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The experimental evidence leads to the conclusion that a 
one-electron redox step is involved in the oxidation of methyl 
ethyl ketone and cyclohexanone with Cu(II1) and that in the 
rate-limiting step Cu(II1) is reduced to Cu(I1) only. 
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The single-crystal EPR spectra of bis(p 1,3-azido)bis( 1,1,4,7,7-pentamethyldiethylenetriamine)dicopper(II) bis(tetra- 
phenylborate), C~,(Me~dien)~(N,)~(BPh~)~, have been recorded in the range 5-140 K at both X- and Q-band frequencies. 
The g and D tensors have been found to be temperature dependent and not parallel to each other. The spectra at 5 K 
yield g,, = 2.056, gyv = 2.038, g,, = 2.21 1, Ddd = -136 X cm-I, D,,,, = -432 X lo4 cm-I, and Dii = 569 X lo4 
cm-'. The x and x'axes are practically parallel, while y and y'and z and z'make an angle of -20°. The experimental 
zero-field splitting has been found to exceed the value expected for point dipoles centered on the metal ions. The deviation 
is attributed to a substantial exchange contribution. which is discussed in terms of the interaction between the ground state 
of one ion with an excited state of the other ion. 

Introduction 

The study of the terms of the exchange spin Hamiltonian 

H = JSi.S, + Si'D'S2 + d.SIXS2 (1) 

has been mainly limited to the isotropic term,'" for which now 
many useful correlations exist with the structural parameters 
of the complexes.' Much less information is available on the 
parameters of the anisotropic exchange, D, and of the anti- 
symmetric exchange interactions, d, although in principle they 
can yield precious information on the interaction between the 
ground and excited states of the dinuclear  unit^.^,^ Recently 
we have reported that a very large zero-field splitting is op- 
erative in the triplet state of bis(p-hydroxo)copper(II) com- 
plexes, much larger than would be expected on the basis of 
magnetic dipolar interactions between the two copper ions.'O 
We interpreted the experimental data to show that a ferro- 
magnetic coupling is operative between x2 - y 2  and xy mag- 
netic orbitals centered on the two metal ions. 

Recently, Hendrickson" reported the magnetic susceptibility 
data and the crystal structure of bis(p-1,3-azido)bis- 
(1,1,4,7,7-pentamethyldiethylenetriamine)dicopper(II) bis- 
(tetraphenylborate), C~~(Me~dien)~(N~)~(BPh~)~. The tem- 
perature dependence of the magnetic susceptibility yielded J 
= 13 cm-', and the zero-field splitting of the triplet state was 
found to be fairly large. On the basis of polycrystalline powder 
spectra, and of an analysis according to which the g and D 
tensors were considered as parallel to each other, the spin 
Hamiltonian parameters were assumed as D = 870 X 
cm-', E = 162 X cm-I. These data clearly show that 
exchange contributions are operative in the anisotropic term, 
since the reported parameters largely exceed the values ex- 
pected for a dominant dipolar mechanism," but single-crystal 
data are required in order to obtain information on the relative 
orientation of g and D within the dinuclear units. We wish 
to report here the results of such a study with the aim of 
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understanding the mechanism of exchange involving the 
ground and excited orbitals. 
Experimental Section 

The compound was prepared as previously described." Single 
crystals were grown by slow evaporation of acetone solutions and found 
to conform to the reported crystal structure" with use of a Philips 
PW1100 automatic diffractometer. The unit cell is monoclinic, space 
group P21 In, with a = 12.798 A, b = 19.538 A, c = 13.072 A, @ = 
93.64O, and 2 = 4. 

Single-crystal EPR spectra were recorded with a Varian E-9 
spectrometer equipped with both X- and Q-band frequency (9 and 
35 GHz). Spectra at liquid-helium temperature were measured with 
use of Oxford Instrument ESR 9 and ESR 35 continuous-flow 
cryostats. 
Results 

Single-crystal EPR spectra of C~~(Me~dien)~(N~)~(BPh~), 
were recorded at X-band frequency in the range of temperature 
5-140 K. The static magnetic field was rotated around the 
three orthogonal directions (I, b, c* .  The spectra are tem- 
perature dependent as shown in Figure 1. At low temperature 
the spectra comprise four septets of lines, for a general ori- 
entation in the static magnetic field, in agreement with the 
presence of two magnetically nonequivalent pairs of copper(I1) 
ions. The spectra in Figure 1 are recorded in the bc* plane 
with the static magnetic field parallel to c* .  When the tem- 
perature is increased, the signals broaden until eventually the 
hyperfine splitting at 77 K is completely washed out. Also, 
the resonance fields are found to be affected by the temper- 
ature. Complete rotation data were collected at  5 and 140 
K, respectively. The angular dependences of the transition 
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Figure 1. Single-crystal EPR spectra of C~~(Me~dien)~(N~)~(BPh.,)~ 
recorded with the static magnetic field parallel to the c* direction 
at different temperatures: (a) 5 K (b) 35 K; (c) 77 K. 
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Figure 2. Angular dependence of the transition fields at X-band 
frequency at 5 K. The curves were calculated as described in the text. 
The x, y ,  z axes are defined in Table I. 
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Figure 3. Angular dependence of the transition fields at X-band 
frequency at 140 K. See caption to Figure 2. 

fields at  the two temperatures are shown in Figures 2 and 3. 
In all the orientations the half-field transition was observed 
as well, which, as expected, showed small angular variation 
but a more consistent variation of the intensity. The spectra 
were fit to a triplet spin Hamiltonian by diagonalization of 
the Hamiltonian matrix, using the procedure previously de- 
scribed12 in which g and D are allowed to be not parallel. The 
principl g and D values and directions at the two temperatures 
are given in Table I. The principal directions of the two 
tensors are practically unaffected by temperature, but the 
principal values do show some changes. In particular the g 
values increase on lowering the temperature, while DYy and 
Dii decrease and Dyy increases. Our calculated values of D 
at low temperature are practically identical with the values 
previously reported for the powder spectra. The g values are 
slightly different from those previously reported, as must be 
expected, since the powder spectra were analyzed on the as- 
sumption of parallel g and D tensors. The x and x'axes are 
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Table I. Principal Values and Directions of the g and P Tensors 
at 5 and 140 Kbsc 

Direction Cosines (5 K) 

gxx=  g,, = g,,= D x P x 8  = Dyl,' = D,lZr = 
2.056 (2) 2.038 (2) 2.211 (3) -136 (2) -432 (2) 569 (3) 

0.8990 0.0114 -0.4371 0.9198 -0.1096 -0.3769 
0.0000 -0.9997 -0.0262 0.0409 -0.9282 0.3699 

-0.4373 0.0235 -0.8990 -0.3903 -0.3556 -0.8492 

Direction Cosines (140 K)  

gxx= g,,= g z z =  D x f x '  = Dytyt  = D z t z ,  = 
2.046 (3) 2.015 (2) 2.178 (3) -1 (2) -683 (2) 682 (3) 

0.9270 -0.0869 -0.3648 0.9230 0.1627 0.3486 
-0.1077 -0.9935 -0.0370 -0.0024 0.9086 -0.4176 
-0.3592 0.0730 -0.9304 -0.3847 0.3846 0.8391 

a The values are in lo4 cm-' . 
The errors were estimated according to ref 13. 

The x, y ,  and z axes are defined 
as follows: x parallel to  a, y parallel to b,  and z in the ac plane. 
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F i i  4. Single-crystal EPR spectrum of C~~(Me~dien)~(N~)~(BPh~)~ 
with the static magnetic field in the (100) plane, making an angle 
of 65' with the z direction. 

roughly parallel to each other (they make an angle of 4") while 
the zz' and yy' axes are rotated by -20". 

Another feature of the spectra at low temperature is the 
uneven spacing of the hyperfine splitting of the two fine- 
structure transitions. A particularly striking example of such 
a behavior is shown in Figure 4. The sets of lines at  lowest 
and highest field respectively correspond to one pair of fine- 
structure transitions, and the other pair corresponds to the 
intermediate-field lines. For the former pair of separation 
between successive hyperfine lines averages 37 G in the low- 
field and 53 G in the high-field transition. For the second pair 
the low-field transition shows an average splitting of 85 G, 
while for the high-field transition the upper limit for the hy- 
perfine splitting is 15 G. It must also be noticed that the 
spacings of successive lines within a septet are not identical, 
but differences up to 10 G are observed. 

Since this behavior presumably has to be attributed to 
relevant mixing of the M = f l  levels within the M = 0 level, 
due to second-order zero-field splitting effects,I4J5 a rotation 
with the static magnetic field in the (010) plane was performed 
also at Q-band frequency (35 GHz) at 10 K in order to reduce 
the importance of such effects. The (010) plane was chosen 
because it corresponds to a well-developed face of the crystals 
and also because g and D show to a good approximation two 
principal directions in this plane, namely x and z (or x'and 
23.  In fact in this rotation the differences in hyperfine spacings 
between the low- and the high-field components of a pair of 
fine-structure transitions reduce to a maximum of 5 G, while 
differences of up to 45 G were observed in the same rotation 
at X-band frequency. Therefore, a first-order analysis of the 
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is expected to be half the single-ion value,Ie2' is slightly higher 
than expected for a true square-pyramidal environment and 
seems to indicate weak axial interaction. 

The D tensor has the y'and z'axes in the yz plane of g, with 
the z'axis making an angle of -20° with the z axis. It must 
be noticed that the principal directions of D are rotated also 
from the Cu-Cu direction, which would give the maximum 
zero-field splitting if the magnetic dipolar interaction were 
d ~ m i n a t i n g . ~ J ~  This contribution can be evaluated with use 
of the experimental g values and the copper-copper distance 
on the basis of a point dipole appr~x ima t ion .~~  In order to 
use a unique coordinate frame, it is useful to refer to the g 
tensor axes in any case. The calculated dipojar cero-field 
splitting tensor (all D values in cm-I), for the S.D.S Hamil- 
tonian, is D,,&P = -0.0071, DxydiP = -0.0205, Dx/P = 0, DyydlP 
= -0.0060, Dy>P = 0, and D,rdiP = 0.0131. This gives the 
largest zero-field splitting parallel to the Cu-Cu direction, with 
Dma>P = 0.0270. The Ddip tensor must be compared to the 
experimental D tensor, which expressed in the diagonal g frame 
is D,, = f0.0136, D,  = f0.0022, D,, = f0.0020, Dyy = 
f0.0311, Dy, = f0.0326, and D,, = f0.0447. By assuming 
that D = De" + DdiP,* the exchange contribution to D can be 
evaluated as D,,"" = -0.0065, DxF = 0.0183, D,," = 0.0020, 
D y T  = -0.0251, DYrg = -0.0326, and D,," = 0.0316 for one 
choice of sign and D,,"" = 0.0207, D,T = 0.0225, D,,e" = 
-0.0020, DyT = 0.0372, Dy," = 0.0326, and D,," = -0.0578 
for the other. It is apparent that the exchange contribution 
is not diagonal for either choice of signs. Also the diagonal 
values of the experimental D largely exceed the dipolar con- 
tributions. One might question about the validity of the point 
dipolar approximation for the evaluation of Ddip. Although 
this is a matter yet to be discussed in depth, it seems reasonable 
that the point dipolar approximation should hold for the un- 
paired spin densities centered on the two metal ions, which 
are largely ~ e p a r a t e d . ~ ~ , ~ ~  Some additional contribution might 
come from the unpaired spin densities transferred on the ligand 
atoms,26 but in the few cases where calculations of these 
contributions were they were found to differ 
from the values estimated with the point dipolar model by only 
20-30%. It seems therefore that the exchange contribution 
to the experimental D tensor in this case is fairly substantial. 

In order to attempt a rationalization of these data, it is useful 
to recall the underlying theory for evaluating the exchange 
contribution to the zero-field splitting tensor. The expressions 
for De" were given by M ~ r i y a , ~ ~ . ~ ~  using a third-order per- 
turbation treatment: 

(gllLliIe1) (e'lILljlg1) 
Jeaz'Ig2 + D.!X = 

JJ 

' J gyy 
-j N, 

Figure 5. Orientation of the g and D tensors in the molecular frame. 

hyperfine structure of the Q-band rotation is possible, showing 
that g and A are parallel to each other within error in this 
plane. The principal values of A are A,, = 93 X cm-' 
and A,, = 23 X 

Discussion 
The copper coordination environment seen in the crystal 

structure" determination is intermediate between that of a 
trigonal bipyramid and that of a square pyramid, closer to the 
latter limit as shown in Figure 5. The tetragonal axis of the 
pyramid is parallel to the Cu-N', bond, while the unique axis 
of the trigonal bipyramid is individuated by the Cu-N, and 
Cu-N, bonds. Deciding about the description of the coor- 
dination environment is important in determining the nature 
of the ground magnetic orbital, since an x2 - y 2  ground state 
is expected for a square pyramid and a z2 orbital for a trigonal 
bipyramid.16 The g and A values are extremely useful to 
discriminate between these two limit stereochemistries and also 
to determine the degree of distortion, as was shown for simple 
mononuclear copper(I1) complexes. 17,18 

The temperature dependence of g and D suggests that some 
rearrangement of the coordination polyhedron is occurring in 
the range 5-300 K. The principal g values are completely 
anisotropic at both 5 and 140 K, in agreement with the dis- 
torted five-coordinate geometry of the complex. The highest 
g value is found almost parallel to the Cu-N', bond (Figure 
5 ) ,  and the lowest g value is found very close to the Cu-N, 
direction. 

The anisotropy of the g values is larger at higher temper- 
ature, with the smallest g value close to the free-electron value. 
On lowering temperature this value increases and so does the 
highest g value. The observed variation of the g values at the 
two temperatures is at least 10 times larger than the estimated 
errors, thus giving significance to the above observations. Since 
the g values of a pair correspond to a good approximation to 
those of the individual ions,1e21 it can be concluded that when 
the temperature is lowered the coordination environment of 
the copper ion goes closer to the square-pyramidal limit and 
that the unpaired electrons are in magnetic orbitals that are 
linear combinations of x2 - y 2  and z2 orbitals, x2 - y2  having 
a coefficient not too far from 1 at low temperature. 

A confirmation to this interpretation comes from the hy- 
perfine splitting, which has principal axes parallel within error 
to the g tensor, as expected. The highest A value, which is 
observed parallel to the highest g value, is in agreement with 
an essentially x2 - y2  ground state.22 The actual value, which 

cm-' in the (010) plane. 
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where Jelgd,lgz = (elg21H,xle'lg2), A, is the energy separation 
between g, and el, and the other symbols are defined ac- 
cordingly. Hex is the proper exchange Hamiltonian. 

A comparison with the analogous expressions for the g tensor 
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(gllL1ilel) (elLjIg1) 

A1 
+ gij = gdij  + X1C 

el 
(g2lL2ile2) (e2lL2jlg2) 

A2 
(3) x2c 

e2 

where g, = 2.0023 and the other symbols have the same 
meaning as in (2), immediately shows that g and D have 
nonparallel axes if the symmetry is lower than orthorhombic, 
i.e. if i j  components (i # j )  are different from zero. The origin 
of the difference is twofold: first, in the zero-field splitting 
tensor each term in the summation contains matrix elements 
involving different excited states le) and le’), while only one 
excited state is present in each summation term for the g 
tensor. This difference is determined by the fact calculated 
while D is obtained through a third-order perturbation 
treatment, g is obtained at second order. The other difference 
is that even if the integrals of the type Jelg2e’,,2 were zero unless 
lel) = le’l) nevertheless the g,.,/(gii - gj.)  and Di,/(Dii - D,,) 
ratios, which determine the principal vaiues and directions of 
g and D, respectively, would be different since the latter include 
exchange integrals that are not present in the former. The 
two tensors might again have parallel principal axes only if 
the Jc1g2c,g2 and JwIw, integrals were assumed to be all identical 
and equal to the ground-state Jg,,281g2 integral. This assumption 
does not seem to be tenable theoretically?2 and experimental 
results also showed its i napp l i~ab i l i t y .~~-~~  In the use of 
expression 2 for the analysis of the Dcx tensor, the off-diagonal 
elements are certainly most difficult to estimate, since they 
are expected to depend heavily on low-symmetry components. 
Therefore, we plan to tackle globally the problem using a series 
of complexes, where useful comparisons can be made. The 
diagonal elements, if an x2 - y 2  ground magnetic orbital is 
assumed, can be expressed aslo 

where Jxz-yz,n is a shorthand notation for JX~-yzn,X~-ytn2. 
In order to compare the Dex tensor with the experiment, the 

former must be made traceless; then with use of the observed 
Agii values the three J ~ 2 - 9 ~  unknowns can be calculated. For 
the first choice of sign the calculated values are Js-gYz = 51.0 
cm-’, Jx~yl ,xr  = 0.0 cm-’, and = 41.5 cm-I, while for 
the second they are J x ~ - y ~ y z  = 45.0 cm-’, Jx~-y~rz  = 0.0 cm-’, 
and Jxz-y2,xy = -69.5 cm-’. In either case the J ~ 2 - y ~ ~  integral 
is calculated as zero, while moderate couplings are expected 
for both x2 - y 2  - yz and x2 - y 2  - xy pathways, antiferro- 
magnetic in one case and ferromagnetic in the other. 

~~ ~~ 

Kanamori, J. In “Magnetism”; Rado, G. T., Suhl, M., Eds.; Academic 
Press: New York, 1963; Vol. 1, p 161. 
Bleaney, B.; Bowers, K. D. Prof. R. Soc. London, Ser. A 1952,214,451. 
Kokoszka, G. F.; Allen, H. C., Jr.; Gordon, G. J .  Chem. Phys. 1967, 
46, 3020. 
Chow, C.; Willett, R. D. J. Chem. Phys. 1973, 59, 5903. 
Hendricks, H. M. J.; Birken, P. J. M. W. L.; Verschoor, G. C.; Reedijk, 
J. J.  Chem. Soc., Dalton Trans. 1982, 623. 
Comarmord, J.; Plumen, P.; Lehn, J. M.; Agnus, Y.; Louis, R.; Weiss, 
R.; Kahn, 0.; Morgenstern-Badarau, I. J .  Am. Chem. Soc. 1982, 104, 
6330. 

Inorganic Chemistry, VoZ. 23, No. 14, 1984 2141 

N 
N I 

N ‘N 

Figure 6. Sketch of the dinuclear unit, assuming a C2, symmetry. 
The orbitals indicated are x2 - y2 of copper and r8,, of N3- (see text). 

In order to discuss the mechanism of the exchange inter- 
actions, it is useful to assume a C, symmetry for the complex, 
as schematized in Figure 6 .  In this symmetry the molecular 
orbitals that have metal x2 - y 2 ,  z*, and xz character are 
labeled as a, and b,, while yz and xy are bases for a, and b,. 
Therefore, in the limit of this symmetry, pathways involving 
the ground x2 - y 2  orbital and yz and xy excited orbitals lead 
to ferromagnetic coupling, while pathways involving xz are 
antiferromagnetic in nature. On this assumption therefore the 
choice of sign that leads to negative values for both J x ~ - y ~ y z  
and J x ~ y z , x y  seems more appropriate. In a recent discussion 
on the mechanism of exchange interaction of bridging azido 
groups it was suggested that the N3- orbitals that are re- 
sponsible for the interaction are rg in nature,25 as shown in 
Figure 6 .  

In the present case the T, orbitals in the xz plane, P ~ , , ,  span 
the a, + b, irreducible representations of CZh, while those out 
of the plane, rg , are b, + a,. The effective pathway then 
might be x2 - y* II rgIl I rgL II yz or xy. 

A moderate ferromagnetic coupling similar to that claimed 
to be responsible for the zero-field splitting of the present 
compound has already been observed for Ni2(NCS)238 moie- 
ties, where the two metal centers are 578 pm apart. The 
quantitative results we have obtained are rather surprising, 
since the calculated exchange integrals are much larger than 
the J value that involves the ground magnetic orbitals, obtained 
from the temperature-dependent magnetic susceptibility.” 
Although the orbitals that are involved in the exchange 
pathways are different, it is surprising that excited-state in- 
teractions are so effective in overcoming the long Cu-N dis- 
tance that substantially quenches the interaction between the 
ground x2 - y 2  orbitals. On the other hand, also in the case 
of bis(p-hydroxo)-bridged copper( 11) complexes10J2 we cal- 
culated very strong ferromagnetic interactions (300-700 cm-l). 
Whether these large values are real or reflect some inadequacy 
of the theory thus far developed is difficult to say now. We 
are planning to collect more experimental data in related series 
of compounds to test the assumptions we have made. 

Registry No. C~~(Me,dien)z(N~)~(BPh~)~, 6 165 1-90-9. 
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