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This result qualitatively agrees with the fact that the cupferrate 
ligand is more symmetrical than the BPHA ligand. 

As already mentioned, the quadrupole-coupling parameters 
measured in the two compounds Na4Hf(C204)4-3H20 and 
K4Hf(C204)4.5H20 have been interpreted by using the same 
approach.” The overall charge donated by the four oxalato 
ligands onto the valence orbitals of the metal in the Hf- 
(C204)2- anion was found to be roughly -2e. Such a value 
corresponds to an average ionicity of 50% for the hafnium- 
oxygen bonds, in agreement with the conclusions reached from 
infrared spectroscopy  experiment^.^^ This result must be con- 
nected with the significant dissymmetry observed in C-0 
distances within the C2042- ligand: whereas the four C-0 
bonds are equivalent in the free C2042- ion,40 the two C-0 
bonds coordinated to the metal are lengthened, and the other 
two are shortened in the Hf(C2O4)2- (or isomorphous Zr- 
(C204)44-) which is an indication for strong hafni- 
um-oxygen interactions. According to our results, the charge 
donation would be noticeably lower in the three chelates Hf- 
(NBPHA)4, Hf(cupferrate), and Hf(T)4 than in the tetrakis- 
(oxa1ato)hafniate anion. Values between -0.8e and -1.2e for 
the total charge transferred onto the central ion suggest that 
the hafnium-oxygen interactions are greatly dominated by 
electrostatic forces in these neutral eight-coordinate do com- 
plexes. 

Registry No. Hf(BPHA)4,  66673-1 1-8; H f ( c ~ p f e r r a t e ) ~ ,  38356- 
62-6; Hf(T)4, 12367-98-5; Hf(T)4.DMF, 61977-48-8; H f ( S - q ~ i n ) ~ ,  
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ENDOR spectra of [N,N’-ethylenebis(salicylideniminato)]copper(II) doped in [N,N’-ethylenebis(salicylideniminato)]nickel(II) 
single crystals are  reported. Nitrogen hyperfine couplings, eight proton hyperfine couplings within the molecule, and five 
proton hyperfine couplings due to the neighboring molecules were determined. The quadrupole coupling tensor of the nitrogen 
nuclei was also obtained. From comparison with ligand hyperfine interactions for related copper(I1) complexes, it is shown 
that the Cu-N bonds in [N,N’-ethylenebis(salicylideniminato)]copper(II) have a stronger covalency than that of copper(I1) 
complexes with a trans N-Cu-N configuration, while Cu-0  in the former has less covalency than in the latter complexes. 
The presence of a correlation between the orbital hybridization of the coordinating atoms and spin distribution in the ligands 
is also suggested. The electron populations on the nitrogen orbitals were evaluated from the quadrupole coupling tensor. 

Introduction [N,N’-ethylenebis(salicylideniminato)]copper(I~), Cu(salen), 
For investigations of the nature of metal-ligand bonding in a single-crystal form doped into [N,N’-ethylenebis(salicy1- 

in paramagnetic metal complexes, observation of superhyper- ideniminato)]nickel(II), Ni(salen), has been examined by EN- 
fine interactions of ligand nuclei is useful. ENDOR is effective DOR spectroscopy. Though there have been several investi- 
for the ligand hyperfine interaction and determination of the gations of Schiff base complexes of copper(I1) in single-crystal 
coupling constants with high accuracy.’ In the present work, forms,1e,f,2 we aimed to obtain more detailed information on 
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Table I. EPR Parameters 
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coupling constants of 63Cu, cm-' dir cosines of gI and A 
g1 R l  g3 1O4AI/hc 104A,/hc 104A,/hc I, Ib 1, ref 

2.192 k 0.001 2.042 f 0.002 2.042 f 0.002 -201.1 f 3.0 -29.7 f 3.0 -29.7 j: 3.0 0.453 k0.088 k0.887 this work 
2.192 j: 0.002 2.046 j: 0.004 2.049 f 0.004 -201.0 j: 1.0 

Figure 1. Cu(sa1en). 

O:Cu, O:NI, O , N ,  @ : O ,  O C ,  0 H 

Figure 2. Crystal structure of copper doped Ni(salen). 

the nature of metal-ligand bonding and on the effects of ligand 
variation on the bonding nature through observation of hy- 
perfine interactions of the ligand nuclei. 
Experimental Section 

Cu(sa1en) and Ni(sa1en) were prepared according to the literat~re.~ 
Single crystals of Ni(sa1en) containing approximately 0.5% Cu(sa1en) 
were grown from a saturated methanol solution. The Ni(sa1en) crystals 
are orthorhombic with space group Pbca, containing eight molecules 
per unit cell, and centrosymmetric dimers form the structure (Figure 
2).4 Though Cu(sa1en) is not isomorphous with Ni(salen), the 
substitutional site is treated as the same as that of Ni(salen) in this 
work. The ENDOR spectra were measured over a temperature range 
of 15-25 K with a Varian Model E1700 ENDOR spectrometer 
equipped with an Oxford Model ESR 9 cryostat. The angular de- 
pendence of the spectrum was obtained by measurements at 5-10' 
intervals by rotation of the crystal about three crystal axes. EPR 
spectra were measured with Hitachi Model 771 X-band and Model 
MES 400 K-band EPR spectrometers for determination of the g tensor. 
Analysis of EPR and ENDOR Spectra 

The spin Hamiltonian for the copper(I1) complex is ex- 
pressed as 

B(S*AHI*IHi - gHP p*IHi) (1) 
(h) t) 

In this work, the EPR and ENDOR spectra are analyzed by 
eq 2-4, which are derived within the high-field approximation 
and by taking into account the conditions b >> c and d, e >> 
f and g, and h = i or i > h under an arbitrary coordinate 
system.s In general, the condition b >> d, which allows use 
of the perturbation approach, may not necessarily hold near 

-30.7 f 2.0 -32.7 f 2.0 0.45 0 f0.89 2c 

the perpendicular orientation for planar copper(I1) complexes. 
In the present case, however, the Ql/hc value at the perpen- 
dicular orientation was estimated to be -0.67 X cm-1,6 
which indicates from comparison with the hyperfine coupling 
data (Table I) that the condition assumed here is valid as an 
approximation. 
hvEpR = gPH + ~ " M l C u  + 

1 ---([P(lcu + 1) - (M1cu)2] T r  ACU.ACU - 
4gPH 

2(Mp)2(Kc")2 - [P(F" + 1) - 3(M~cu)2]~.g~Acu.Acu. 
L 

Acu*Ac"*gh/g2(Kcu)2] + CKNiKNi + E (K+H' + K-Hi) 
i= 1 i=7,7' 

The second term in eq 2 and the terms from the fourth to the 
last in eq 3 and from the second to the last in eq 4 are the 
second-order contribution, respectively, and the f sign indi- 
cates M, = &'I2 throughout the equations. 

MHz for 
the case gPH = 9 GHz  and a proton hyperfine coupling 
constant of 10 MHz, and it is neglected in the present work. 

The second term in eq 4 is on the order of 
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Table 11. Hyperfine Coupling Parameters of Protons 

Kita et al. 

dir cosines of Cu-H 
coupling constants, MHz dir cosines of A ,  (X-ray data) dist of Cu-H, A rms,  

posn A , / h  A J h  A J h  aisolh la Ib IC 1, lb 1, ENDOR X-ray MHz 

7 22.80 
7' 23.62 
3 1.77 
3' 1.84 
8 5.13 
9 8.74 
8' 5.54 
9'  9.57 
8'(I[) 4.38 
8(III) 7.21 
9(Iii) 2.87 
9(IV) 2.81 
9'(IV) 2.52 

19.38 
19.45 
-1.34 
-1.26 
-0.90 

4.29 
-1.41 

5.32 
-1.21 
-2.77 
-0.98 
- 1 .oo 
-0.94 

18.43 20.22 
18.64 20.57 
-1.87 --0.48 
-1.39 -0.27 
-3.47 0.76 

-1.43 0.90 

-2.81 0.12 
-3.92 0.17 
-1.89 0.00 
-1.51 0.10 
-1.85 -0.09 

3.56 5.53 

4.40 6.43 

0.372 
0.397 

-- 0.6 3 9 
-0.648 

0.582 
0.890 
0.996 
0.833 

-0.541 
-0.344 
-0.489 
-0.977 
-0.958 

0.890 
-0.877 

0.614 
-0.633 

0.002 
0.316 

-0.055 
-0.304 

0.023 
0.405 
0.124 
0.201 

-0.285 

Y /MHz 

Figure 3. ENDOR spectrum obtained with the magnetic field parallel 
to the a axis. The signals due to the extra molecular protons are 
indicated by the symbol with a number in parentheses. The number 
IV is for the molecule situated behind I in Figure 2. 

l i l l l ~ ~ I I ~ 1 l l 1 ~ 1 1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ' ~ ' ~  I G 

0 90 180.0 90 180 
a b a C a 

Rotation angleldeg ree 

Figure 4. Angular dependence of the proton E N D O R  signals which 
appeared near the free proton frequency region. 

The other second-order terms have some appreciable contri- 
bution to the ENDOR frequencies. Among them the effect 
of the cross terms between Ac" and Ah' and between Acu and 
AHi can be distinguished from the others because the nitrogen 
and proton ENDOR lines observed by applying the magnetic 
field on a +MIc" line shift a t  the same magnitude as but in 
the opposite direction to that observed by applying the field 
on a -MIcu line, so that the mean ENDOR frequencies with 
+MIcu and -MIcu do not change by the effect. The contri- 
bution of these cross terms is appreciable when the nuclei have 
large anisotropic hyperfine interaction. 

The g tensor needed for the ENDOR analysis was obtained 
from the EPR analysis in the present work. The obtained 
tensor was in agreement with that reported by Scullane and 
Allen2c within experimental error. The EPR parameters are 
summarized in Table I. 

-0.264 0.465 0.817 
-0.272 0.489 -0.827 

0.464 -0.640 0.655 
0.423 -0.637 -0.650 

-0.813 0.655 0.171 
-0.330 0.873 0.340 

0.075 0.980 -0.190 
-0.463 0.840 -0.364 

0.841 -0.541 -0.008 
0.847 -0.331 -0.457 

-0.863 -0.491 -0.042 
0.079 -0.941 0.320 
0.035 -0.935 -0.326 

-0.341 
-0.279 

0.402 
0.4 14 

-0.736 
-0.349 

-0.402 

-0.825 
-0.870 
-0.099 

0.024 

0.84 1 

0.141 

I 
0 Y 'Y 

Rotation angle/degree 

Figure 5. Angular dependence of the 
appeared in the 23-MHz region. 

3.97 3.78 0.10 
3.76 3.73 0.10 
4.16 4.43 0.05 
4.25 4.42 0.05 
3.37 3.36 0.03 
3.71 3.69 0.03 
3.30 3.19 0.03 
3.74 3.67 0.03 
3.39 3.29 0.05 
2.87 2.63 0.05 
3.90 3.85 0.05 
3.98 3.92 0.05 
3.98 4.09 0.05 

Rotat ion angleldegree 

proton ENDOR signals which 

- 0  90 180 
a C a 

Rotation angie  /degree 

Figure 6. Angular dependence of the nitrogen E N D O R  signals for 
the b-axis rotation. 

Results and Discussion 
Figure 3 shows a typical ENDOR spectrum observed in this 

work. The proton signals are observed at 9-19 MHz and about 
the 23-MHz region. The signals from the nitrogen nuclei a t  
two magnetically different sites are observed a t  20-24 MHz 
as eight lines. The angular dependence of the proton and 
nitrogen ENDOR signals are given in Figures 4-7. The 
hyperfine and quadrupole coupling parameters were obtained 
by a least-squares procedure. For larger line widths and mu- 
tual overlap of the nitrogen ENDOR lines, accuracy of the 
ENDOR parameters for the nitrogen nuclei could not be 
improved as for the protons in the analysis. 

Proton Coupling Constants. The eight proton coupling 
constants within the molecule and the five proton coupling 
constants due to the neighbor molecules were determined as 
listed in Table 11. The pseudocontact interactions are esti- 
mated to be less than 0.05 MHz and hence they were neglected 
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Table 111. Hyperfine Coupling Parameters of Nitrogen Nuclei 

dir cosines dir cosines of N-Cu (X-ray data) 
rms, 

principal values, MHz la Ib 1, la lb 1, MHz 
N, Aa{/h  50.2 0.723 0.571 -0.390 0.637 0.644 -0.393 0.21 

App lh 37.2 0.522 -0.820 -0.233 
AyrNlh  39.1 0.45 3 0.035 0.891 

N, 0.715 -0.614 -0.334 0.674 -0.681 -0.288 0.27 
0.551 0.789 -0.272 
0.431 0.011 0.902 

A 

Table IV. Quadrupole Coupling Parameters of Nitrogen Nuclei 

dir cosines 

principal values," MHz 47 lb 1, coupling parameters, MHz 

N ,  Qaoai tN/h  -1.04 0.730 0.5 87 -0.349 e2Qqlh = - 2 . 1 , ~  = 0.32 
Qp"p" N / h  0.69 0.634 -0.773 0.026 
Qr"ritN/h 0.36 0.254 0.240 0.937 

N2 Qaf la"N/h  -1.21 0.624 
Q@Ip"",L 0.68 0.543 
Qr"r" 0.52 0.562 

a Estimated error is ?0.05 MHz. 

in the factoring of the hyperfine coupling data in Table 11. The 
assignment of the observed proton hyperfine couplings were 
made by comparison of their direction cosines with those of 
Cu-H vector calculated from the crystallographic data: since 
the unpaired electron is mainly located on the copper(I1) ion 
and the principal axes of the proton hyperfine couplings are 
considered to orient to the Cu-H direction. The agreements 
between the direction cosines of the principal axes of the 
hyperfine interactions and the crystallographic Cu-H vectors 
are satisfactory. The Cu-H distances calculated from the 
anisotropic dipolar couplings on the basis of the point-dipole 
approximation and by assuming the unpaired electron density 
of 0.8 on copper also agree with those calculated from the 
crystallographic data. 

As Table I1 shows, the protons at 7 and 7' positions have 
large positive isotropic hyperfine coupling constants. For the 
corresponding protons in [N,N'-ethylenebis(0-amino- 
benzylideniminato)]copper(II), Cu(amben), and bis(N- 
methylsalicylaldiminato)copper(II), Cu(N-mesal)2, slightly 
smaller isotropic hyperfine coupling constants have been re- 
ported,2b,d while the isotropic coupling constant reported for 
the corresponding protons in bis(salicylaldoximato)copper(II), 
Cu(~aloxm),,'~ was nearly half of those in Cu(sa1en) observed 
here (Table V). It is also notable that the isotropic hyperfine 
coupling constants of the protons at 3 and 3' in Cu(sa1en) are 
negative but their absolute values are smaller than that ob- 
served for the corresponding protons, -0.59 MHz, in Cu(sa- 
loxm),.le,f On the other hand, the isotropic coupling constants 
of the equatorial protons in the ethylene bridge are larger than 
those for axial ones. Such variety of the isotropic couplings 
of intramolecular protons shows structure sensitivity of the spin 
distribution in the ligand. The negative sign of the isotropic 
coupling constants for the protons at the 3 and 3' positions 
may be explained by the spin-polarization effect. Figure 8 
shows that the spin will be positively polarized at  the 7, 7', 
8, 8', 9 and 9' positions and negatively polarized at the 3 and 
3' positions, in accord with the experimental observation. 

For intermolecular protons the couplings are mostly aniso- 
tropic. The 8(III) proton has a large anisotropic coupling as 
it is closely situated to the copper(I1) ion, but the isotropic 
contribution is negligible, a fact to be expected for intermo- 
lecular interaction. 

Nitrogen Coupling Constants and Spin Populations on Ni- 
trogen Orbitals. As Tables I11 and IV show, the hyperfine and 
quadrupole coupling tensors slightly deviate from axial sym- 
metry and the unique axes are directed to the copper ion within 
7'. In the nitrogen hyperfine interaction, the dipolar couplings 

-0.694 -0.359 
0.7 16 -0.439 e'Qqlh = -2.4, q = 0.13 
0.079 0.824 

90 180 
b a 

"A' ' I ,  / c l I  ' j I ,  " I ,  I ,  I J I ,  I I ,  I '  

Rotat  ion angle  /degree 

Figure 7. Angular dependence of the nitrogen ENDOR signals for 
the c-axis rotation. 

H+ 'H c t' 

H+ 
Figure 8. Spin polarization in the Cu(sa1en) ligand. 

with the delocalized unpaired electron on nitrogen have some 
appreciable contribution and the hyperfine principal values 
are expressed as 

AaaN = AsN N 

AppN = AsN 4- ApppN 4- &ppN 

ApaaN i- Adnn 

( 5 )  
= AsN + AprrN + AdrrN 

where AsN is an isotropic coupling and ApliN and AdilN are 
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Table V. Unpaired Electron Populations on the Nitrogen Orbitals 

Kita et al. 

Cu(amben) Cu(N-mesal),, R = Me 
Cu(saloxm),, R = OH 

fslfo,  

ENDOR 
or EPR cryst data f ,  f fa aiso(H,) complex fs fo, f P  f Y  

C u ( ~ a l e n ) ~  0.027 0.071 o.oc 0.015 0.38 0.41 0.098 20.22 
0.027 0.077 o.oc 0.015 0.35 0.31 0.104 20.57 

Cu(amben) 0.031b 0.078b 0.40 0.109 174 
Cu(Ar-mesal)b 0.025 0.06 0.42 0.085 14 
Cu( sa10xm)~ 0.031 0.051 o.oc 0.0 12 0.61 0.66 0.082 10.17 

ENDOR data. aiso(H,) for Cu(amben) was estimated from the powder ENDOR in this work. EPR data. f~ is assumed to be zero 
in the calculations of the unpaired electron populations. 

.C 

Figure 9. Coordinates of the nitrogen orbitals and quadrupole in- 
teraction tensor. 

dipolar couplings with the unpaired electron on nitrogen and 
copper(II), respectively. The principal axis directed nearly 
to the copper(I1) ion is defined as a and that normal to the 
molecular plane is y. Each term in eq 5 has the forms 

p = gNPngph-' 
In the equations, f s  denotes the population of the unpaired 

electron on the 2s nitrogen orbital, f a ,  fi3, and f r  denote the 
populations on the 2p nitrogen orbitals, and f d  is the population 
on the 3d copper orbital. The pseudocontact interaction of 
the nitrogen nuclei was evaluated to be about -0.01 MHz and 
it was ignored in the analysis for Table IV. 

Assuming an unpaired electron population of 0.8 on the 
copper(I1) ion, we calculated the AdaaN, Ad#pN, and AdrrN 
values by eq 7. From the remaining terms in eq 5 and by use 
of the values of A ,  = 1540 MHz and A,  = 48 M H z , ~  the 
unpaired electron populations on the nitrogen orbitals were 
evaluated. The results are listed in Table V together with the 
spin populations for Cu(saloxm),, Cu(N-mesal)2, and Cu(am- 

ben) obtained in a similar way from their hyperfine coupling 
tensors.1e,2b,d 

Table V shows that thef,, f a ,  and their ratios vary in the 
series of the copper(I1) complexes. The s / p  ratios of the 
nitrogen lone pair orbitals expected from the molecular geom- 
etries were calculated for the two complexes of Cu(sa1en) and 
Cu(saloxm), through the orbital expressions 

where 

a', p', y', {, q, and 4 are defined on the basis of the molecular 
geometry as is shown in Figure 9. The s / p  ratio of the orbital 

is, hence, given by 
s / p  = -cos q cos {/cos 4 (9) 

The geometries of the copper(I1) complexes were taken from 
the crystallographic data of the copper(I1) complex  crystal^;^ 
because of a lack of X-ray data, the calculation was not made 
for Cu(amben) and C~(N-mesa1)~. Clearly the calculated s / p  
ratios agree well with the s / p  ratios evaluated from the ni- 
trogen hyperfine coupling tensors. 

Table V shows that the isotropic proton hyperfine coupling 
constants a t  the 7 and 7' positions correlate with the unpaired 
electron population on the nitrogen atom; Le., the larger f a  is, 
the larger aiso(H,) is; the smaller f s / f a  is, the larger aiso(H7) 
is; and the largerf, + f a  orf ,  + f a  + f r  is, the larger ais0(H7) 
is. It is interesting that this correlation of the isotropic coupling 
constants of the 7 and 7' protons is better with the unpaired 
electron density on +w or the s / p  ratio of the nitrogen orbital 
than with the total unpaired electron density on the nitrogen 
or its in-plane orbital. 

Correlation between the Spin Distribution and N-Cu-N 
Configuration. It seems valuable to note that the hyperfine 
interactions of the ligand nuclei reflect well changes in the 
metal-ligand interaction by going from trans to cis configu- 
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and hence the quadrupole coupling tensor for nitrogen ( I  = 
1) in the field gradient V can be written as 

-‘/4e2qQ(l + 7)) 0 0 
I C & =  0 -‘/&Q(l - 7)) 0 1 (11) 

1 0  0 ‘/ze2qQ 

where eq = Vartaf1 and 7 = IVy8” - VyoY,II/Vall,tf. Thus, from 
the experimentally obtained quadrupole coupling tensor, the 
quadrupole coupling constant e2qQ/ h and asymmetry parame- 
ter could be obtained to be -2.1 MHz and 0.32 for N 1  and 
-2.4 MHz and 0.13 for N2, respectively. It is notable that 
these quadrupole coupling constants are appreciably smaller 
than the ordinary values, -4 to -5 MHz in the absolute values, 
for noncoordinating C-N=C nitrogen. 

The obtained quadrupole coupling constants, e2Qqii, can be 
correlated with the electron occupancy of each nitrogen hybrid 
orbital. Following Hsieh et al.,1° we use eq 12 and 13 under 

e2Qq,tat/e2Qqo = B21 + (cos2 ( - Y2 sin2 r)D2u2 + 
(cos2 7 - y2 sin2 7)FZa3 - Y2p (1 2a) 

e2Qqa,at/e2Qqo = -Y2B21 + (sin2 ( - y2 cos2 {)D2a2 + 
(sin2 7 - )/z cos2 7)FZu3 - Y2r (1 2b) 

e2Qq,.,,/e2Qqo = -y2(B21 + D2a2 + P a 3 )  + ir (1 2c) 

e2Qqatv/e2Qq, = Y4(sin 2 7 p a 3  - sin 2{D2u2) (12d) 

e2Qqalal = e2Qq,,,att cos2 0 + e2Qqva,t sin2 0 (1 3a) 

e2Qqata’ = e2Qq,t,,lr sin2 6 + e2Qqyy cos2 6 (1 3b) 

e2QqYtyf = e2Qqytg)t ( 1 3 4  

e2Qqar8’ = )/z(e2QqaIt,,, - e2Qqyy) sin 20 (1 3d) 

the coordinate systems of Figure 9, where a‘, p’, and y‘ are 
the coordinate axes based on the molecular geometry and a”, 
p”, and y” are the principal axes of the quadrupole interaction. 
In the equations, B, D, and F a r e  given by eq 8 and they are 
obtained from the crystallographic data; I ,  a2, u3, and T are 
the respective occupancies of the orbitals \kl, \k2, \E3, and ‘P4 
in eq 8. The quantity e2Qq0 is the quadrupole coupling arising 
from a single 2p electron on nitrogen and a value of 8-10 MHz 
is assigned. Because nitrogen is more electronegative than 
carbon, we assume here that u2 = u3 = 1.20. Thus 1, T ,  and 
the net charge on nitrogen are calculated by these equations 
to be 1.62, 1.27, and -0.29 for N l  and 1.61, 1.23, and -0.24 
for N2, respectively. Apparently the values of I are appreciably 
reduced from 2.0, which is a value for noncoordinating nitro- 
gen, a fact reflecting the donation of electrons from the \kl 
orbital to the copper orbitals. The difference in the value of 
?r between coordinating and free nitrogen is small. 
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Appendix 

In this Appendix we consider ENDOR signal frequencies 
for protons and nitrogen nuclei of the ligand in metal com- 
plexes of S = The spin Hamiltonian is expressed as 

= 0fi.g.S + XfG).AG).S - g,(J)p,fi.IO) + fb).QU).IO) 
J 

(‘41) 

In eq A l ,  j refers to the metal ion, nitrogen nuclei, and protons 
but for protons the last term is dropped off. In the following, 

H 
I I1 

Na Oa H(2,2’) H(4,4’) 
I 0.0356 0.0586 0.0129 0.0148 
I1 0.0455 0.0510 0.0151 0.0130 

Total spin densities of in-plane orbitals. 

ration in the N-Cu-N arrangement of the complexes. I t  was 
mentioned above that the isotropic proton hyperfine coupling 
constants at the 7 and 7’ positions increase in the order Cu- 
( ~ a l o x m ) ~  C C~(N-rnesa1)~ C Cu(amben) C Cu(sa1en) (Table 
V), while the protons at  the 3 and 3’ positions of Cu(sa1en) 
have smaller isotropic hyperfine coupling constants (in absolute 
value) than that observed for the corresponding protons of 
Cu(sa10xm)~. It is also seen from Table V that the spin den- 
sities on the nitrogen or \kl orbital increase in the order 
Cu(saloxm), C Cu(N-mesal), < Cu(amben), Cu(sa1en). 
These results indicate that the unpaired electron delocalization 
on nitrogen becomes larger while that on oxygen becomes 
smaller when the N-Cu-N arrangement takes a cis configu- 
ration. These changes in the unpaired electron densities on 
the coordinating atoms cause the changes in the spin distribu- 
tion in the ligands, and at  the nitrogen-side protons in the 
complexes with a cis N-Cu-N configuration more spin den- 
sities are distributed than those in the complexes with a trans 
N-Cu-N configuration, while at  the oxygen-side protons in 
the complexes with a cis N-Cu-N configuration less spin 
densities are polarized than those in a trans configuration as 
was observed by the changes in the hyperfine coupling con- 
stants of the 3, 3’ and 7, 7’ protons. 

Such variation in the spin distribution with the arrangement 
of the coordinating atoms can be also shown by a model cal- 
culation using the M O  method based on an INDO approxi- 
mationag As Table VI shows, apparently the spin densities on 
the nitrogen and on the 2 and 2’ protons increase while those 
on the oxygen and 4 and 4’ protons decrease when the 
takes on a cis Configuration. 

These facts indicate that an appreciable mixing of 3d,z and 
4s orbitals with the d,.. unpaired electron orbital occurs in the 
copper(I1) complexes with the trans configuration of N-Cu-N, 
so that the electron orbital lobe at the nitrogen side decreases 
while it increases at  the oxygen side, resulting in a decrease 
of overlap between the copper and nitrogen orbitals and an 
increase of overlap between the copper and oxygen orbitals. 
Such an orbital mixing will not effectively occur in the com- 
plexes with the cis N-Cu-N configuration because the mixing 
requires a 4p orbital. 

It was pointed out above that there may be a correlation 
between the s / p  ratio of the nitrogen orbital and the proton 
hyperfine coupling constants at 7-position. These facts seem 
to imply that there may be also some correlation between the 
N-Cu-N configuration and the hybridization of the coordi- 
nating nitrogen and oxygen atoms. However, since other 
effects, such as the presence of the ethylene bridge, will prob- 
ably affect the molecular geometry and hence the orbital 
hybridization, it is impossible to prove the presence of the 
correlation at  present. 

Quadrupole- Coupling Tensor. The quadrupole coupling 
Hamiltonian LQ.1 is expressed as 

1 
e2qQ [3Z2 - 1(1 + l ) ]  + -7(I+2 + 1.2) (10) 41(21- 1) 2 7fQ = 
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m, n, and h are assigned to j for the metal ion, nitrogen nuclei, 
and protons, respectively. Assuming the same condition as 
in eq 1, one derives the following zeroth-, first-, and second- 
order energy  expression^:^^^^^'^ 

E(o)(Ms,M,(m),MI(n),M,(h)) = gPHMs (A2) 

E(')(M,,M,(",,M,("),M,(h')= + EA(") + 
n 

CK'h'(Ms)M/ (A31 
h 

I gHP,H(g.g.(A(h))-l,h)/g] + -fim,h)MsM,(m) (A6) 
2gPH 

Registry No. Cu(salen), 34754-33- 1 ; Ni(salen), 141 67-20-5. 
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