 2.296 2.135 −0.3458 0.424 0.769 489 ∗ 16

R = C6H5CO
13 L = 2-picoline 2.453 2.134 −0.3431 0.483 0.826 656 ∗ 39
14 3-picoline 2.385 2.099 −0.3381 0.469 0.807 649 ∗ 39
15 4-picoline 2.473 2.143 −0.3588 0.486 0.845 625 ∗ 39
16 pyridine 2.374 2.091 −0.3314 0.463 0.794 648 ∗ 39

a) For Ddip, D, and Dex, see text and Ref. 6. b) ∗ indicates the presnt study.
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lation in the symmetric HOMO of the carboxylate ion, i. e.,
twice the square of the coefficient of the 2px(C) atomic orbital
and the −2J for (carboxylato)copper(Ⅱ) complexes.

In the present study, linear correlations were observed be-
tween the data of the ESR and magnetic parameters in Table 1
and the square of the coefficient of the 2px(C) of the symmetric
HOMO of the carboxylate ion, [coeff. 2px(C)sym. HOMO]2

(coeff2).  They are shown in Fig. 3, Fig. 4, Fig. 5, Fig. 6 and
Fig. 7.  The results of linear-regression analyses are listed in
Table 3.  The observed orders of the linearities of these correla-
tions in terms of R2 are:

Dex vs −2J > D vs −2J, (4)

and

−2J vs coeff2 > Dex vs coeff2 > D vs coeff2, (5)

The observed order may be interpreted based on the character-
istics of the ESR and magnetic parameters.  The ground-state
exchange energy, −2Jx2−y2, x2−y2, is quite straightforward, since
it is related to the exchange pathway proposed by Hoffmann et
al.,10 and has no contribution from excited states.  On the other
hand, Dex is composed of two exchange energies, Jxy, x2−y2 and
Jxzyz, x2−y2.  D is composed of Dex and, Ddip which has no contri-
bution from the excited states.  Thus, D is the most complex.
The simplicity of the parameters apparently correlates with the
quality of the linear relations.

Table 2.   ESR, Magnetic, and Electronic Reflectance Spectral Data for
[Cu2(O2CCMenPh3−n)4(L)2]a)

Compound −2Jb) νmax × 10−3c) g// g⊥ gav Dd) D/(−2J)×103e)

cm−1 cm−1 cm−1

L = pyridine
n = 0f) 321 8.53 13.53 25.64 2.38 2.07 2.18 0.366 1.14

1 368 8.00 13.51 26.31 2.415 2.107 2.214 0.381 1.04
2 362 8.33 14.08 25.64 2.395 2.091 2.197 0.372 1.03
3 368 7.90 14.08 25.77 2.407 2.098 2.206 0.371 1.01

L = 2-picoline
n = 0 312 9.71 13.15 25.38sh 2.332 2.142 2.207 0.359 1.15

1 340 7.69 13.33 25.64 2.469 2.120 2.242 0.412 1.21*
2 351 7.63 13.79 26.31 2.413 2.104 2.212 0.379 1.08
3 372 8.70 13.89 25.45 2.403 2.097 2.204 0.374 1.01

L = 3-picoline
n = 0 337 9.09 13.15 24.45 2.388 2.162 2.240 0.430 1.28

1 346 9.17 13.51 25.19 2.431 2.117 2.226 0.420 1.21
2 358 8.85 13.61 25.91 2.397 2.099 2.203 0.376 1.05
3 363 8.83 13.69 25.77 2.384 2.094 2.195 0.369 1.02

L = 4-picoline
n = 0g) 326 8.69 13.79 25.64 2.332 2.096 2.177 0.392 1.20

1 358 8.33 13.51 26.31 2.419 2.118 2.223 0.386 1.08
2 352 8.70 13.98 25.64 2.376 2.089 2.189 0.365 1.04
3 325 8.33 13.89 25.64 2.395 2.109 2.208 0.386 1.19*

L = 2,6-lutidineh)

n = 2i) 337 8.70 13.33 27.02 2.370 2.167 2.236 0.370 1.10
3 383 9.09 13.60 25.64 2.432 2.100 2.216 0.382 1.00

L = quinoline
n = 0 327 10.5sh 13.18 28.49 2.409 2.111 2.214 0.401 1.23

1j) 339 9.09 13.51 26.04 2.426 2.106 2.218 0.384 1.13
2k) 353 9.09 13.42 25.84 2.432 2.100 2.216 0.382 1.08
3 371 10.00 13.99 25.51 2.403 2.099 2.205 0.370 1.00

a) L: monodentate non-carboxylato ligand.  Abbreviations: SP (square pyramidal) and TBP (trigonal bipyra-
midal).  b) Singlet–triplet separation.  c) Electronic reflectance spectral data.  d) Zero-field splitting parame-
ter.56  e) The two values marked with an asterisk are the exceptions.  f) Three dimeric compounds were
obtained for L = pyridine and n = 059: (1) a benzene solvate with −2J = 187 cm−1 which has a metal geom-
etry distorted toward TBP; (2) a non-solvate with −2J = 173 cm−1 whose metal geometry should be similar
to (1) on its small value of −2J; (3) a non-solvate with −2J = 321 cm−1 whose metal geometry should be SP
on its common value of −2J.  g) Were obtained two solvates (benzene and toluene) which both have metal geo-
metries distorted toward TBP.60  The −2J = 326 cm−1 was observed for the efflorescent sample whose metal
geometry should be SP on its common value of −2J.  h) Only a mononuclear compound, Cu(O2CCPh3)2•(2,6-
lutidine), was obtained for n = 0 and no product was produced for n = 1.  i) A benzene solvate with −2J =
310 cm−1 was obtained which has a metal geometry moderately distorted toward TBP.61  The −2J = 337
cm−1 was measured for the efflorescent sample whose metal geometry should be SP on its common value of
−2J.  j) Diquinoline adduct with SP metal geometry.16  k) Non-adduct with SP metal geometry.16
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The ground state Jx2−y2, x2−y2 spin-exchange pathway in (car-
boxylato)copper(Ⅱ) dimers is depicted after Hoffmann10 and
Yamanaka16 as

dx2−y2(Cu)sym. MO − [2px (O)–2px (C)–2px (O)]sym. HOMO 
− dx2−y2 (Cu)sym. MO, (6)

In the exchange mechanism, the inclusion of an effective spin–
orbit coupling would allow the ground state to mix with the ex-
cited dxy state, leading an electron in the dxy to exchange by
pathway (6).

The observed order of the quality of the linear relations, (4)
and (5), would reflect the validity of the correlation among
three equations (Eqs. 1, 2, and 3) and of the ground state-excit-

ed state exchange mechanism of Jxy, x2−y2.
In order to examine the historically ambiguous relation be-

tween −2J and D, systematic ESR, magnetic and electronic
spectral studies were carried out on the [Cu2(O2CCMenPh3−n)4-
(L)2] system (see Table 2).54  Unfortunately, we were unable to
obtain systematic data of Dex for the system, since a structural
determination could not be made for most of the compounds,
which were obtained as polycrystalline materials.  Some were
obtained as crystalline solvates, and the most of them were
found to have a DTBP metal geometry.  Their −2J values in-
creased after efflorescences, suggesting that the TBP distortion
was relaxed toward SP upon removing the solvent mole-
cules.59,60  The Compounds in Table 2 are generally assumed to
have the square-pyramidal D4h metal geometry found in com-

Fig. 3.   Dex vs −2J for [Cu2(O2CR)4(L)2].   The numbers in the figure are those for the compounds listed in Table 1.

Fig. 4.   D vs −2J for [Cu2(O2CR)4(L)2].  The numbers in the figure are those for the compounds listed in Table 1.
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mon (carboxylato)copper(Ⅱ) complexes based on their rela-
tively large −2J values.  In this system, the electron-donating
character of the CMenPh3−n group should increase along with
an increase of n as the result of the larger electron donating
property of Me than the Ph group.  The vmax of band Ⅰ, which
appears at about 13000–14000 cm−1, is taken as a diagnosis of
the ligand field strength in the (carboxylato)copper(Ⅱ) com-
plexes, and there is a parallel relationship between the vmax and
−2J values.5  For most of the complexes with the same L, the
values of −2J and vmax both increase with an increase of n, a
reasonable trend of the electronic property of the CMenPh3−n

group.  However, although there are a few irregularities in Ta-
ble 2, D and −2J apparently vary in an opposite direction to
each other with a change of n.  This tendency observed be-

tween D and −2J is more easily observed by consulting the
last column of Table 2: the value of D/(−2J) decreases as n in-
creases with some irregularities indicated by asterisks.  A lin-
ear-regression analysis was carried out for the data of D and
−2J in Table 2; the linearity for D vs −2J is quite poor in
terms of R2 (= 0.0333) with a negative slope of a = −1.74 ×
10−4 and b = 0.444 for the linear equation, y = ax + b.  Even
though some irregularities are observed, it is notable that we
have been able to confirm the reverse relation between D and
−2J for the system, [Cu2(O2CCMenPh3−n)4(L)2], while refer-
ring to the ambiguity in the relation between D and −2J for
(carboxylato)copper(Ⅱ) complexes in past studies.27–33  A pos-
sible mechanism for the antiparallel relation between D and
−2J may be as follows.  When n of the system increases, the

Fig. 5.   −2J vs coeff2 for [Cu2(O2CR)4(L)2].  The numbers in the figure are those for the compounds listed in Table 1.

Fig. 6.   Dex vs coeff2 for [Cu2(O2CR)4(L)2].  The numbers in the figure are those for the compounds listed in Table 1.
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electron-donating property of the CMenPh3−n group increas-
es.  Then, the dx2−y2 orbital will go upward to yield an increase
in the energy separation between the dx2−y2 and dxy orbitals, ∆,
which is an unfavorable condition for the dx2−y2 ground state to
mix with the dxy excited state by spin–orbit coupling.  As a re-
sult, the antiferromagnetism of the exchange interaction,
Jxy, x2−y2, decreases, leading to a decrease in the value of D (see
Ref. 56 and the schematic energy-level splitting diagram of the
3d orbitals in Fig. 8).  Another possible mechanism for the re-
verse relation between −2J and D is as follows.  A systematic
small change in the metal geometry can be produced by a sys-
tematic structural change of the CMenPh3−n group, which is
accomplished by successive changes of n.  If the structural
change is such as to cause the metal geometry to deviate from

D4h symmetry, this change should result in some direct mixing
of the orthogonal magnetic orbitals, depending on the magni-
tude of the structural change.  The observation that the larger is
the number of bulky guoup (Ph), the larger is the value of D,
seems to suggest that the second mechanism also is a reason-
able possibility.  The two mechanisms given above could be
operative simultaneously.  The magnitude of the ESR parame-
ters may be assumed to be determined by two factors.  One is
the efficiency of the mixing of the ground state (dx2−y2) and the
excited state (dxy) by spin–orbit coupling.  Another is the
2px(C) electron population in the exchange pathway of (6).  In
[Cu2(O2CCMenPh3−n)4(L)2], the first factor may be the most
effective in determining the size of D, since the 2px(C) electron
population does not vary much as a whole in the system, as is
seen from the small size of the variation in −2J, ca. 50 cm−1

(= 370–320 cm−1).  On the other hand, in [Cu2(O2CR)4(L)2],
the 2px(C) electron population is to be considered much more
important in determining the size of the ESR parameters, since

Fig. 7.   D vs coeff2 for [Cu2(O2CR)4(L)2].  The numbers in the figure are those for the compounds listed in Table 1.

Table 3.   The Results of the Linear-Regression Analyses of
the Data of D, Dex and −2J for [Cu2(O2CR)4(L)2]a),b)

Linear correlations a b R2

Dex vs −2J 3.09×10−4 0.617 0.919
D vs −2J 2.81×10−4 0.289 0.812
−2J vs coeff2 3.41×104 2.35×102 0.897
Dex vs coeff2 1.088×101 0.688 0.879
D vs coeff2 9.65 0.355 0.737

a) The equation employed for the analyses is y = ax + b,
where y is one of Dex, D, and −2J, and x is −2J or coeff2.
The evaluation of the analyses is expressed by the coeffi-
cient of determination, R2, which is the square of the corre-
lation coefficient R, R = Sxy/SxSy, where Sxy is the covari-
ance of x and y, and Sx and Sy are the standard deviations of
the distributions of x and y.
b) coeff2 is the square of the coefficient of 2px(C) of the
symmetric HOMO of RCOO−, [coeff. 2px(C)sym. HOMO]2:
the values are 4.02×10−3 (R = F3C), 4.97×10−3 (FCH2),
0.1103×10−3(Cl3C), 2.15×10−3(ClCH2), 4.34×10−3

(CH3), 5.01×10−3 (H), and 12.08×10−3 (C6H5CO) (see
Ref. 17 and 40).

Fig. 8.   Schematic energy-level splitting diagram of the 3d
orbitals of the D4h (acetato)copper(Ⅱ) system.6, 61
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the variation in −2J in this system is quite large, ca. 400 cm−1

(= 650–240 cm−1).
The data collected in Tables 1 and 2 suggest that dimeric

copper(Ⅱ) carboxylates can be grouped into two: one where D
(or Dex) is proportional to −2J and the other where D is in-
versely proportional to −2J.  Thus, the size and the electronic
property of R in the bridging RCOO− are the key factors.  The
copper(Ⅱ) carboxylates with R, whose electronic property
makes the 2px orbital population of the central C atom in the
symmetric HOMO of the bridging RCOO− ion to widely
change, yield a proportional relationship between D (or Dex)
and −2J (Table 1).  In copper(Ⅱ) silanecarboxylates and ben-
zoylformates whose −2J values are large, the Si atom and the
Cw0 group, which are directly bonded to the COO bridge, are
both σ-donors and π-acceptors.40  On the other hand, the cop-
per(Ⅱ) carboxylates with a large R and whose electronic prop-
erty can only slightly influence the 2px orbital population of
the central C atom in the symmetric HOMO of the bridging
RCOO−, give rise to the relationship of inverse proportionality
between D and −2J (Table 2), where the greater is the steric
hindrance of R, the smaller is the value of −2J and the greater
does the value of D become.

It would be hoped that the data of the present study will be
much help in interpreting the ESR spectra observed for the re-
lated compounds and dimeric Cu(Ⅱ) containing proteins and
enzymes.63,63

The authors wish to express their thanks to Professor Ed-
ward I.  Solomon of Stanford University for his helpful discus-
sions.
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