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The complex [CuNiL][CIO,],-H,O (&, = I )  of a dinucleating macrocycle H2L, derived from the [2: 1 : 13 
condensation of 2,6-diformyl-4-methyIphenol, 1,2-diaminoethane and 1,4-diarninobutane, has been obtained. 
The efflorescent dimethylformamide (dmf) adduct [CuNiL][C10,],-H20~2dmf crystallizes in the orthorhombic 
crystal system, space group P2,2,2, with Z = 4, a = 15.62(1), b = 16.49(1) and c = 14.75(1) A. Crystallo- 
graphic refinement converged with R = 0.060 and R' = 0.048 for 2958 reflections having I > 3.00o(I). The 
structure comprises [CuNiL(dmf)(H2O)l2 + where the two metal ions are bridged by the endogenous phenolic 
oxygens of the macrocycle and Cu 9 Ni is 3.038(2) A. The Cu resides at a N 2 0 2  site with an ethylene lateral 
chain and assumes an essentially planar geomztry, the Ni at a site with a tetramethylene lateral chain and a 
pseudo-octahedral geometry having dmf and water molecules at the axial sites. The complex [CuNiL][ClO,],* 
H,O exhibits a strong antiferromagnetic spin exchange ( J  = - 90 cm-' based on H = - 2JS1S2) and shows an 
axial ESR feature with gll  = 2.16, g ,  = 2.27 and Al l  = 64 x lop4 cm-' (in frozen dmf at 78 K), attributable 
to a spin-doublet ground state. The relations g, > gll and A 
constant of the analogous [CuZnL][C10,]2~H,0)} demonstrate that one unpaired electron of the spin-coupled 
complex resides in the molecular orbital of d,Z character comprising dZ2(Cu) and d,z(Ni). 

= -:Acu {Acu is the hyperfine coupling 

Heterodinuclear complexes are of 'interest for their unique 
physicochemical properties associated with metal-metal 
interaction and unprecedented functions due to the co- 
operative effect of dissimilar metal ions. 1-3 Magnetic spin- 
exchange interactions in such complexes have been extensively 
studied using cryomagnetic techniques ' and these studies 
have served to elucidate the magnetic spin-exchange mechan- 
ism. On the other hand, ESR spectroscopic studies of their 
electronic structures are very limited because of the difficulty in 
obtaining well resolved spectra of magnetically condensed 
complexes. 

The simplest case of heterodinuclear complexes with dis- 
similar spins ( S ,  # 5,) is Cu" ( S ,  = $)-Ni" ( S ,  = ,l).6-17 In 
previous ESR studies of copper(I1)-nickel(r1) complexes no 
detailed discussion could be made on the electronic nature of 
the spin-coupled doublet state because of the very poor 
resolution of the ESR hyperfine In the present 
study such a complex, [CUN~L][C~O,]~~H,O, of a phepol- 
based dinucleating macrocycle L2 - has been obtained and the 
crystal structure of the dmf (dimethylformamide) adduct, 
[C~NiL][ClO,]~~H~0=2drnf, determined by X-ray crystallo- 
graphy * 

Experimental 
Measurements 

Elemental analyses (C, H and N) were obtained at the 
Elemental Analysis Service Centre of Kyushu University, metal 
analyses on a Shimadzu AA-610 atomic absorption/flame 
emission spectrophotometer. Electronic spectra were recorded 
on a Shimadzu MPS-2000 spectrophotometer in dmf, infrared 
spectra using a JASCO IR-810 spectrometer with KBr discs. 
Magnetic susceptibilities of powdered samples were measured 
on a HOXAN HSM-D SQUID susceptometer in the 
temperature range 4.2-80 K and on a Faraday balance in the 

7 Nun-SI units employed: pB z 9.27 x lopz4 J T-', G = T. 

the 

L2- 

range 80-300 K. Diamagnetic corrections were made using 
Pascal's constants." X-Band ESR spectra were recorded using 
a JEOL JEX-FE3X spectrometer on frozen dmf-diglyme 
(2,5,8-trioxanonane) solutions at liquid-nitrogen temperature. 

Preparations 

The trinuclear complex, [Pb(CuL),][CIO,],, was obtained 
according to our previous paperI9 and used for the prepar- 
ation of [CuNiL)[CIO,],~H,O and [CuZnL][CIO,],~H,O as 
reference molecules. 

[CuNiL] [C10,]2-H,0. The complex [Pb(CuL),][ClO,], 
(330 mg, 0.25 mmol), nickel(I1) sulfate hexahydrate (70 mg, 
0.25 mmol) and nickel(rr) perchlorate hexahydrate (100 mg, 
0.25 mmol) were allowed to react in acetonitrile (30 cm3) at 
ambient temperature. The reaction mixture was filtered once to 
separate the resulting PbS0, and diffused with diethyl ether to 
give brown microcrystals. Yield: 86% (Found: C, 39.00; H, 3.80; 
Cu, 8.30; N, 7.65; Ni, 7.60. Calc. for C,,H28C12CuN,Ni0,1: C, 
38.85; H, 3.80; Cu, 8.55; N, 7.55; Ni, 7.90%). 

A portion of [CUN~L][CIO,]~-H,O was recrystallized from 
dmf to form single crystals of the dmf adduct, [CuNiL][CI- 
O,] ,-H2O=2dmf, suitable for X-ray crystallography (Found: 
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C, 40.80; H, 4.80; CU, 7.05; N, 9.45; Ni, 6.65. Calc. for Results and Discussion 
C3,H,2C~2CuN6NiO13: C, 40.60; H, 4.75; Cu, 7.15; N, 9.45; 
Ni, 6.60%). Crystal structure of [ CuNi(L)] [ CIO,] ,~H,O~Zdmf 

[CuZnL] [C10,]2*H,0. This was obtained as greenish brown 
microcrystals in a way similar to that of [CuNiL][ClO,],-H,O 
using zinc(rr) sulfate tetrahydrate and zinc(rr) perchlorate 
hexahydrate. Yield: 78% (Found: C, 38.60; H, 3.75; Cu, 8.30; 
N, 7.50; Zn, 8.80. Calc. for C,,H2,CI2CuN4O,,Zn: C, 38.50; 
H, 3.75; Cu, 8.50; N, 7.50; Zn, 8.75%). 

X-Ray structural analysis of [ CuNiL] [ ClO,] ,-HzO-2dmf 

An efflorescent, prismatic crystal having the approximate 
dimensions 0.20 x 0.20 x 0.30 mm was sealed in a glass 
capillary and used for data collection on a Rigaku AFC7R 
four-circle diffractometer, using graphite-monochromated Mo- 
KN radiation and a 12 kW rotating-anode generator at 293 k 1 
K. Cell constants and an orientation matrix for data collection 
were obtained from 25 reflections in the range 28 28.62-30.00". 
For the intensity collections the w 2 8  scan mode was used to a 
maximum 28 value of 50.0" min '. Scans of (1.26 + 0.30 tan 8)" 
were made at a speed of 16.0" min-' in a. The octant measured 
was +h, + k ,  + I  (0-19,O-20,0-18). Pertinent crystallographic 
parameters are summarized in Table 1. A total of 3769 
reflections were collected. Three standard reflections were 
monitored every 150. Over the course of the data collection the 
standards decreased by 0.1%. A linear correction factor was 
applied to the data to account for this. The linear absorption 
coefficient, p, for Mo-Kcr radiation was 12.7 cm-'. Azimuthal 
scans of several reflections indicated no need for an absorption 
correction. Reflection data were corrected for Lorentz and 
polarization effects. 

The structure was solved by the direct method and refined by 
Fourier techniques. The function minimized was Xw(lF,,I - 
IF,I)' with w = 1 / 0 2 ( F o ) .  Non-hydrogen atoms were anisotropi- 
cally refined. Hydrogen atoms were included in the structure- 
factor calculations but not refined. The final cycle of full-matrix 
least-squares refinement was based on 2958 observed reflections 
with I > 3.00o(I) and 479 variable parameters and converged 
with R = 0.060 and R' = 0.048. Neutral atom scattering 
factors were taken from Cromer and Waber.20 Anomalous 
dispersion effects were included in the final calculations;21 the 
values for Af and Af' were taken from ref. 22 and those for the 
mass-attenuation coefficients from ref. 23. Computations were 
carried out on an IRIS Indigo computer using the TEXSAN 
crystallographic package. 24 The final atomic coordinates of the 
non-hydrogen atoms are given in Table 2. 

Complete atomic coordinates, thermal parameters and bond 
lengths and angles have been deposited at the Cambridge 
Crystallographic Data Centre. See Instructions for Authors, 
J. Chem. SOC., Dalton Trans. , 1996, Issue 1. 

Table 1 Crystallographic data for [CuNiL][CI04],.H20.2dmf 

Formula 
Colour 
M 
Crystal system 
Space group 
alA 
WA 
4 
U I A  3 

Z 
DJg 
DJg cm-3 
No. of reflections with IF,[ 2 3a(lF01) 
F(OO0) 
R" 
RIb 

C30H4,C12CuN6Ni0, 
Brown 
887.85 
Orthorhombic 

15.62( 1 ) 
16.49( 1 ) 
14.75( 1 ) 
3798(3) 
4 
1.553 
1.54 
2958 
1836 
0.060 
0.048 

p2 ,212 1 

An ORTEP 2 5  view of the essential part of the complex is shown 
in Fig. 1 together with the numbering scheme. Selected bond 
distances and angles are given in Table 3. The complex cation 
is [CuNiL(H20)(dmf)12+ where the Cu" and Ni" are doubly 
bridged by the endogenous phenolic oxygens of the macrocycle 
with the Cu Ni separation 3.038(2) A. The Cu" resides at the 
N 2 0 2  site of the ethylene lateral chain and assumes an 
essentially planar geometry. The Cu-N and Cu-0 bond lengths 
range from 1.889(9) to 1.908(7) 8, which is normal for planar 
Cu". Atoms N(1), N(2), 0 ( 1 )  and O(2) form an approximate 
plane, their deviations being less than 0.043 A. The Cu deviates 
0.076 8, from this least-squares plane. The ethylene chain 
assumes the usual skew conformation. The angle between 
the C(9)-N(1) and C(10)-N(2) bonds with respect to the 
C(9)-C( 10) bond is 32( 1)". 

The Ni" resides at the N 2 0 2  site of the tetramethylene lateral 
chain and assumes a pseudo-octahedral geometry, together 
with dmf and water molecules at the axial sites. The in-plane 
Ni-N and Ni-0 bonds are in the range 2.046(10)-2.073(7) A, 
whereas the axial Ni-O(3) (water) and Ni-O(4) (dmf) bonds are 
slightly elongated [2.101(7) and 2.077(8) A, respectively]. The 
Ni-N and Ni-0 bonds are significantly longer than the Cu-N 
and Cu-0 bonds, in accord with the high-spin state of the 

Atoms N(3), N(4), 0(1) and O(2) form a plane, their 
deviations being less than 0.018 A. The deviation of Ni from this 
least-squares plane is only 0.005 A. The tetramethylene lateral 
chain adopts a folded conformation where C(20) and C(23) 
reside essentially on the basal plane formed by N(3), N(4), 0(1) 
and O(2). Atoms C(21) and C(22) are on the same side with 
respect to the basal plane and deviate by 0.922 and 0.395 A, 
respectively, from the plane. 

The complex [CUN~L][C~O~]~.H,O may also contain six- 
co-ordinate Ni" where the axial donor groups may be a water 
molecule and a perchlorate ion. This is supported by the split 
water v(0H) vibrations at 3525 and 3400 cm-' and split 
perchlorate v3 vibrations in the region 1150-1040 cm-'. The 
electronic spectrum in dmf shows a distinct band at 541 nm ( E  

147 dm3 mo1-l cm-') attributable to a superposed d-d band of 
the CU" . '~  A discernible shoulder near 750 nm ( E  z 10 dm3 
mol-' cm-') can be assigned to a d 4  component of the six- 
co-ordinate Ni". The reference complex [CuZnL] [C104] 2* 

H 2 0  may have a core structure similar to that of [CuNiLI- 
[C104]2-H20, as judged from marked similarity of their IR 

N ~ I I  26  . 

A 

C(5) 

Fig. 1 An ORTEP view of [CuNiL][CI04],*H,0*2dmf 
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Table 2 Final atomic coordinates of [CuNiL][ClO4],~H,O~2dmf 

X 

0.1971( 1) 
0.0588( I ) 
0.2130(3) 

0.1896(4) 
0.075 l(4) 
0.0800(5) 
0.0308(5) 
0.1898(7) 
0.245( 1) 

0.2706( 8)  
0.1329(8) 

-0.3728(3) 

0.210( 1) 

- 0.41 7(2) 
-0.4250(9) 
- 0.3207(9) 
-0.338(2) 

0.3179(5) 
0.2064(7) 

0.07 7 5 (6) 
0.0066( 8) 
0.1914(8) 
0.25 16(7) 
0.23 17(7) 
0.300( 1) 
0.3855(8) 

- 0.0695(6) 

Y 
0.0813(1) 
0.1 186(1) 
0.1545(3) 
0.0810(3) 
0.1005(4) 
0.0837(5) 
0.2396(4) 
0.0018(5) 
0.23 59( 5 )  
0.170( 1) 
0.2240(7) 
0.0997( 7) 
0.121 5(9) 
0.143(1) 
0.024( 1 ) 
0.078( 2) 
0.079( 1) 
0.0665( 6) 
0.0571(6) 
0.1298(7) 
0.1480(6) 

0.3426(7) 
0.1234(7) 
0.1567(7) 
0.1758(7) 
0.1623(9) 

-0.1322(7) 

- 0.1296( 1) 
0.0090( 1) 
0.4572( 3) 

-0.1253(3) 
-0.0035(5) 
- 0.1241 ( 5 )  
- 0.0297(5) 

0.0524( 6) 
0.8228(6) 
0.5430(8) 
0.408 1 (8)  
0.41 7( 1 )  
0.454( 1) 

-0.132(2) 
- 0.142(2) 
-0.185(1) 
- 0.050( 1 ) 
- 0.1284( 7) 
-0.2545(6) 
- 0.0 166( 7) 

0.1430(6) 
0.0445( 8) 
0.7253(7) 
0.0495(8) 
0.1384(8) 
0.1945(8) 
0.171( 1) 

X 

0.456( 1) 
0.4033(8) 
0.3 394( 7) 
0.3663( 8) 
0.3523(8) 
0.294( 1) 
0.1423(8) 
0.0239(7) 
0.0520(9) 

- 0.009( 1) 
- 0.094( 1) 
- 0.1 544( 9) 
-0.1 194(8) 
-0.0672(7) 
- 0.1056( 7) 
- 0.1281(9) 
- 0.099( I )  
-0.061(1) 

0.005( 1 ) 
0.1505(7) 
0.045 7( 9) 
0.032( 1) 

0.195( 1) 
0.197( 1 )  
0.185(1) 

-0.057(1) 

Y 
0.180( 1 )  
0.131 5(8)  
0.1 11 l(8) 
0.08 I4(8) 
0.029( 1) 
0.0504(8) 
0.0569(7) 
0.089 1 (7) 
0.07 34( 7) 
0.0777(8) 
0.0970(8) 
0.0998(9) 
0.1097( 8) 
0.1073(7) 
0. I267(9) 
0.146( 1 ) 
0.221 (1 )  
0.205( 1 ) 
0.140(1) 
0.1 646( 8) 

-0.0631(8) 
-0.21 13(9) 
- 0.13 1 (1) 

0.2643(7) 
0.370( 1) 
0.403( 1) 

0.241(1) 
0.0866( 8) 
0.0255(8) 

- 0.0597(8) 
- 0.21 3( 1)  
-0.287( 1 )  
- 0.3 1 07( 8) 
- 0.1967(8) 
- 0.2868(8) 
-0.3575(8) 
- 0.3475(9) 
- 0.425( 1 ) 
-0.2587(9) 
- 0.1834( 8)  
-0.0935(9) 

0.059( 1 ) 
O . l l O ( 1 )  
0.200( 1 ) 
0.208( 1) 
0.1772(8) 
0.022( 1) 
0.013(1) 
0.1 15(l) 
0.746( 1) 
0.633( 1) 
0.796( 1) 

Table 3 
[C104] ,.H ,O-2dmf 

Selected bond distances (A) and angles (") of [CuNiLI- 

cu-O( 1 ) 1.889(7) Ni-O( 1) 2.073(7) 
cu-O(2) 1.908(7) Ni-O(2) 2.062(7) 
Cu-N( 1 ) 1.902(9) Ni-N( 3) 2.046( 10) 
Cu-N(2) 1.89 1 (9) Ni-N(4) 2.056(9) 
Ni-O( 3) 2.10 l(7) Ni-O(4) 2.077(8) 
Cu Ni 3.038(2) 

Cu-O( 1 k N i  
O( 1 )-cu-O( 2) 
0(2)-C~-N(2) 
O( 1 )-Ni-O( 2) 
O( 1 )-Ni-0(4) 
O( 2)-Ni-0( 3) 
0(2)-Ni-N( 3) 
0(3kNi-N(4) 
0(4kNi-N(4) 

1 OO.O( 3) 
83.8(3) 
97.0(4) 
75.7( 3) 
95.8(3) 
89.3(3) 
88.3( 3) 
90.8(3) 
87.3(4) 

Cu-O(2)-Ni 
O( 1 )-Cu-N( 1 ) 
N( 1 )-Cu-N(2) 
O( 1 )-Ni-O( 3) 
O( 1 )-Ni-N(4) 
O( 2)-Ni-0( 4) 
0(3)-Ni-N(3) 
O(4)-Ni-N( 3) 
N( 3)-Ni-N(4) 

99.8(3) 
94.2(4) 
84.6(5) 
87.5(3) 
88.8(3) 
93.4(3) 
91.1(4) 
86.2(4) 

107.2(4) 

spectra. The CuZn complex shows split water v(0H) vibrations 
at 3530 and 3400 cm-' and split perchlorate v3 vibrations in the 
region 1 130-1 040 cm-' . 

Cryomagnetic properties of [ CuNiL] [ CIO,] 2-H,0 

Owing to the highly efflorescent nature of [CuNiL][ClO,],- 
H20-2dmf, a cryomagnetic study was done for [CuNiLI- 
[ClO,],*H,O in the temperature range 4.2-300 K. The 
temperature dependence of the effective magnetic moment is 
given in Fig. 2. The magnetic moment per CuNi is 2.97 pg at 
room temperature which decreases with decreasing temperature 
to the near-plateau value of 1.95 ps at 80 K. The cryomagnetic 
behaviour suggests a strong antiferromagnetic interaction 
between the copper(1r) and nickel(I1) ions and a thermal 
population only of the spin-doublet ground state at 
temperatures lower than 80 K. The slight decrease in magnetic 
moment below 10 K may be ascribed to an intermolecular 
magnetic interaction or a zero-field splitting of the nickel@) 

Magnetic analyses were carried out using the magnetic 
susceptibility expression ( 1 )  for ( S ,  = i)-(S, = 1) based on the 

I 1 1 
0 100 200 300 

TIK 

Fig. 2 Temperature dependence of the effective magnetic moment (per 
CuNi) of [CuNiL][ClO,],~H,O. The solid curve is based on equation 
(1) and the parameters J = -90 cm-', g+ = 2.17, g: = 2.13, 8 = 0.7 
K and N ,  = 280 x lo-' cm3 mol-' 

xm = [NP2/4k(T - 8)1ciog~~ + gi2 exp(-3J/kT)]/ 
[2 + exp(-3J/kT)] + N ,  (1) 

isotropic Heisenberg model H = -2JSS,. In this equation g+ 
and g, are the Zeeman splitting factors associated with the spin- 
doubfet and -quartet states, respectively, and expressed using 
the local g factors of cu"  and Nil' as g: = (4gNi - g,-,)/3 and 
g: = (2gNi + gcu)/3.'*27*28 The 0 value is included as the 
correction term for intermolecular magnetic interaction while 
other symbols have their usual meanings. The cryomagnetic 
behaviour can be well reproduced using the parameters J = 
-90 cm-', g+ = 2.17, gt = 2.13, 0 = 0.7 K and N ,  = 280 x 

cm3 mol-'. The local g factors, g,, and gNi, are 2.09 and 
2.15, respectively. The discrepancy factor defined as R(x) = 

The energy separation between the spin-doublet ground 
state and the spin-quartet excited state is given by - 3J (= 270 
cm-') which is large enough to allow thermal population only 
of the spin-doublet ground state at 80 K. This is in agreement 
with the observed cryomagnetic behaviour of the complex 
(Fig. 2). 

C(xxobs - X C ~ ~ C ) ~ / ( ~ X O ~ S ) ~ ~ '  was 9*7 
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2500 3000 
HIG 

3500 

Fig. 3 X-Band ESR spectra of (a) [CuNiL][CIO,],.H,O and (b)  
[CuZnL][CIO,],.H,O (in frozen dmf-diglyme solution at liquid- 
nitrogen temperature) 

ESR Spectra 

The X-band ESR spectrum of [CUN~L][C~O~]~*H,O, 
measured on a frozen dmf-diglyme solution at liquid-nitrogen 
temperature is given in Fig. 3(a). For comparison the ESR 
spectrum of [CUZ~L][C~O~]~.H,O was determined under the 
same conditions [Fig. 3(b)]. 

The CuNi complex shows an axial ESR pattern with gll = 
2.16 and g, = 2.27, and on the gll component is superposed a 
four-line hyperfine structure (A II = 64 x cm-') due to the 
copper nucleus (Icu = 3). The CuZn complex also shows an 
axial pattern with gI1 = 2.20, g, = 2.02 and A II = 189 x 
cm-'. The two spectra differ from each other with respect to the 
relative location of gll and g,. The ESR spectrum of the CuZn 
complex with the relation gI1 > g, is typical of planar Cu" with 
one unpaired electron in the dxZ - y 2  orbital.29 The spectrum of 
the CuNi complex with g, > gll is similar to that of 
mononuclear Cu" with one unpaired electron in the dZ2 orbital. 

In the simplest treatment of the magnetic interaction in 
dinuclear complexes only the singly occupied molecular orbitals 
of the two magnetic centres are considered. In the Cu"Ni" 
(SNi = 1) case the overall exchange integral J is given by the 
mean of two individual exchanges, JCdxz -y~(Cu)-dx~ -y~(Ni)] 
and J C d x ~ ~ y ~ ( C ~ ) 4 Z ~ ( N i ) ] ,  i.e J = ~ J x ~ - y ~ , x ~ - y ~  + J x ~ - y ~ , z 2 ) .  It 
is generally known that the Jx2 - y ~ , x ~  -yz,term is largely negative 
as demonstrated for dinuclear dicopper(I1) c o m p l e ~ e s . ~ ~ ~ ~ '  The 
contribution of the J x ~ - y z , z z  term is believed to be weakly 
antiferromagnetic. Thus, a significant antiferromagnetic 
interaction is observed in most copper(rI)-nickel(II) complexes. 
As a result of the spin exchange through the dX2-Y2(Cu)- 
dX2-YZ(Ni) path there remains one unpaired electron in the d,2 
orbital of Ni. However, the ESR spectrum exhibiting the 
copper hyperfine structure [Fig. 3(a)] clearly indicates that 
the remaining unpaired electron is delocalized on the copper 
nucleus. 

The ESR hyperfine coupling constant in a magnetically 
coupled MAMB system has been derived 27*32.33 and its general 
expression is given in Kahn's review.' The hyperfine structure 
in the spin-coupled copper(II)-nickel(II) complex is relatively 
simple because only Cu has isotopes 63Cu (69.1) and 65Cu 
(30.9%) with Icu = ;; Ni has isotope 61Ni with INi = 3 but its 
natural abundance is very low (1.25%). According to 
theory,27*32*33 the hyperfine coupling constants A t A  and A', for 
a spin-coupled MAMB system are given by the local hyperfine 
coupling constants A ,  and A, as equations (2) and (3) where 

C = [ S A ( S A  + 1) - SB(SB + l)]/S(S + 1). In the CU" ( S A  = 
;)-Ni"(S, = 1) case, C is -; and the hyperfine coupling 
constant due to the copper nucleus is given by Atcu = -Acu/3 
(the relation AtNi  = 4ANi/3 may hold when the isotope 61Ni is 
used). If we adopt the hyperfine coupling constant of the CuZn 
complex (189 x lo4 cm-') as the local copper hyperfine 
constant for the CuNi complex, the observed hyperfine 
structure (64 x lo4 cm-') is indeed one-third that of the CuZn 
complex. Thus, this study provides the first ESR spectroscopic 
evidence that one unpaired electron of the spin-coupled CuNi 
complex resides in the molecular orbital of d,z character 
comprising d,z(Cu) and d,2(Ni) and is delocalized over the CuNi 
core. 
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