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I. Introduction 

There have been many reviews and books on electron spin resonance 
(ESR) and several on transition metal ions. Many of these publications 
have been written by physicists or theoreticians and are very compre- 
hensive. This review is aimed at  inorganic chemists who have had no 
experience relating to electron spin resonance and who are becoming 
more and more likely either to use the technique or to need to appreciate 
the significance of the information available from the technique. 

The first part of the review gives an elementary account of the 
relevant theory. There are many good books for further reading (25, 44, 
46, 78, 118, 121, 122, 457, 458, 542, 551, 562, 591, 629, 650) for the 
inorganic chemist who wishes to go deeper into the subject. The second 
part of the review is a comprehensive survey of the results of ESR studies 
on compounds of transition elements. Inevitably there has had to be 
some selection of material, and the criteria for inclusion or rejection has 
been based upon the likely interest an inorganic chemist might have in 
the species. This is particularly so in areas where there is a lot of related 
work, e.g., the Mn2+ host-lattice data. I n  the case of copper d g  complexes, 
there has been much duplication of work and papers devoted to the 
spectra of complexes where a minor substitutive change has been made 
to  a bulky organic ligand. I n  general, data have been rejected from the 
tables where hyperfine structure has not been observed because of 
measurements on undiluted samples. Less emphasis is, in general, placed 
on ions stabilized by diamagnetic host lattices, e.g., Mn2+ in NaF. This 
latter type of study is nevertheless of great importance to the inorganic 
chemist since unstable complex ions can be studied. I n  the case just 
described, the environment is such that the [MnF6I4- ion can be readily 
studied. 
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There have been recent reviews on transition metal ESR by 
McGarvey (504) ,  Konig (409),  Kokoszka and Gordon (400)) and Pujiwara 
(226).  Another review, by Kuska and Rogers (428),  is the more complete, 
but it covers only the first row of the transition elements. ESR is reviewed 
in Annual Reports on the Progress of Chemistry (Chemical Society, 
London), Annual Reviews of Physical Chemistry, Analytical Chemistry, 
Spectroscopic Properties of Inorganic and Organometallic Compounds 
(Chemical Society, London), and Reports of Progress in Physics, the 
earlier volumes of which have good reviews on the theory (in particular, 
Volumes 16, 18, and 22). 

This review covers all ions which might be described by a nominal 
electron configuration ranging from cl' to dg.  The lanthanide and actinide 
elements are, however, excluded. 

In  the tables of experimental data, hyperfine coupling are given in 
units of cm-l except where the authors quoted their data in gauss, 
in which case the symbol G is used after the value. 

II. Principles of Electron Spin Resonance 

A. ELECTRON SPIN LEVELS: ONE ELECTRON CASE 

The electron has associated with it a magnetic moment so it may 
be treated as a tiny bar magnet with magnetic moment pe  given by 

pe = - S A X  (erg/gauss) (1) 

where~,iscalledtheBohrmagnetonandequalseh/4.irmc=0.92731 x 
erg/gauss, and S is the spin quantum number of the electron, e and rn 
are the charge and mass of the electron. Free electrons (in the absence 
of a crystal or magnetic field) are aligned a t  random, but in the presence 
of an external magnetic field, the lower energy state occurs when the 
electrons are lined up with the magnetic field. A higher energy state 
occurs when the electrons line up in opposition to the magnetic field. 
This is sometimes called the electronic Zeeman effect, or the first-order 
Zeeman effect. The difference in energy between these two states is 
proportional to the applied field Ho. Thus 

or 

The constant of proporfionality g equals 2.0023 for a free electron and 
is called the spectroscopic splitting factor, or just the g factor. It is 
equivalent to the Lande g factor of atomic spectroscopy. 
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In  quantum mechanical terms, the allowable electron spin states are 
quantized, and the component m, of the electron spin vector in any given 
direction can only take one set of discrete values which are +s or -s, 
i.e., m, = +& (sometimes referred to as f or CY spin) and -4 (4 or p spin). 
Electrons in the lower state, m, = -4, can now be excited to the upper 

f 

Magnetic field H 

FIG. 1.  Effect of an external magnetic field upon the energy levels of an  cloctron 
and the transition induced by an electromagnetic field. 

state, m,=+& (Fig. 1 )  and for a given applied field H ,  (gauss), the 
energy AE(ergs) required for the transition will be 

AE = hv = gPe H o  (ergs) (4) 

where v is the frequency of the applied radiation (cycles/sec or Hz). Since 
the energy gap is very small, the most convenient radiation frequencies 
occur when the magnetic field is about 3000 gauss and v then lies in the 
microwave region of the electromagnetic spectrum (-9000 MHz). Field 
strengths are usually measured in gauss and frequency in MHz. The 
constant g varies from 2.0023 when the unpaired electron is no longer 
free, i.e., when it is in a molecule. The significance of these variations 
will be discussed in Section IV. 

An ESR spectrometer thus measures the energy required t o  reverse 
the spin of an electron in an external magnetic field. Experimentally, 
this is performed by placing the substance containing unpaired electrons 
in an absorption cell in the form of a resonance cavity. The sample is 
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adjusted within the cavity in such a way that the microwave magnetic 
field is a t  its maximum and the electric field is a t  its minimum. The 
cavity is placed between the poles of the magnet. The microwave energy 
is modulated and the absorption measured by detector coils, amplified 
and ultimately displayed on a chart recorder as the first derivative of 
the absorption. Since it is easier to vary the magnetic field rather than 
the frequency, the resonance condition hv = gPe H o  is observed at  con- 
stant frequency and the magnetic field varied so that an absorption may 
be observed. Care must be taken not to saturate the system, i.e., raise 
too many electrons to the upper level so that there are as many there 
as in the lower level. From the Boltzmann distribution law, the excess 
of electrons in the lower level for a separation of 1 gauss is about one 
for every million in the upper level. 

B. SPECTRUM DISPLAY AND INTENSITY 

The intensity, or area beneath the ESR absorption curve, is propor- 
tional to the number of unpaired spins in the sample, but since i t  is 

I 

FIG. 2. Lorentzian line shapes: (a) zero, (b) first, and (c) second derivatives. 
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usually the desire of the ESR spectroscopist to study his compound in 
a nonmagnetic environment (i.e., in dilute solution or diluted in a 
diamagnetic isomorphous crystal or powder) the concentration of radicals 
is seldom of any concern except when it is too low for the spectrum to 
be seen easily, or too high so that magnetic interactions between different 
paramagnetic ions occur. 

For instrumental purposes and for improved resolution, an ESR 
spectrum is usually recorded as the first derivative of the absorption 
spectrum instead of the absorption itself. This means that the point 
where the derivative crosses the base line corresponds to the peak of 
the absorption. In  poorly resolved spectra, it often helps to record the 
second derivative spectrum, the peak of which is at  the same position 
as the original absorption peak (Fig. 2 ) .  An analysis of the line shapes 
has been given by Petrakis (558). 

Induced transition 
A €  = hu = gN BN H, 

I 

C. NUCLEAR SPIN LEVELS 

is 
0, 

The nucleus also has associated with it the property of spin. This 
given by the nuclear spin quantum number I which may have values 
& , 1 ,  +, 2 ,  etc. Nuclei having an even number of protons and an even 

number of neutrons have I = 0;  nuclei having an odd number of protons 
and an odd number of neutrons have I = an integer, 1, 2 ,  3, . . .. Nuclei 
with an even number of protons and an odd number of neutrons (or vice 

f 

I 
I 
I HO > 

Magnetic field H 

FIG. 3. The NMR experiment. The effect of an external magnetic field upon 
the energy of a nucleus with spin I = 4. 
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versa) have half-integral nuclear spin I = &, f) :) etc. The magnetic 
moment of the nucleus pN is given by 

p N  = g N p N  I (erg/gauss) ( 5 )  

where p N  is the nuclear magneton ( e h / 4 ~ M c )  and equals 0.50505 x 
erglgauss. Table I gives the magnetic properties of all stable nuclei. In  
the presence of a magnetic field, the nuclear spin states are quantized 
and the component mI of the nuclear spin vector may take up the 
following values, 

I )  (I - 1)) (I - 2), (I - 3) . . . -I ( 6 )  

Thus, for I = +, the energy levels are represented in Fig. 3. This is the 
nuclear Zeeman effect and is the basis of nuclear magnetic resonance. 

For a field of 3000 gauss, the NMR resonance of a proton ( I  = +) 
occurs a t  about 12.673 MHz. This may be compared with the ESR 
resonance of a free electron which would occur at 8408 MHz a t  the same 

TABLE I 

MAGNETIC PROPERTIES OF NUCLEI 

Magnetic moment p~ 
Natural in multiples of the Spin I in 

abundance nuclear magneton multiples 
Isotope (%) ( e h / 4 ~ M c )  of h / 2 ~  

99.9844 2.79268 1 1H 
2H 1.56 x 10-2 0.857386 1 
3He 10-5-10-7 -2.1274 - 

6Li 7.43 0.82192 1 
7Li 92.57 3.2560 - 
9Be 100 -1.1773 - 
10B 18.83 1 .SO05 3 
IlB 81.17 2.6880 - 
13c 1.108 0.70220 8 
14N 99.635 0.40358 1 
15N 0.365 -0.28304 H 

1 7 0  3.7 x 10-2 -1.8930 - 
19F 100 2.6273 8 
21Ne 0.257 -0.66176 - 

23Na 100 2.2161 H 

25Mg 10.05 -0.85471 - 

- 

1 

3 
2 
3 
2 

3 
2 

1 

5 
2 

3 
2 
3 

5 
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TABLE I - c o ~ ~ .  

MAGNETIC PROPERTIES OF NUCLEI 

Magnetic moment p~ 
Natural in multiples of the Spin I in 

abundance nuclear magneton multiples 
Isotope (Yo)  (eh/4nMc) of h/2w 

2 7 ~ 1  

29Si 
31P 

33s  

35C1 
37C1 

39K 
41K 
43ca 
45sc 
47Ti 
49Ti 
5ov 
51v 

53Cr 
55Mn 
57Fe 
59Co 
61Ni 
63Cu 
65Cu 
67Zn 
69Ga 
71Ga 
73Ge 
75As 
77Se 
79Br 
SlBr 
83Kr 
85Rb 
87Rb 
87Sr 
89Y 

100 

4.70 

100 

0.74 
75.4 

24.6 

93.08 
6.91 

0.13 

100 

7.75 

5.51 
0.24 

99.76 
9.54 

100 

2.245 

100 

1.25 

69.09 

30.91 

4.12 

60.2 
39.8 

7.61 
100 

7.50 

50.57 

49.43 

11.55 

72.8 
27.2 

7.02 

100 

3.6385 

-0.55477 

1.1305 

0.64274 
0.82091 

0.68330 

0.39094 

0.21488 

-1.3153 

4.7492 

-0.78711 

-1.1022 

3.3413 
5.1392 

-0.47354 

3.4611 

0.0903 

4.6388 

0.746 

2.2206 

2.3790 

0.87354 

2.0108 
2.5549 

1.4349 

0.5325 
2.0991 

2.2626 

-0.87677 

-0.96705 

1.3482 
2.7414 

-1.0893 

-0.13682 
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TABLE I-COTL~. 

MAGNETIC PROPERTIES OF NUCLEI 

Magnetic moment p~ 
Natural in multiples of the Spin I in 

abundance nuclear magneton multiples 
Isotope (%) (eh/4nMc) of h/2n 

11.23 

100 

15.78 

9.60 
- 

12.81 

16.98 

100 
22.23 

51.35 

48.65 

12.86 

12.34 

4.16 

95.84 
0.35 
7.67 

8.68 
57.25 

42.75 

0.89 

7.03 

100 

26.24 
21.24 

100 
6.59 

11.32 

99.911 

100 
12.20 

8.30 

15.07 

13.84 

-1.298 

6.1435 

-0.9099 
-0.9290 

5.6572 

-0.63 

-0.69 
-0.0879 

-0.57 

-0.1130 

-0.1299 

-0.5922 

-0.6195 
5.4960 
5.5073 

-0.9132 

-0.9949 

-1.0409 
3.3417 

2.5334 

-0.7319 

-0.8824 
2.7937 

-0.77255 

0.68680 

2.5642 

0.83229 
0.93107 

2.7615 
3.92 

-1.25 

-0.78 

-0.68 

-0.55 
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TABLE I-co~~. 

MAGNETIC PROPERTIES OF NUCLEI 

Magnetic moment p~ 
Natural in multiples of the Spin I in 

abundance nuclear magneton multiples 
Isotope (%) (eh/4aMc) of h / 2 ~  

47.77 

52.23 

14.68 

15.64 

100 
18.73 

24.97 

100 

22.82 

100 
14.27 

16.08 

97.40 

2.60 

18.39 
13.78 

100 

14.28 

37.07 

62.93 

1.64 

16.1 

38.5 

61.5 
33.7 

100 

13.86 
13.24 

29.52 

70.48 

21.11 

100 
- 
- 

3.441 

1.521 

-0.25 

-0.34 

1.52 

-0.38 

-0.53 

3.31 

0.48 

-0.229 
0.4926 

-0.677 

2.230 

4.2 

0.61 

-0.47 

2.340 

0.115 

3.1437 

3.1760 
0.12 

0.6507 

0.16 

0.17 

0.6004 
0.1439 

- .4979 
-0.5513 

1.5960 

1.6115 
0.5837 

4.0389 
- 

1.1 

5 
2 
5 
2 
3 
2 
3 
2 
3 
2 
5 
2 
- 5 
2 
7 
2 
7 
2 
1 
1 

1. 
2 
5 
2 
7 
2 

- 

- 

- 
- 

.. 

- 

- 
- 

~ 

- 

- 

6 
7 
2 
Q 
2 
7. 
2 
- 1 

5 
2 
5 
2 

~ 1 
2 
3 
2 
3 
2 
3 
2 
1. 
2 
3 
2 
1. 
2 
3 
2 
~ 1 

- 1 

- 

- 

- 

- 

- 

._ 

-. 

- 

- 

1 
2 
Q 

1. 
2 
3 
2 

~ 

- 

- 
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TABLE I-co~~. 

MAGNETIC PROPERTIES OF NUCLEI 

Magnetic moment p~ 
Natural in multiples of the Spin I in 

abundance nuclear magneton multiples 
Isotope (%) (eh/47rMc) of h/27r 

~ ~~ ~ 

- 3 231paa - 1.96 
2 
.. 5 233Ua - 0.54 
2 
- 7 235Ua 0.71 0.35 2 

- 5 

1 
2 

237Npa - 2.5 2 

239Npa - - 

239puu - 0.4 - 2 

- 5 241pUa - 1.4 
2 
- 5 2 4 1 b a  - 1.4 
2 
- 5 243Ama - 1.4 
2 
- 7 244Cma - - 
2 

a Radioactive. 

magnetic field. Thus the resonance frequency in ESR, and therefore the 
energy of the absorptions is about 700 times larger than for the NMR 
t,ransitions. 

D. ELECTRON SPIN-NUCLEAR SPIN INTERACTIONS : HYPERFINE 
STRUCTURE 

In an atom subjected to an external magnetic field, the electron spin 
and nuclear spin will interact. All combinations of electron and nuclear 
spin are allowed, thus for S = ij and I = &, 

The relative energies of these levels are shown in Fig. 4. 
A t  low magnetic fields, the energy levels are no longer parallel to 

one another for each electron spin case. This is because even a t  zero 
magnetic field, the orbital angular momentum of the nucleus spin (I) 
and the electron spin (8) can interact. For most ESR experiments, the 
magnetic field is large and this effect can be neglected. Since gePe is much 
larger than g N B N ,  it is usual to draw only the central portion of the energy 
levels where to a good approximation the rn, levels are parallel to each 
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TABLE 11 

LINE INTENSITIES FOR n EQUIVALENT NUCLEI OF SPIN I 

1=+" n = l  

2 

3 

1 1  
/----\ 

( 1  2 ;  1 

1\G-'-/3 1 

4 1 4 6 4 1  

5 1 5  1 0 1 0  5 1 

6 1 6 15 20 15 6 1 

7 1 7 21 35 35 21 7 1 

8 1 8 28 56 70 56 28 8 1 

I = ]  n = l  

2 

3 

1 1 1  
/-------\ 

(1 2 3:  2 1 

1 ;xi--; 6 3 1 

4 1 4 10 16 19 16 10 4 1 

5 1 5 15 30 45 51 45 30 15 5 1 

6 1 6 21 50 90 126 141 126 90 50 21 6 I 

I=: n = l  1 1 1 1  
/------ --- 

2 ( 1  2 3 4;l 3 2 1 

3 1 3 6 x 1 0  12 12 10 6 3 1 

4 1 4 10 20 31 40 44 40 31 20 10 4 1 

...- - - - - -. 

1 = 2  n = l  1 1 1 1 1  

4 1 4 10 20 35 52 68 80 85 80 68 52 35 20 10 4 

a In  this case, the relative intensities are equal to the coeficients of the binomial 
expansion of (1 + 2)". 

other. At constant frequency, the transitions are as shown. Only transi- 
tions between the same mI states are allowed. The selection rules for 
ESR transitions are 

m , = i l  and m,=O (8) 
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I 

FIG. 4. Effect of ail extorrial magnetic field iipon the energy lcvels of an 
electron interacting with a nucleus with I = +, showing the two transitions. 
Energy at (a) = g/3A/4; and at (b) E = -3gpA. 

Breakdown of these rules can occur sometimes with the result of "for- 
bidden" lines in the spectrum. This is described in Section VII,C,4. 

Interactions of the electron spin with the nucleus of spin I yields 
22 + I transitions which are, to a first approximation, equally separated 
with a spacing A.  If there are n equivalent nuclei of nuclear spin I ,  then 
each line is further split. The relative intensities of these lines is given 
in Table 11. Any number, e.g., that  arrowed in the table, is the sun1 of 
the 21 + 1 numbers ericircled immediately above it. Hyperfine couplings 
are measured in gauss and often converted to cm-l. The choice of units 
and their conversion factors are discussed in Section VI1,E. The energy 
separation between the absorptions is referred to as the hyperfine coup- 
ling and in the displayed spectrum such absorptions are referred to  as 
hyperfine structure. 

E. HAMILTONIANS 

A Hamiltoniaii is an operator which operates upon a wave function. 
When it is applied to the wave function of a particular system, it gives 
the permitted energy levels of that system. X simple form of the general 
Hamiltoriian for an ion in a crystalline eiiviroiiment and with an applied 
magnetic field may be written as 



TABLE I11 

HARIILTONIAN OPERATORS IX ORDER O F  APPROXIMATE DECREASING &~AGNITUDE~ 

i-’ 
ip 
00 

Magnitudo 
Hitmiltonian Iiiteract3ion (em-1) Expanded form 

Xsr 

Electroil-electron 

Ligand field 

Spin-orbit 

Electron-electron dipole 

Nuclear Zoeman 

Nuclear quadrupolc 

Electron Zeeman 

Electron spin-nuclear spin 
Anisotropic part 

1 0 5  

104 

102-103 

10-1-1 

10-1-10-3 

10-3 

- 

10-2-10-4 

3eQ a2V 
41121 - 1 1 . G  

Q’[1 ,2  - +I(I  + I)]  where &’ = 

Ff:) often combined as / 3 e ( z  + g g ) B  

877 
Isotropic part 10-2-1 0-4 3 gt% g N  / 3 N I b l  

~ L I  hTnclcar-spin orbit - g / 3 e a N B N < ‘ 3 > J 7 - f  

a -c, charge on electron; r k j ,  distance between the kth arid j t h  electron ; v, electric field potential ; X k ,  ? jk ,  z k ,  coordinates 
of the kth electron; A, spin-orbit coupling constant; 2, total orbital angular memontum operator; 8, total electron spin 
operator; ; &, electron spin operator of electron i ;  and &, quadrupole moment. 

W 

? 
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Each term may be treated as a perturbation of the previous ones, and 
hence they are treated in order of decreasing energy. The form of these 
operators is summarized in Table 111. 

F. TENSORS 

g and A factors needs to be explained in more detail, i.e., 
The part of the general Hamiltonian incorporating (in particular) the 

= / 3 e H . g * #  + f * A . #  (10) 

8, fl, and f are vectors, whereas g and A are tensors. Each expression, 
when written in full, has the form 

where Hx,  Sx, etc., are the scalar components of the vectors in the 
Cartesian coordinate scheme x, y, and x fixed in the molecule. (The axis 
of highest symmetry in the molecule is conventionally taken as the z 
axis.) The g and A tensors are almost always symmetrical with, for 
example, g,, = gxu. The tensor is thus capable of being diagonalized, i.e., 
transformed to  a new set of Cartesian axes such that the off-diagonal 
terms are zero. The resulting values of gxx, g,,, and g,, are referred to 
as the principal values of the g tensor and relate to the directions of 
the principal axes. The average g value is equal to one-third of the trace 
of the tensor, i.e., Q(gzz + g,, + gzz). Only this value will be obtained from 
the spectra of complexes in fluid solution. 

The principal values and directions of the g and A tensors are of vital 
importance in ESR and the determination and practical significance of 
these terms as far as transition metal complexes are concerned will be 
the subject of the remainder of this review. 

I l l .  Hyperfine Coupling 

A. COMPONENTS OF THE HYPERFINE COUPLING TENSOR 

The nuclear hyperfine coupling is the field at  the electron due to the 
nucleus and its magnitude depends on whether the electron which is 
interacting with the nucleus is in an s or a p or d orbital. Since s orbitals 
have high electron density at  the nucleus, the hyperfine coupling constant 
will be large and since s orbitals are symmetrical, it will be independent 
of direction. This interaction is called the isotropic hyperfine coupling 
(A:so) or the Fermi contact interaction. In  p or d orbitals, where there 
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is no electron density at  the nucleus, the electron is to be found some 
distance away from the nucleus. The interaction between it and the 
nucleus will be as two magnetic dipoles and consequently the interaction 
will be small and dependent on the direction of the orbital with respect 
to the applied magnetic field as well as to their separation. This inter- 
action is called the anisotropic hyperfine coupling (Aaniso) and may be 
resolved into unique directions (x, y, and 2). When integrated over all 
directions, the magnitude of this hyperfine coupling becomes zero, i.e., 

Since any orbital may be considered as a hybrid of suitable com- 
binations of s, p ,  or d orbitals, so also may a hyperfine coupling be divided 
into a contribution due to p or d orbitals and that due to s orbitals. In  
a fluid solution anisotropic coupling is averaged to zero and the oiily 
observed interaction is the isotropic coupling Aiso. In  a frozen solution 
or any other solid matrix, e.g., single crystal, however, the observed 
interaction will be the sum of the anisotropic and the isotropic inter- 
actions. The anisotropic contribution is calculated from the coupling 
along the three principal directions x, y, and z ,  after the isotropic 
contribution has been subtracted. Thus from a spectrum obtained using 
fluid and rigid solutions (or single crystal), Aiso and Aaniso may be 
computed and consequently the unpaired electron population in s and 
pld orbitals calculated. From the ratio of these numbers, the hybridiza- 
tion of the orbital under consideration may be estimated. 

A, + A, + A,  = 0. 

B. ANISOTROPIC HYPERFINE COUPLING 

1. Dipolar Coupling 

In a strong magnetic field, the electron and nuclear spin vectors, 
I^ and 8 are fully decoupled and each have their axis parallel to the 
applied field. If 0 is the angle between the axis of the dipoles (Fig. 5 )  
and the line joining them, and r is their separation, then the Hamiltonian 
representing the energy of dipolar interaction is 

or 

When Eq. 13 is applied to the electron wave function by substituting MI 
for f and M s  for 8, the energies of the levels MI,  M s  are given by 
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For an electron in an orbital centered on the nucleus in question (Fig. 
6), the anisotropic hyperfine coupling follows from Eq. 14, but having 
in addition a term (3cos'a - 1) which represents the average direction 
of the electron spin vector within the orbital. The anisotropic hyperfine 
splitting can now be defined as the separation between adjacent energy 
levels, viz. M,, M I  and M,, MI-1, and equals 

where a is the angle between r and the principal axis of the orbital, and 
9 is the angle between the principal axis of the orbital and the direction 
of the nuclear magnetic moment vector. ( ) indicates the average value. 

7 
Resultant 

field 

4 / 

electron 

HO r 

Resultant 
field 

Resultant 
field f 

electron 
Nu c I e u s 

( 0 )  (b) 

FIG. 5 .  (a) The weak field case, Ho < H e .  (b) The strong field case, Ho > H e .  

For any p orbital (3cos2a - 1) is equal to +*. By setting P = g P e g N P N /  

( r3 ) ,  Aaniso becomes fP(3cos2B - 1) for an electron in a p  orbital. 
When B = 0, the orbital is parallel to the nuclear magnetic moment 

which itself will be parallel to the external magnetic field if the latter 
field is much stronger than the field at  the nucleus due to the electron 
(see Fig. 6).  This is referred to as the strong-field approximation and 
it follows that for a p orbital, Aaniso (Azz) = +P and when 8 = go", 
Aaniso (A, , , , )  = -gP. The tensor thus has the form [gP,-gP,-gPl, the 
principal value being positive. 

In  the above description, it was assumed that the nucleus lines up 
with the applied field in all orientations of the orbital, i.e., the applied 
field €I, is much stronger than the field due to the electron a t  the nucleus, 
H*. In  practice, however, this strong field approximation is only a good 
one when ( a )  the applied field H ,  is large (e.g., at &-band frequencies); 
( b )  the anisotropic hyperfine coupling is small (and so the field a t  the 
nucleus is still relatively small) ; and (c) the isotropic hyperhe  coupling 
is lmge (since the field due to the electron at  the nucleus reinforces the 
applied field). Often when electrons are confined to p or d orbitals, the 
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effective field a t  the nucleus due to the electron is larger than the applied 
field. This is because the field a t  the nucleus due to the electron is very 
many times greater than the field a t  the electron due to the nucleus. Thus, 
a 15-gauss ‘H anisotropic hyperfine coupling is equivalent t o  about a 
5000-gauss field at  the nucleus and thus is close to the external field a t  
X-band frequencies. The resultant field may then have a significantly 

Nuclear magnetic 
moment vector 1 

FIG. 6. The strong field approximation. The resultant field lies close t o  the 
applied field. 

different direction than the applied field. Instead of the dipolar inter- 
action varying as (3cos28 - l), it may be shown in the weaker field case 
that the interaction varies as (3cos20 + l)’iZ. Plots of the variation of 
hyperfine splitting for an electron in a p orbital as a function of orienta- 
tion within one plane for the two extreme cases are given in Pig. 7 .  

The numerical value of the anisotropic hyperfine coupling at the 
turning points of the curve (and hence the values computed from a 
powder spectrum-vide supra) are the same whichever formula is used, 
i.e., $Pand-$Pfor(3cos20 - l)and+Pand?jPfor(3cos?O + 1)1/2.  Only 
the signs are different and it is only when a single crystal study is under- 
taken that the difference manifests itself and then only in the improbable 
case of a very small isotropic hyperfine coupling. I n  practice, the situation 
is intermediate between the two extremes. 
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An alternative expression for the variation of the anisotropic hyper- 
fine coupling with the angle is 

where the parameters have the same meaning as before. 

FIG. 7.  Plot of variation of hyporfine coupling during a rotation for (a) low- 
field case (3cos28 + 1)1/2, taking the positive root, (b) high-field case. 

For an unpaired electron in a d orbital, the value of (3cos2a - 1) 

(17)  
(18) 
(19) 

The principal value of Aaniso (&) is given for each d orbital when B = 0 
(since the principal axis for each d orbital is the z axis), and so the tensor 
for, e.g., clz2-y2 or d,, is 

z X Y  

depends on the magnetic quantum number 

For &, the vaIue is +$ 
dz., yz, the value is +$ 

dxl-y2,xy, the value is -$ 

I-gP $P $PI (20) 
i.e., the principal value is negative. 
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This is in contrast to the d,, tensor, where the principal value is 
positive. I n  Table IV, calculated values are given of the principal value 
of Aalziso (Azz) for an electron in a p orbital for nontransition ions or the 
dZs-l/s or d,, orbitals for transition element ions, assuming the orbital 
contribution is fully quenched. The same problem concerning the use of 
(3cos’d - 1) and (3cos’d + 1)”’ occurs, as it did for the p orbitals, but 
the magnitude of the principle values are unaffected. 

2. Seco.rzclary Effects 
a. The Quaclrupole Intemction The interaction of the nuclear electric 

quadrupole moment with the gradient of the electric field a t  the nucleus 
results in a mixing of nuclear spin states. This results in a second-order 
shift in energy levels and may make a normally forbidden transition 
become weakly allowed with both electron and nuclear spins changing 
simultaneously. The quadrupole interaction results in a shift in the 
energies of the different m, energy levels relative to one another (Fig 8). 

When the inagiletic field is applied parallel to the symmetry axis of 
the crystal the shift due to the quadrupole interaction is independent 
of m, and does not result in any change in the position of the resonance 

MI Ms 

+ 3/2 

+ 1/2 

- 1/2 

- 3/2 

+ 1/2 

- 3/2 

- 1/2 

(a) (b) 

FIG. 8. Effect of electric quadnupb interaction (b) upon the energy lovels of 
a S = i, I = Tj system (a). 



ESR O F  TRANSITION METAL COMPLEXES 155 

lines. When the magnetic field is not parallel to the x axis, however, 
second-order effects cause a change in the shift for each level, and the 
resulting nuclear hyperfine lilies are unequally spaced. The quadrupole 
term can be differentiated from other second-order effects since it does 
not vanish in strong fields and the separation of successive hyperfine 
lines is greatest in the middle or at the ends, instead of showing a 
progressive increase or decrease. 

6. The Siiclear Beema?& J n t ~ s u ~ t i o n  The nuclear Zeclman term repre- 
sents the direct interaction between the external magnetic field and the 
nuclear magnetic moment. This is usually neglected since i t  cancels for 
transitions hetween states with identical values of m,. When “forbidden 
transitions” are being considered, however, it is soiiietiines necessary to 
take account of this effect. It is applicable to both anisotropic and 
isotropic spectra. 

C. ISOTROPIC HYPERFINE COUPLING 

The isotropic hyperfine coupling is made up of coiitributions from 
several effects Direct unpaired electron spin density at the nucleus 
occurs when the electron is in an s orbital Indirect contributions arise 
when the electron is in a p or rl orbital and from other effects These 
will be treated in turn. 

1. The Pesmi CofLtact l ’erm 

The isotropic coupling Aiso is related to the electron spin density a t  
the interacting nucleus, and is also related to the magnetic monient of 
the nucleus. The full expression is 

and such values are positive. is the probability of finding the 
electron in a unit volume a t  the nucleus The units for such probabilities 
are elec~trons/unit volume. Values for A,  (the hyperfiiie coupling for an 
electron localized in a pure s orbital) and are given in Table IV 
for different nuclei. 

Calculated values rely on having accurate equations for the wave 
function The values given in Table IV make use of the best wave 
function available a t  the time of writing The wave function for the 
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TABLE I V  

CALCULATED VALUES OF ANISOTROPIC AND ISOTROPIC COUPLINGS FOR FREE IONS~ 

Principal 
Electronic value of 
configura- (r-3) ~~~~~~b 1401~ A i s o  

I o n  tion (a.u.) (gauss) (a.u.) (gauss) Reference 

1HO 
ZHO 

3HeO 
6LiO 

7Li0 

9Reo 
l o g 0  

llB0 

13CO 
14hT0 

15NO 
1700 

19FO 

=Neo 
23Na0 
25MgO 
27~10 
29&0 

3 1 p O  

33SO 

35C10 
37C10 
39KO 

41KO 

43CaO 

45sco 
45sco 

45sc+2 

4 5 8 ~ - 1  

45Sc+1 

47,49Ti-1 
47,49TiO 

47,49TiO 

47,49Ti+l 
47,49Ti+2 
47,49Ti+3 
51v-1 

51VO 

Is1 
181 
182 

281 
281 
2.9 
2P1 
2P1 
2P2 
2P3 
2P3 
2P4 
2P5 
2PS 
381 
3.92 
3P1 
3pZ 
3P3 
3p4 

3P5 
3P5 
451 
481 
4.9 
3d2 4s2 
3d4 
3dl 482 
3d2 
3dl 
3d3 482 
3d4 
3dZ 482 
3d3 
3d2 
3dl 
3d4 4s2 
3d5 

- - 

- - 

- - 
- __ 
- - 

- - 

0.7756 17.3 
0.7756 38.1 
1.6618 63.8 
3.0205 33.5 
3.0205 -46.6 
4.9490 -102 
7.5451 1085 

10.906 -132 
17.004 687 
24.919 -233 

1.088 43.2 

3.266 202 
4.8364 56.6 
6.7688 102 
6.7688 84.8 
8.9747 64.1 
8.9747 35.2 

2.027 -61.5 

17.7403 -182 
1.0585 -27.97 
0.7647 -20.21 
1.4279 -37.74 
1.1891 -31.43 
1.5755 -41.65 
1.6236 9.96 
1.2658 7.76 
2.0148 12.36 
1.7169 10.53 
2.1368 13.08 
2.5433 15.60 
2.2250 -63.23 
1.8355 -52.53 

0.318 508 
0.318 78 
1.798 -2192 
0.166 39 
0.166 103 
0.569 -128 
1.408 242 
1.408 723 
2.785 1119 
4.814 557 
4.814 -781 
7.646 -1659 

11.378 17160 

0.530 224 
1.217 -119 
2.355 983 

6.673 3676 
7.941 975 

10.662 1672 
10.662 1391 

16.232 -9886 

3.827 -1218 

0.695 51.9 
0.695 28.6 

0.7122 276 

1.6883 654.1 

1.384 -150 

__ - 

- - 
- - 

0.779 -70.06 
- - 

1.964 -175.7 
- - 
- - 
- - 

0.869 364.3 
- - 

(506a) 
(506a) 
(506a) 
(506a) 
( 5 0 6 ~ )  
(506a) 
(506a) 
( 5 0 6 4  

(506a) 
(506a) 
(506a) 
(506a) 
( 5 0 6 ~ )  
( 5 0 6 ~ )  
(506a) 
(50th) 
( 5 0 6 ~ )  

( 5 0 6 ~ )  

(506a) 

(506a) 

(506a) 
(506a) 
(506a) 
( 5 0 6 4  
(506a) 
(139a)  
(220)  
(139b) 
(139c) 
(139c, 220) 
( 1 3 9 ~ )  

(139b)  
(1396) 
(139c, 220) 
( 1 3 9 4  
(139a)  
(220)  

(220) 

a Ueducrd from the wave function given in the reference. A partial list of data 
is given in references (44, 46, 282, 506~) .  

A,, for p or dx,-y,, xy orbitals. 
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TABLE IV-COVL~. 

CALCULATED VALUES OF ANISOTROPIC AND ISOTROPIC COUPLINGS FOR FREE IONS 

Principal 
Electronic value of 
configura- < T - ~ >  A a n t s o b  1+oI2 Aiso 

Ion tion (a.u.) (gauss) (a.u.) (gauss) Reference 

51VO 
51V+1 
51V+2 
51V+3 
51V+4 
53Cr-1 

53CrO 
53Cr0 
53Crfl 
53Cr+2 
53Cr+3 
53Cr+4 
53Cr+5 

55Mn0 
55Mno 
55Mn+l 
55Mn+2 

55Mn-1 

55Mn+3 
55Mn+4 
55Mn+5 
55Mn+6 
57Fe-1 

57Feo 
57Feo 
57Fe+l 
57Fe+2 
57Fe+3 
59Co-1 
59Coo 
59Coo 

59c0+2 

59c0+3 

59Co+l 

61Ni-1 
61NiO 
61Ni0 
61Ni+l 
61Ni+2 
61Ni+3 

3d3 452 
3d4 
3d3 
3d2 
3dl 
3d5 452 
3d6 
3d4 452 
3d5 
3d4 
3d3 
3d2 
3dl 
3d6 4.9 
3d7 
3d5 4s2 
3d6 
3d5 
3d4 
3d3 
3d2 
3dl 
3d7 452 
3d8 
3d6 4s2 
3d7 
3d6 
3d5 
3d8 4s2 
3d9 
3d7 452 
3d8 
3d7 
3d6 
3d9 4s2 
3d10 
3dn 452 
3d9 
3d8 
3d7 

2.6434 
2.2936 
2.7539 
3.2209 
3.6765 
2.9077 
2.4255 
3.3466 
2.9740 
3.4528 
3.9614 
4.4820 
4.9925 
3.6143 
3.1215 
4.1524 
3.6754 
4.2546 
4.7915 
5.3598 
5.9438 
6.5138 
4.4277 
3.8822 
4.9769 
4.4897 
5.0839 
5.7260 
5.3443 
4.7877 
5.9261 
5.3985 
6.0376 
6.7011 
6.3613 
5.7251 
6.9825 
6.4216 
7.0963 
7.7974 

-75.60 
-65.67 
-78.77 
-92.1 1 

-105.18 
17.88 
14.89 
20.58 
18.29 
21.23 
24.36 
27.56 
30.66 

-97.45 
-84.15 

-112.0 

-114.6 
-99.13 

-129.2 
-144.5 
-160.3 
-175.6 

-15.57 
-14.34 
-17.51 
-15.79 
-17.88 
-20.14 

-138.0 
-123.7 
-153.0 
-139.4 
-155.8 
-172.9 
-61.58 
-55.41 
-67.59 
-62.16 
-68.69 
-75.47 

2.224 
- 

- 

- 

- 
0.949 

2.495 
- 

- 

- 
- 
- 

- 
1.097 

2.765 
- 

- 

- 

- 

- 

- 

- 
1.225 

3.113 
- 

- 

- 

- 

1.225 

3.455 
- 

- 
- 

- 
1.529 

3.803 
- 

- 

- 
- 

(139b) 
(139c, 220) 
(139c, 220) 
(139c) 
(139a, 139c, 220) 
(139a) 
(220)  
(139b) 
(139c, 652)  
(139c, 220, 652) 
(139c, 220, 652)  
(139c, 220, 652)  
(139c, 652)  
(139a) 

(139b) 
(139c, 220) 

(139c, 220) 
(139c) 
(139c) 
(139c) 
(139a) 
(220)  
(139b) 
(139c) 
(139c, 220) 
(139c, 220) 
(139a) 
(220)  
(139b) 
(139c) 
(139c, 220) 
(139c, 220) 
(139a) 
(220)  
(139b) 
(139c) 
(139c, 220) 
(139c, 220) 

(220)  

(139c, 220) 
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TABLE IV-~ont. 

CALCULATED VALUES OF ANISOTROPIC AND ISOTROPIC COUPLINGS FOR FREE IONS 

Principal 

Electronic value of 
configura- (T-3) Aanisob  1$ol2 Acso 

Ion  tion (a.u.) (gauss) (a.u.) (gauss) Reference 

3d10 4s2 
3d10 4.9 
3dQ 452 
3d10 
3d9 
3d10 4.9 
3d10 4.9 
3d9 4s2 
3d10 
3d9 
3dlo 
4P1 
4P1 
4P2 
4P3 
4P4 
4P5 
4P5 
4P6 
5sl 
5sl 
592 

4dl 5s2 
4d2 
4dl 
4d2 5s2 
4dl 5sl 5171 
4d3 
4d2 
4dl 
4d3 5.9 

4d4 
4d3 
4d2 
4d4 5s2 

4d5 
4d4 
4d3 
4d4 5s2 

4d2 5sl 5331 

4d3 5sl 5171 

7.4902 
7.5072 
8.1511 
7.5407 
8.2580 
7.4902 
7.5072 
8.1511 
7.5407 
8.2580 
9.450 
2.8908 
2.8908 
4.7334 
6.8542 
9.2715 

11.9994 
11.9994 
14.8867 
20.097 
20.097 
25.8947 

1.7117 
1.5898 
2.0336 
2.3974 

1.9845 
2.7057 
3.1600 
3.1220 

2.5334 
3.4141 
3.9134 
3.9001 

3.6623 
4.1745 
4.7066 
3.9001 

- 

- 

- 

-216.0 
-216.5 
-235.0 
-217.4 
-238.1 
-231.4 
-216.5 
-251.8 
-232.9 
-250.1 

64.5 
106 
135 

179 
270 
459 
495 
-87.2 
297 

1005 

-25.2 

-1715 
9.1 
7.81 
9.98 

24.3 

19.70 
26.86 
31.37 

- 

-83.3 
- 

-67.36 
-90.80 

-104.1 
27.8 

25.96 
29.60 
33.37 
28.4 

- 

1.643 

4.180 
- 

- 

- 
1.643 

4.180 

- 

- 
- 

4.535 
6.946 
6.946 
9.549 

12.493 
15.754 
19.335 
19.335 
23.313 

1.297 
1.297 
2.387 
2.992 
- 

- 
3.509 

10.443 
- 

- 

- 

3.978 
11.740 
- 
- 

- 
4.424 

12.110 
- 

- 

- 
4.424 

694.5 
- 

1767 - 
- 

744.0 
- 

1893 
- 
- 

454 
2667 
3389 
-535 
3431 
4816 
7764 
8370 

-1439 
200 
678 

-1656 
-235 
- 

- 
-52E 

-1548 
- 
- 
- 

1556 
4577 
- 
- 
- 

-462 
-1259 
- 
- 
- 

-47 1 

(139a)  
(139a)  
(139b)  
(139c, 220) 
(139c, 220) 
(139a)  
(139a)  
(139b) 
(139c, 220) 
(139c, 220) 
(50Ga) 
(50Ga) 
( 5 0 6 4  
(50Ga) 
(50Ga) 
( 5 0 6 ~ )  
(50Ga) 
(50Ga) 
(50Ga) 
( 5 0 6 4  
(5060,) 
(50 th )  
(50 th )  
(220) 
(220)  

(59a) 
(590) 
(220)  
(220)  
(50Ga) 
(59a) 
(59a) 
(220)  
(220)  

(59a)  
(220) 
(220) 
(220)  
(50Ga) 

(50Ga) 

(50Ga) 



ESR O F  TRANSITION METAL COMPLEXES 159 

TABLE IV-~ont. 

CALCULATED VALUES OF ANISQTROPIC AND ISOTROPIC COUPLINGS FOR FREE IONS 

Principal 
value of Electronic 

configura- (r-3) A a n { s o b  14012 Aiso 
Ion tion (a.u.) (gauss) (a.u.) (gauss) Reference 

97Mo+l 
97Mo+l 
97Mot2 

97Mot3 

99TcO 

99RuO 

99Tc+l 

99Ru+l 
99Ru+l 
99Ru+2 
99Ru+3 
lOlRuO 
lOlR~+l  
lOlRu+l 
lOlR~t2 
101Ru+3 
103Rh0 
l03Rh+l 
l03Rh+l 
l03Rh+2 
103Rht3 
l05pdO 
lO5pdCl 
105Pdfl 
105pd+2 
105pdt3 
l07AgO 
107Ag+l 
107Ag+l 
107Agi2 
107Agt3 
lC9AgO 
lOQAg+l 
lOQAg+l 
109Agf2 
109Ag+3 

lllCd0 
113CdO 
113j115InO 
ll5SnO 
117SnO 

4d3 5s' 5p1 
4d5 
4d4 
4d3 
4d5 582 

4d4 581 51.1 
4d'3 5.9 
4d5 5.31 5p1 
4dG 
4d5 
4d4 
4d6 5s2 
4d5 5.31 5331 
4d7 
4d'3 
4d5 
4d7 582 

4dG 581 5pl 
4d8 
4d7 
4d6 
4d8 5 . 9  
4d7 5sl 5p1 
4d9 
4d8 
4d7 
4d9 5.92 

4d8 5sl 5pl 
4dlo 
4d9 
4d8 
4d9 5.32 

4d10 
4d9 
4dS 
4dlo 5s2 
4dlo 5.9 

4d8 5sl 5p' 

5P1 
5332 
5P2 

- 
3.6623 
4.1745 
4.7066 
4.7390 

5.6438 

4.8792 
5.8582 
6.4961 
5.6438 

4.8792 
5.8582 
6.4961 
6.6185 

5.7243 
6.8040 
7.4467 
7.6666 

6.7609 
7.8144 
5.4571 
8.7911 

8.2232 
8.9054 
9.6110 
8.7911 

8.2232 
8.9054 
9,6110 
9.9041 
9.9041 
4.4572 
6.7468 
6.7468 

- 

- 

- 

- 

- 

-- 

- 

- 

26.51 
30.22 
34.06 

-116 
- 

27.4 

23.95 
28.76 
31.84 
30.4 

26.23 
31.50 
34.92 
22.7 

19.60 
23.85 
26.10 
34.1 

30.02 
34.70 
37.69 
38.8 

36.21 
39.20 
42.31 
44.5 

41.62 
45.06 
48.63 

- 

- 

- 

- 

- 

- 

-229 
-240 

149 
-335 
-367 

12.110 
__ 
- 

- 

4.855 
14.380 
5.267 

15.682 
- 
- 
- 

5.267 
15.682 
- 
- 

- 
5.673 

16.901 
- 

- 

- 

6.071 
18.238 
- 

- 

- 

6.469 
19.455 
- 
- 

- 

6.469 
19.455 
- 

- 
- 

6.851 
6.851 
9.787 

12.731 
12.731 

-1285 
- 

- 
- 

1749 
5162 
-376 

-1 129 
- 

- 
- 

-416 
-1236 
- 

- 

- 
-286 
-849 
- 

- 

- 
-397 

-I 187 
- 
- 

__ 
-419 

-1256 
- 

- 

- 

-482 
-1443 
- 
- 

- 

-2326 
-2433 

3417 
-6669 
-7268 
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TABLE IV-cont. 

CALCULATED VALUES OF ANISOTROPIC AND ISOTROPIC COUPLINGS FOR FREE IONS 

Priiicipal 

Electronic value of 
configura- (+> Aantsob 1#012 A,,o 

1011 tion (a.u.) (gauss) (a.u.) (gauss) Reference 

119Sn0 

l2lSbO 

123Sb0 

123Te0 

l25TeO 

12710 

129Xe0 

13lXeO 

133CsO 

l35BaO 

137BaO 

177Hf0 

177]Hf+ 

l79HfO 

179Hff 

l8lTaO 

18lTa+ 

i m w o  
183\v+ 

l85RoO 

185Re+ 

187ReO 

l87Re+ 

1890~0 

l89OS+ 

191Ir0 

191Ir+ 

193Ir0 

193Ir+ 

195pt0 

195pt+ 

5P2 
5p3 
5p3 

5P4 
5p4 

5P5 
5p6 

5P6 
6s1 
6s2 
6s2 
5d2 6s2 
5d1 6sl 6131 

5d3 
5d2 6s2 
5dl 6s1 6p1 
Sd3 
5d3 6.9 
5d2 6sl 6p1 
5d4 
5d4 6s2 

5d5 
5d5 6 9  
5d4 Gsl 6p1 

5d6 
5d5 Bs2  

5d4 Gsl Bp1 

5d6 
5d6 6s2 
5d5 6s1 6pl 
5dl 

5d7 6 9  
5d6 6s1 6pl 
5d8 
5d7 6s2 
5d6 6sl 6p l  
5dB 
5d8 6s2 
5d7 6s1 6p1 
5d9 

5 d 3  cis1 6pl 

6.7468 
9.2313 
9.2313 

11.9366 
11.9366 
14.8724 
17.8266 
17.8266 
23.2545 
29.0659 
29.0659 
4.4934 

3.3165 
4.4934 

3.3165 
5.6057 

4.3162 
6.7504 

5.2496 
7.9414 

6.3217 
7.9414 

6.3217 
9.1859 

7.3769 
10.4886 

8.4802 
10.4886 

8.4802 
11 A527 

9.6486 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

-385 
338 
183 

-478 
-576 

455 
-754 

223 
466 
442 
494 
-14.9 
- 

-11.26 
9.2 

6.74 
- 

-73.1 

-56.21 
-30.3 

-23.51 

- 

- 

-195 
- 

-154.8 
-197 
- 

-156.4 
-77.7 

-62.33 
-21.9 

-17.62 
-23.1 

-18.71 

- 

- 

- 

-278 

-225.7 
- 

12.731 
15.913 
15.913 
19.255 
19.255 
22.836 
26.735 
26.733 

1.671 
2.968 
2.968 
6.596 

19.385 

6.596 
19.385 

7.399 
21.821 

8.148 
23.760 

8.832 
25.827 

8.832 
25.827 

9.548 
27.664 

10.185 
29.581 

10.185 
29.581 

10.742 
31.612 

- 

- 

- 

- 

- 

- 

- 

- 

- 

.- 

-7603 
6089 
3297 

-8081 
-9738 

7320 
-11827 

3504 
351 
472 
527 
322 
965 

-199 
-578 

- 

- 
1416 
4166 

536 
I561 

3188 
9274 

3221 
9269 

1183 
3427 

396 
901 

419 
957 

3709 
10840 

- 

- 

- 

- 

- 

- 

- 

- 

(506a) 
( 5 0 6 ~ )  
(50Ga) 
(506a) 
(506a) 
(506a) 
(506a) 
(506a) 
(50Ga) 
(506a) 
(50Ga) 
(506a) 
(59a)  
(59a) 

(59a)  
(59a) 
(506a) 
(59a)  
(59a) 
(506a) 
(59a) 
(59a)  

(59a)  
(59a)  

(59a) 
(59a)  

(59a) 
(59a) 

(59a)  
(59a) 

(59a) 
(59a)  

(59a) 
(59a) 

( 5 0 6 ~ )  

(50Ga) 

(50Ga) 

(50Ga) 

( 5 0 6 4  

(50Ga) 
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TABLE IV-~ont. 

CALCULaTED VALUES OF ANISOTROPIC AND ISOTROPIC COUPLINGS FOR FREE IONS 

Principal 
Electronic value of 
configura- ( T - 3 )  Aanisob 1&12 Aiso 

Ion tion (a.u.) (gauss) (a.u.) (gauss) Reference 

197Au0 5d9 6s2 13.2809 -25.0 11.378 313 ( 5 0 6 ~ )  
lg7Au+ 5dR 6s1 6p1 - - 33.324 913 (59a) 

5dlo 10.8361 -20.24 - (59a) 

199Hg+ 5d9 651 6p1 - - 35.064 9606 (59a) 

5d10 (is1 12.8704 -249.6 - (59a) 

zolHg+ 5d9 651 6p1 ~ - 35.064 -3680 ( 5 9 ~ )  

5d10 6.91 12.8704 92.12 - (59a) 

- 

199HgO 5d106s2 14.6560 -286 11.935 3416 (5060,) 

- 

2olHgO 5d106s' 14.6560 105 11.935 -1258 ( 5 0 6 ~ )  

- 

ZO3TlO G p l  7.5553 660 16.311 14893 ( 5 0 6 ~ )  
2 0 5 ~ 1 0  ~ , ~ 1  7.5553 666 16.311 15040 ( 5 0 6 ~ )  
Z07pbO ( i p 2  10.9883 351 20.528 6868 (506a) 
ZOSB10 6p3 14.5706 358 24.825 6394 ( 5 0 6 ~ )  

hydrogen atom is accurately known and its use in the calculation of A,, 
is given below. The 1s electron wave function # is 

where a, is the Bohr radius (0.52918 x cm). The value of # at the 
nucleus is #,, and is obtained from Eq ( 2 2 )  by putting r = 0, #o thus 
equals 1/2/raO3. The isotropic coupling to hydrogen is then 

-~ ~ 

8iT 1 
3 ~ ( 0 . 5 2 9 1 8  x lo-')' 

Aiso = - x 5.5854 x 0.50504 x x 

= 507.8 gauss (23) 

Refinements to  the theory give a value of 506.82 gauss. 

2. Polarization of Inner Shell s Electrons 
Since isotropic coupling is associated with unpaired electron spin 

density at  the nucleus, then transition metal ions with unpaired electrons 
in d orbitals would not be expected to exhibit any isotropic coupling. 
However, appreciable isotropic coupling is always observed, e.g., vanadyl 
complexes have values of Aiso (51V) up to nearly 120 gauss. 

Early suggestions that the apparent s character arose from spin-orbit 
coupling between the 3d and the 4s orbitals (12)  or the excitation of a 3 2  
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electron to a 4s level (11) have since been shown to be inadequate for 
most compounds. It is probably better (331,715) to consider an exchange 
interaction between the unpaired d electrons and the paired s electrons 
in the core (Is2, 2s2, 3s2, etc ) which is dependent on spin orientation. 
In  other words, there is a polarization of the ns2 configuration which 
can then produce a magnetic field a t  the nucleus. Freeman and Watson 
(220) have suggested that the unpaired electron may be considered as 
attracting electrons of the same spin (by Hund’s rule) and repelling those 

FIG. 9. Polarization of s electrons f by a p or a d electron t of /? spin. (a) Inner 
s-orbitals and (b) outer s orbitals. 

of opposite spin. Thus the nucleus feels the influence of one of the s 
electrons (a) more than the other (/3) and so there is apparent unpaired 
a-spin density at  the nucleus (Fig. 9). This will be of opposite sign to 
the unpaired d electron. 

If the radial distributions of the inner s orbitals are now compared 
with those for the 3d orbital (Fig lo), it is seen that the 1s and 2s orbitals 
lie almost entirely inside the 3d orbital and polarization will produce 
a negative spin density a t  the nucleus I n  contrast, the 3s orbital is 
slightly more diffuse than the 3d,  thus producing a positive spin density 
a t  the nucleus, i.e., it polarizes the electron nearer the nucleus thus 
giving i t  the same spin as itself. The net effect is the sum of these 
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Atomic units r 

PIG. 10. Radial distribution of 25, 38, arid 3d orbitals in the Ti3+ ion, calculated 
using hydrogenlike wave functions and Burns' rules for estimating the screening 
constants (115) .  ---, 2s; ----, 3s; and .'...-, 3d. 

contributions and is illustrated for some metal ions of the first transition 
series in Table V. The values given are the theoretical contact term x 

TABLE V 

THEORETICAL CONTACT TERMS X, Aiso AND THE THEORETICAL A ,  (3s) 
FOR SOME TRANSITION METAL I O N S ~  

~~ 

Mnzf, d5 Fe3+, d5 Fez+, d6 

Field a t  nucleus due to 
electron 
Is contribution -6,730 (-0.16) -10,500 (-0.25) -8,840 (-0.21) 
2s contribution -283,300 (-6.73) -358,300 (-8.51) -328,400 (-7.80) 
3s contribution 149,500 (+3 .55)  242,900 (15.77) 198,700 (+4.72) 

term, per electron, x 
Net theoretical contact -140,500 (-3.34) -125,900 (-3.00) -138,700 (-3.29) 

Hyperfine coupling Aiso - 106 - 12.4 - 13.6 

Theoretical coupling 23,120 3,549 3,492 
for 3s electron, A0 

~- 

a Data in gauss, with atomic units in parentheses (220).  
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(field felt a t  the nucleus due to the unpaired electron) for the polarization 
of the ns orbital by each unpaired 3d electron in the free ion. These values 
are reduced in complexes because of the delocalization of the 3d electrons 
and there is a good correlation with the covalency of the metal-to-ligand 
bond. For comparison, the A, value for a single 3s electron is also given. 
This shows that the effect of polarization of inner s electrons by the 3d 
electrons is only about 0.5% of the coupling of an electron in the 3s 
orbital. 

The theoretical contact term per electron x for some ions has been 
calculated (219, 220, 331). The theoretical contact term resulting from 
polarization of s electrons by all unpaired d electrons is H ,  and equals 
2Sx. The field felt by the electron due to this field a t  the nucleus, AisO, 
and the field a t  the nucleus are related as follows 

Pe 

P N  
x = - . Aiso 

Hence 

where x and Aiso are given in gauss, or 

where x is in atomic units and Aiso in cm-l. (It is convenient to note 

Because of the cancellation of very large terms of opposing signs, 
it is surprising that the calculations give not only the sign o fx  correctly, 
but numerical values that are so realistic. Subtle changes in covalency 
between the metal and ligand atoms, and the accompanying changes in 
radial distribution of the d electrons influence the amount of polarization 
of the inner s orbitals in varying ways. A very slight change in the radial 
distribution of the s electron has a very large effect on the density a t  
the nucleus, and hence upon Aiso. Whereas increasing covalency expands 
the d orbital and lowers the effective charge on the metal ion with a 
resultant increase in IAisoI (276),  associated slight orbital expansion of 
inner s orbitals reduces the electron density a t  the nucleus and hence 
decreases ]Ais , ,  to  a much greater extent, so that in general the net 
result is a decrease in [Aiso) as covalency increases. 

McGarvey (505) has shown that there is a close correlation between 
x and ( X ,  - X c ) ,  the electronegativity difference between the anion and 
cation in the host lattice. This is similar to our correlations of Aiso 

that p e / p N  = 1836.12.) 
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I \  60 

0 05 1.0 1.5 2.0 

Atomic units r 

FIG. 11. Radial distribution of the 3.9, 4s, and 4d orbitals in the Nb4+ ion, 
calculated using hydrogenlike wave functions and Burns' rules for estimating the 
screening constants (115). ----, 3s; -.-.-, 43; and a * . * . . ,  4d. 

against gav for met'al ions in complexes of the same symmetries (see Figs. 
38, 40, and 46). 

Calculation of x for some ions of the second transition series (698) 
show that again the resulting values are negative and about three times 
the magnitude of their 3d counterparts. The net value of x is roughly 
constant and independent of ionic change (see Table VI). 

TABLE V I  

x AND A t s o  FOR SECOND TRANSITION SERIES IONSa 

Ion X Azso  

YZ+ -335,100 49.9 
Zrz+ -354,500 100 
Nbz+ -362,000 -269 
Nb3+ -352;OOO -262 
Mo+ -368,400 73.0 

Ion X At*0 

T c ~ +  -371,000 -254 
R u ~ +  -361,200 54.3 
Pd2+ -374,700 46.5 
Pd3-t -362.900 45.1 

a Data in gauss. 
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47,49Ti -175.7 
51v +932.3 
53Cr -224.9 
55Mn +1093.2 
57Fe +160.5 

An analysis of the individual shell contributions to x has shown that 
x( 3s) is positive and the X( Is), x( 2s),  and x( 4s) are negative. The dominant 
contributions arise from ~ ( 2 s )  and ~ ( 4 s )  because of the different spatial 
relationship between the s-electron wave functions and the different 
parts of the 4d wave function. The Is and 2s contributions are negative 
due t o  the inner lobes of 4d, the 3s contribution is positive but greatly 
reduced compared with the 3d case, and the 4s contribution is negative 
and large (see Fig. 11). No calculations have been made on the sign and 
magnitude of any ~ ( 5 s )  contribution, but it might be expected that this 
will be positive and large. 

59Co +1307.6 
61Ni t-539.7 
63Cu +1766.9 
65Cu +1892.2 

D. FACTORS AFFECTING THE MAGNITUDE OF METAL ISOTROPIC AND 

ANISOTROPIC HYPERFINE COUPLING 

1. Mixing of Other Metal Orbztals with the Orbztul Pormully Containing the 
Unpaired Electron 
a. Isotropic Coupling. When the unpaired electron is in a molecular 

orbital whose symmetry is such that it allows a contribution from 
s-atomic orbitals, then there is a Fermi contact contribution to the 
measured Aiso. This occurs in cobalt phthalocyanin ( 4 1 )  which has D4* 
symmetry and the unpaired electron is in the ulg molecular orbital. This 
orbital is a mixture of 3d,, and 4s and the contribution to Aiso is positive 
and of opposite sign to the contribution from the inner shell polarization. 
Since a small amount of unpaired electron spin density in the 4s orbital 
produces a large coupling (Table VII), the absolute magnitude of Aiso will 
be decreased and may be either negative or positive. Another example 

TABLE VII  

CONTRIBUTIONS TO Ai,, FOR ONE UNPAIRIGD ELECTRON IN 4s 
ORBITAL FOR SOME NEUTRAL METAL ION@ 

I 

Ion A i s o  

a Data in gauss. The negative signs for 47Ti, 49Ti, and 53Cr are a 
consequence of the negative nuclear magnetic moments of these 
nuclei, which changes the signs of all their coupling constants. 
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TABLE VII I  

CALCULATED VALUES OF Aaniso FOR ELECTRONS IN 3p  AND 4 p  
ORBITALS FOR SOME NEUTRAL METAL IONS 

Orbital 3Pa 4Pb 4PC 

47Ti, 49Ti -146 -0.56 -2.09 
51V 829 2.43 10.62 

55Mn 1120 2.14 10.68 
57Fe 172 0.26 1.37 
59Co 1478 2.10 10.92 
61Ni 643 0.85 4.65 
63CU 2206 0.91 15.62 
65Cu 2363 0.97 16.73 

53Cr -215 -0.50 -2.48 

a 3dn configuration. 
b 3dvl-14p configuration. 
c 3dn-24~2 configuration. 

is V(S2C2H2),, which has D,, symmetry, where the unpaired electron 
is thought to be in the a; molecular orbital (167, 168). 

b .  Anisotropic Coupling. The effect described above will decrease the 
anisotropic hyperfine coupling simply because the d-electron density is 
decreased. The effect on Aaniso, however, is much more marked if there 
is mixing of the metal cl orbital with one or more of the metal p orbitals. 
Since the sign of the principal value of the anisotropic hyperfine tensor 
is negative for dzy, cl,,, dVz ,  and dZ2--2/2 (Group A) and positive for cl,, ,  

TABLE IX 

SUMMARY OF THE SIGNS OF METAL HYPERFINE TENSORS, ASSUMING A POSITIVE 
NUCLEAR MOMENT 

Metal orbital containing 
unpaired electron A t s o  A a n i s o  A p s e u d o t s o b  

s Very large +ve Zero Small +ve 
Small, usually -vea +ve Small +ve 

3d and 4d except d,, Small, usually -vea -ve Small +ve 
dm Small, i vea  +VO Small +ve 

P 

~ 

a Polarization of inner shell s electrons. 
b To be subtracted from Atso (experimenta1). 
c Since d,, and s orbitals may mix in all symmetries except T d ,  Oh,  and I h ,  

the resultant Atso may be fve. I n  practice it is almost always negative. 
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p,, p,, and p z  (Group B), a mixing of a Group A orbital with a Group 
B orbital will result in a decrease in the magnitude of the resulting 
hyperfine interaction. The contributions to Aaniso of one electron in the 
3p or 4p orbital for first-row transition metal atoms are given in Table 
VIII. A summary of the signs of the metal hyperfine tensors is given 
in Table IX. 

An example of the application of this effect occurs in Cs,CuCI, (623), 
which is discussed in more detail in Section VIII,K,4. 

2. The Xature of the Metal-Ligand Bonds 
The formation of a molecular orbital between the metal orbital 

containing the unpaired electron and atomic orbitals on the ligand 
nuclei results in a transfer of some of the unpaired electron density from 
the metal to the ligands. If the molecular orbital containing the unpaired 
electron is represented as 

Y = + (1 - a2)1’2 2 $t ( 2 6 )  
i 

the spin density on the metal becomes a2 instead of unity. To a rough 
approximation, the anisotropic hyperfine interaction, will be propor- 
tional to a?. For highly covalent compounds this picture will be 
complicated by the dipolar interaction between the metal nucleus and 
the unpaired ligand electron density. A number of authors have made 
attempts to rationalize ligands according to the influence they have upon 
the hyperfine coupling. Van Wieringen (680) listed ligands in the order of 
the influence they had upoii the magnitude of the isotropic coupling 
of the central metal ion. He found that the magnitudes of A,,, were 
in the order H20 - 3’- > C0;- > 0’- > S2- > Se2- > Te2-. Title (662) 
obtained a correlation between Aiso and the percentage ionicity of 
the host lattice for high spin Mnlngi compounds. McGarvey (505) 
plotted x (the field a t  the nucleus per unpaired electron) against the 
electronegativity difference between the anion and cation in the host 
lattice and obtained fairly good linear relationships for d 3 ,  d 5 ,  and c17 
ions, but obtained an almost random distribution of points in his plots 
for cl1 and t i 9  ions. Two criticisins which may be levelled at these 
attempted correlations are, first, for transition metal compounds, Aiso 
or x is not a good reflection of the d-electron density on the metal, and, 
second, the metal will be influenced more by its nearest neighbors than 
by its next nearest neighbors. Thus the electronegativity difference 
between the anion and the cation in the host or the degree of ionicity 
of the host is not a good parameter against which to plot the metal 
hyperfine coupling. 
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3. InJluence of Charge on the Metal 
For a free ion, one might expect an increase in magnitude of both 

Aiso and Aastiso as the charge on the metal is increased since the electrons 
are more firmly held. Calculations show that AalLiso, in particular, exhibits 
a marked dependence on charge. This is illustrated in Fig. 12 which 
shows some results calculated using the wave functions of Synek and 
Stungis (652). 

I I I I 1 

0 I 2 3 4 5 
Nuclear charge - 

FIG. 12. Influence of nuclear charge on (r-3)  for Cr (652) .  

Since the above plot does not distinguish between the dependence 
of ( F ~ )  on ( i )  charge and (ii) the number of d electrons, a similar plot 
was made of ( T ~ )  against nuclear charge for a number of d 5  ions (see 
Fig. 13). 

Gerschwind (262) and McGarvey (505) have observed a steady in- 
crease in x as the number ofd electrons of ions in a host lattice is increased 
(see Table X). 

TABLE X 

AVERAGE VALUE OF x IN OXIDE LATTICES@ 

d1 d2 d3 d4 d5 d7 d8 d9 

-84,000 -88,000 -96,000 -105,000 -1 13,000 -126,000 -135,000 -143,000 
~ _ _  . 

a Data in gauss (505). 
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4. Libratim 

If the molecule, or part of the molecule is vibrating in a nonquantum 
mechanical way, then the magnitude of the anisotropic hyperfine tensor 
is reduced. If the libration is about one of the principal directions, then 
the effective value of the coupling in that direction will be the coupling 
appropriate to the mean angle of deviation from the principle direction. 

Nuclear charge - 
FIG. 13. Influence of nuclear charge on < ~ - 3 >  for d5 ions (652) .  

E. SUPERHYPERFINE COUPLING TO LIGANDS 

A superhyperfine coupling may sometimes be observed when there are 
ligaiids or other atoms in the molecule whose nuclei have magnetic 
moments. If the unpaired electron is located entirely in an atomic 
orbital on the metal and the ligands are held entirely by crystal field 
forces, then the only interaction between a ligand nucleus and the 
unpaired electron is dipolar. This is inversely proportional to the mean 
cube of the distance of the electron from the ligand nucleus. As was the 
case for the dipolar interaction between the electron and its own nucleus, 
this interaction is anisotropic and vanishes when the molecule is tumbling 
rapidly. It is usual, however, for a small amount of the unpaired electron 
to be delocalized onto the ligands as a result of the formation of molecular 
orbitals. Contributions from other terms are also probable. The measured 
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superhylxrfine coupling to a ligand nucleus along the three principal 
directions will be made up of 

14espt = Anlliso + A d i p o l a r  + Aiso + smaller terms 

Since Aiao may be obtained from the measurements in fluid solution and 
Adipoler may be calculated, Aaniso is readily obtained. From the computed 
values of Aaltiso and AiSo, and assuming the other terms are small, the 
23 or tl and s character of the orbital on the ligaiid with which the unpaired 
electron is interacting may be deduced, i.e., the hybridization is found. 

1.  Dipolar Coupling 

An estimation of the contribution to the anisotropic hyper fine coup- 
ling of a ligand nucleus due to dipolar coupling may be calculated in 
several ways depending on the accuracy required and the separation 
between the metal and ligand nuclei. 

a. Point-Dipole Approximatiou. The average position of the unpaired 
electron is considered to be located a t  the metal nucleus which is a t  a 
distance r(cm) from the ligand. Use is made of the general classical 
formula for the field a t  the electron due to  the nucleus, namely, 

where g N  and PN refer t o  the ligand nucleus. If the field is parallel to the 
metal-ligand bond, 6 = 0 and 

and 

The calculation of g N P N  is as follows. 
Since 

P N  = g N P N  I (erg/gauss) 

g N P N  = (erg/gauss) 

(28) 

The magnetic moment of the nucleus, however, is usually expressed in 
multiples of nuclear magnetoiis P N  and such numbers are obtained from 
the tables (e.g., Table I). This numerical value has to be multiplied by 
PN for substitution in Eq. (31). 

This method is not suitable for metal-ligand distances below about 
2 A (496).  
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b. Separate Dipoles Approximation. A refinement to the above ap- 
proach is to consider a fraction of the electron in each lobe of the metal 
orbital. There are three different orientations of d orbitals to consider, 
and these are illustrated in Fig. 14. 

FIG. 14. Dipolar interaction of an unpaircd electron in a d  orbital with a ligand 
(a) orbitd pcrpendicnlar, (b) one lobc parallel, arid ( e )  all lobes at 45" to the 
metal-ligand bond. 

( i )  The orbital perpendicular to the metal-ligand bond. For the applied 
field parallel to the metal-ligand bond, 
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If R s r ' ,  then r r 2  may be ignored and Eq. (32) reduces to the 
point-dipole approximation [Eq. (28)]. 

(ii) One lobe parallel to the metal-ligand bond. For the applied field 
parallel to one lobe of the d orbital 

If R s r ' ,  then 
dipole approximation [Eq. ( Z S ) ] .  

passing through the dihedral angle for a d orbital 

may be ignored and Eq. (33) reduces to the point- 

(iii) All lobes at 45" to the metal-ligand bond. For the applied field 

(34) 

If R s r', then r r 2  may be ignored and Eq. (34) reduces to the point- 
dipole approximation [Eq. (28)]. 

The difficulty with this approach is estimation of r'. The mean value 
can be obtained from wave functions calculated from free atoms and 
ions, but this is not completely satisfactory since the interaction is 
proportional to rr3.  This approach, however, gives more realistic values 
than the point-dipole approximation when the metal-ligand bond 
distances are less than 2 A. 

When dealing with the d,, orbital, it may be treated as the sum of 
d,,-,, and dza+. 

c. Semiclassical Quimtum Mechanical Approach. Both of the previous 
approximations break down for very small metal-ligand bond lengths. 
I n  such a case, it is necessary to solve 

where the dipolar Hamiltonian is given by 

?is the radius vector connecting the nucleus in question with the electron, 
pe and p N  are the electron and nuclear magnetic moment operators, 
respectively, and $ is the Slater wave function of the orbital containing 
the unpaired electron. 

The method is only advantageous for small nuclear separations, i.e., 
1 A. 
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2.  Ligand Contact Interaction 
As pointed out in Section 111,D,2, the formation of molecular orbitals 

may result in the orbital containing the unpaired electron being partially 
delocalized onto some or all of the ligands. If, as previously, the molecular 
orbital containing the unpaired electron is represented as 

!P = a#* + ( 1  - a')1'2 #i 
2 

(37)  

the total ligand spin density is ( 1  - a'). By obtaining spectra in fluid 
and solid states one is able to estimate the s- and p-  or d-electron density 
on the ligands from the isotropic and anisotropic superhyperfine coupling 
constants in exactly the same way as for the central metal atom. 

3.  S p i n  Polarization of Molecular Orbitals (ConJiguration Interaction) 

In  addition to real electron density, ligand superhyperfine coupling 
may result from spin polarization of filled molecular orbitals having 
appreciable ligand character by an exchange mechanism analogous to 
the core polarization on the central metal atom. This may also be 
imagined as a mixing-in of excited states. The effect is greater, the closer 
the interacting energy levels are (391).  

It is often not possible to distinguish between the effects of spin 
polarization and direct electron density on the ligands, although the 
latter mechanism may sometimes be eliminated if the molecular orbital 
containing the unpaired electron does not possess ligand orbitals capable 
of producing the observed ligand spin density, e.g., in [Cr(CN),N0lY- 
the unpaired electron is in the molecular orbital which has no nitrosyl 
character. The 14N superhyperfine coupling, however, indicates either 
15% prr(N) or 7.5% p x ( N )  character. It is thus necessary to invoke spin 
polarization of the e-molecular orbital which contains metal d,,, duz, and 
nitrosyl Z= and x* orbitals as a means of obtaining the nitrogen electron 
density (216, 279). 

4 .  Spin-Orbit Coupling 

Xpin-orbit coupling may produce an orbital magnetic moment on the 
ligands. This leads to a modification of the main spin-dipole term by 
a small correction term proportional to (g - 2). 

The presence of this unquenched orbital magnetic moment on the 
ligands, however, may lead to appreciable direct interaction with the 
ligand nucleus in some cases. An estimation of the magnitude of this term 
by Marshall (458) has shown that in the cases of Ni2+ and Cr3+ ions it 
may account for 30% of the observed ligand hyperfine interaction. 
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The effect of spin-orbit coupling upon the hyperfine coupling is to 
add another term to expressions for A ,, and A ,  such that 

n,X B 
A, ,  =Aiso-  B + - * -  

A 1  2 

where X is the spin-orbit coupling constant, A is the energy separation 
between the orbital containing the unpaired electron and the orbital into 
which it may mix by spin-orbit coupling, B is part of the anisotropic 
hyperfine tensor which is of the form /-B,+B/Z,+B/Z/, and t,he coeffi- 
cient n may be deduced from the magic pentagon below, n being the 
number on the line linking the d orbitals under consideration. 

X I 0  is calculated from a knowledge of A g  (see Section IV,D) and substi- 
tuted back into the above equations. 

From Eqs. (38) and (39) 

The additional term in parentheses is the pseudocontact term and is 
always a positive quantity. 

A number of other small contributions to the ligand hyperfine inter- 
action have been discussed by Marshall (458, 487). These are, however, 
usually very small, and any estimated contributions from such terms 
are generally no larger than the errors in the hyperfine coupling itself. 

A complete treatment of spin-orbit coupling is given by Griffiths 
in his book (298). 
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F. THE ANISOTROPIC HYPERFINE TENSOR 

The hyperfine tensor for an axially symmetric molecule is obtained 
from the measured A 11, 8,, and Aiso values. Since in fluid solution the 
anisotropy is averaged to zero, the average value of A and A,  will be 

(41) 
A i s o ,  i-e.9 

%A II + 2A,) = Aiso 

since there are two mutually independent perpendicular directions. The 
anisotropic hyperfine tensor for the metal is readily computed by sub- 
tracting the Aiso value from the A ,, and A ,  values. The tensor is thus 

IA II - A~~~~ A ,  - A ~ ~ ~ ,  A,  - L4iso~ 
z X Y (42) 

and has the units of A. 

TABLE XI 

S[-MM.~EI- TABLE GIVING THE SIGNS OF THE LIGAND HYPERFIYE TEKSOR 
\\'HEX THE LTNPA41EED ELECTROX IS 1 3  A METAL ORBITAL" 

Metal orbital 
containing 

electron 

Direct delocalizatioii Spin polarization 
(contact interaction) (configuratiori interaction) 

(I u aiid x refer t o  whether the effcct operates via tho u or x metal-to- 
ligaiiti. bond. 

0 Ilipolar coupling, which is always positive, must be subtracted from 
A a n  iso. 

I f  via 11-L a bond, the valuc woiild be very small compared with direct 
delocalizatioii. 

The sign \vorild be +, and the magnitude cut by one-half if these wcre 
two dcgciicratc n orbitals oil the ligand, since the tensor would be made 
up of txvo. one containing half an electron along the z axis and another 
corit,airiirig half an clectroii along the y axis, t'hc z axis being tho 11-L axis, 
1.e.. 

z Y 
-B +B/2 +B/2 
+B/2 -B +BIZ 
-BIZ -B/2 +B 
-~ 

e If via 31-L n bond, the value would be very small compared with 
direct dclocalization. 
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The tensor for the ligands is worked out in a similar manner, but 
the dipolar and other contributions to this must be subtracted to give 
the real anisotropic hyperfine tensor. The large term in the tensor A,,Jtiso 
is related to the p -  or (1-electron spin density in the appropriate orbital. 
Values for AI>,(! may be used which give the coupling to an electron which 
is entirely in the 1) or (1 orbital (Table IV).  The ratio of the measured 
Anrliso to Ap,(l gives the spin density in the orbital under consideration. 
Such spin populations refer to any one ligand nucleus under considera- 
tion. If there are 71 equivalent ligands, then the total spin delocalizatioii 
is multiplied by n. 

It should be emphasized that the sign of all values in a hyperfine 
tensor are reversed in cases where the nucleus involved has a negative 
nuclear magnetic moment. Table XI summarizes the signs of the ligand 
hyperfine tensor when the unpaired electron is in a metal orbital. 

1. Orbital Hybridizatio?~ 
From the s- and p-electron density on an atom, the hybridization 

q7' may readily be deduced. Care must be taken to realize that these 
figures are deduced from the unpaired electron density and are not 
necessarily related to the bonding electrons involved with a particular 
ligand atom. Where it is certain that the hybridization so deduced is 
meaningful, then it is possible to calculate the bond angles in such ligands 
as -OH2 or -KH, from the hybridization of the ligand orbital involved 

TABLE XI1 

~ A R I A T I O K  OF BOKD ANGLE XVITH HPBRIDIZATIOS .Sp7f I N  

CsV AND Czv XOLECULES 

n 

1 
2 
3 
1 
5 
6 
7 
8 
9 

10 

109" 28' 
120" 
126O 52' 
131" 44' 
135' 34' 
138" 34' 
141' 04' 
143" OX' 
144" 54' 
146" 26' 

101" 32' 
106' 37' 
109" 28' 
111" 21' 
112O 39' 
113O 35' 
114' 20' 
114" 54' 
115" 23' 
115" 46' 
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with u bonding with the metal. Coulsoii (150) has showed that  for C,, 
ligaiids the internal angle 

,g = a cos-l ( l e  + q - l j ,  (43) 
and for a Cs, ligaiid, 

Table XI1 summarizes t,he bond angles for various hybridizations. 

IV. Spin-Orbit Coupling and the Significance of the g Tensor 

A. SPIN-ORBIT COUPLING 

The angular momentum of an electron in a11 atom is made up of two 
components, the spin and the orbital angular momentum. Since angular 
momentum is a vector quantity, then the two such angular momeiita 
parameters of an electron are able to couple together to forin a resultant 
angular momentum. If in an atom there are two electrons, 1 and 2 ,  with 
spin angular momenta s1 and s.) and orbital angular momenta Il and I,, 
then there is the possibility of the two spin components combining (sl 
and s,) and the two orbital components combiiiiiig ( E l  and I,) separately, 
as well as the spin of one electron combining with the orbital component 
of the same electron (slIl) or with the other (slZ,). For most atoms of 
the periodic table, excluding the laiithaiiide and actinides groups of 
elements, the Russell-Saunders coupling* scheme dominates, which 
means that the order of the interaction is 

81 8,  > ll I, s s11, = s, 1, 5 s1 I ,  = s, 1, 
(45) spin-orbit 

coupling 

The energy due to spin-orbit coupling is considered as a comparatively 
small perturbation compared with the energy of electron interactions. 
I n  second and third row traiisitioii elements, spin-orbit coupling is more 
important, but does not become greater in magnitude than spin-spin 
or orbital-orbital interactions. 

Two parameters are in common use to describe the action of spiii- 
orbit coupling. The first of these is the single-electron spin-orbit coupling 
parameter ,$ which measures the energy of the interaction between the 

* An everyday example of classical spin-orbit, coupliiig is tho precossiori of 
the earth in it,s orbit around the sun. This is causod by mechanical coupling of 
the rotational arid orbital angular momerit'a of the earth in the gravit,atiorial field 
of the sun. 
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spin a i d  the orbital angular inoinenta of a siwgle electron of the C O I L -  

Jigurutioii and is a property of the electron configuration. [ may be 
calculated from the expression 

5 is thus a positive quantity and is dependent upon the effective nuclear 
charge and the average distance of the electron from the nuc*leus ( r ) .  
\Thenever atonis in molecules are considered, the parameter [ has to 
be reduced in magnitude because Eq. (46) is applicable only for atoms. 

Since we are mainly concerned with the iiiflueiice of spin-orbit 
coupling on t e rms ,  it is convenient to  use a new parameter A, which is 
a property of any given term but may vary from one term to another 
in a particular configuration. The two coilstants are related by 

where S is the spin multiplicity (2 st) .  d proof of this equation has been 
given by Griffiths (298). h i s  positive when the term arises from a subshell 
less than half full, and is negative for subshells more than half f~ill. This 
latter is equivalent to a set of positive electrons in an enil)ty subshell. 

Some other general rules are applicable to spin-orbit coupling. 
( i )  Spiii-orbit levels have quaiituiii numbers J giveii by the vector 

sum of S and L 
J = S + L  (48) 

(ii) The level with lowest J quantum number lies lowest in energy 
for terms arisiiig from levels less than half full ( A  + w). The reverse is 
true for levels more than half full, i.c., thc highest J quaiituni number 
lies lowest in energy ( A  - ce). 

( i i i )  The separation between adjacent J levels is Ad, xvliere J t  is the 
larger J quantum number. This is called the Land6 interval rule. 

(ir) A magnetic field splits any J level into 2 J  + 1 coinlwiients. 
(71) The energies of the J levels relative to the energy of the unpei*- 

turbed term obeys the “center of gravity” rnlc. 
Spin-orbit coupling is the rnechaiiisni by which a contribution from 

the orbital angular momentum is added to (or mixes with) the spin 
angular momentum, thus changing any magnetic parametcr arising from 
pure spin angular momentum (spin-only case). It is also the niechaiiism 
whereby energy levels of different symmetries inay mix. 

The use of the words configuration, terms, states, etc. are summarized 
in Fig. 15 which refers to a d 2  ion in an octahedral crystal field. The 
energies given are approximate and are relevant to the V3+ ion. 
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Free ion Octahedral crystal field 
r A A 7 
Free-ion Spin-spin Allowed Spin- Weak Repulsion Strong Strong 
electron interactions orbital- orbital octahedral inter- octahedral field 
configuration (terms) orbital coupling crystal action crystal config- 

inter- (levels) field, no due to field, uration 
actions A =  108 cm-' spin-orbit some no spin- 
(terms) coupling symmetry orbit 

10 D q Z  coupling 
20,000 cm-' (terms) 
(terms) 

Fra. 15. The crrcrgy Im7e.l~ of R free (12  m i ,  and In the presciicc of an octahedral 
crystal field. 

B. THE MAGNETIC PROPERTIES OF ATOMS IN A CRYSTAL FIELD 

In  a crystal field, the degeneracy of orbitals is reduced or lost 
completely. The orbital angular momentum is then said to be partially 
or fully qncnched. Orbital angular momentum about an axis is associated 
with the ability to rotate an orbital containing an unpaired electron 
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about an axis to give an identical and degenerate orbital. Thus in a free 
atom, the d,, orbital can be rotated about the z axis into the dZ2-,2 
orbital and the two orbitals are said to  commute about the z axis. 
Similarly, d,, and d,, will commute about the z axis, but about no other 
axis. In  an octahedral crystal field the energy of the orbitals is split such 
that the day, d,,, d,,, (tz,) orbitals are degenerate, and the d.+yp, dZe, (e,)  
orbitals are degenerate a t  a different energy. Commutation is possible in 

TABLE XI11 

GROUND TERMS FOR W H I C H  ORBITAL ANGULAR &fOMENTUM IS OR IS NOT 
QUENCHED BY A CUBIC LIGAND FIELD 

Stereochemistry 
~~~~~~ ~ 

Octahedral Tetrahedral 

No. of Frer-ion Nearest Ground Orbital Nearest Ground Orbital 
d ground t?j;e,m term in contrib. t ; . e m  term in contrib. 

electrons term config. complex expected config. complex expected 

5 

6 

7 

8 
9 

2D 
3F 
4E' 

5D 

5D 

4E' 

3F 

2D 

Yes 
Yes 
NO 
No 
Yes 
No 
Yes 
Yes 
No 
Yes 
No 
NO 
No 

No 
NO 
Yes 
Yes 

No 

No 

~ 

- 

No 

Yes 
Yes 

- 

the teg set, thus allowing an orbital contribution, but not possible in the 
eg  set since the dT2+ and d,, orbitals cannot be rotated into each other 
about any of the axes and so no angular momentum contribution is 
associated with it. 

A further requirement €or the existence of orbital angular momentum 
due to orbital rotation is that there must not be an electron in the second 
orbital with the same spin as that in the original orbital. With these 
rules, it is possible to deduce which electron configuration of transition 
metal ions will have its orbital angular momentum fully or partially 
quenched. This information is summarized in Table XIII. 
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It is seen that orbital angular momentum is fully quenched in ions 
whose ground state terms are A or E ,  i.e., singly or doubly degenerate. 
Conversely, there remains orbital angular momentum in triply degener- 
ate ground states, e.g., T I  and T,. The exact amount of orbital contri- 
bution may be calculated for T terms and each configuration has to  be 
considered individually. 

I 1  I 
I 1  I 
i 9 I Medium field I Strong field 
Weak 
field 

PIG. 16. Part of an Orgel energy level diagram for a d4 ion in Oh symmetry, 
showing how the 3T1, level becomes lowest in energy in strong fields. 

1. The Strength of Crystal Fields 

The expressions weak, medium, and strong fields are often used in 
the discussion of the strength of a ligand or crystal field. A strong field 
is defined as one with sufficient strength to pair electrons so that they 
occupy t 2 ,  orbitals (for an octahedral complex) in preference to e, orbitals. 
Weak fields are rarely met with in transition metal complexes. Figure 
16 summarizes these terms with respect to an Orgel energy level dia- 
gram for a d Z  ion in octahedral symmetry. 

2, The Magnetic Properties of Complexes with Ground State Term 
Configuration T 

Transition metal complexes have free ion ground state terms which 
(see Table XIII)  may be S, D, or F. In the case of S or D ground state 
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terms, there are no excited states of the same multiplicity, but with F 
ground state terms, there is always an excited state with the same multi- 
plicitywhich arises from a P term. I n  cubic crystal fields, the free ion terms 
split into crystal field terms with symmetries A ,  E ,  T,, or T 2  as follows: 

S --f A ,  
P +  T I  
D + T ,  and E' 
F --f A,, ill, and T, 

Thus TI terms arise from free ion F ground state terms and associated 
P excited state terms, whereas T, terms may arise from either free ion 
P or D ground state terms. Thus in any complex with an F ground state 
term there will be two T terms, which are then capable of mixing since 
they have the same symmetry. When T ,  terms are present, however, 
there are never any others with the same symmetry; therefore they will 
be unperturbed by other terms. The mixing of the T ,  terms causes the 
energy levels to diverge and also to  influence the magnetic properties 
so that, e.g., g and peR are very dependent on the strength of the crystal 
field. A proof of this is given by Coulson (151) and is illustrated in Fig. 
17 .  Table XIV gives the ground terms of first-row transition metal ions. 

c--- - 
' t e t r a h e d r a l  'octahedral 

FIG. 17.  Orgel energy level diagram for a d3 ion In octahedral and tetrahedral 
crystal firlds. showing thr  rrpulsion between the 3 T l ( F )  arid 3T1(P) energy levels. 
The tinits of enrrgy are lO3cm-1. 
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The influence of spin-orbit coupling on 1' terms is simplified by the 
observation that they are triply degenerate like a free ion P term. It 
is thus possible to assign an effective total orbital angular momentum 

TABLE XIV 

F R E E  I O N  \'ALlTES (Clll- ' )  O F  s P I N - O R B I T  COL PLIhG CONSTANTS FOR FIRST-ROW 
TRAXSITION METAL IONS IN VARIOL s LIGAKD FIELDS 

\$-e,iB St rollg Weak 
octahedral oct ahedral trtrahcdral 

~~- 
so. of tl Gl.Olllld (:roluld Groimd 

1011 c~lcrt 1'0115 tel.111 h term x term x 

1 3 5  I 
210 2 
170 3 
230 1 
300 > 
100 (i 
5 1 5 7 
630 8 
8 3 0  9 

153 
105 

6 7 
58 

- 1 0 0  
-17" 
-315 
-830 

_- 

155 
105 

57 
-115 
-300 

-515 
-315 
-830 

-~ 

2E 155 
3A ' 105 
"'1 57 
57'2  58 
6d 1 

5E -100 
4A2 -172 
3!P1 -315 
ZT2 -830 

- 

L' = 1 aiitl a value for S depending upon the number of unpaired 
electrons. 1'alnc.s for J are L' + S ,  1,' + S ~ 1, . . .. L' - 8 as before. For 
example, 

"I' S = l  L ' = 1  J = " o r l  
2 " 2  

3 7' S = 1  L ' = 1  J = 2 , 1 , o r O  
4 '1' L ' = 1  J = 2 1  11- 1 

2 ,  2 ,  2 

5 T ,  S = 2  L ' = l  J = 3 , 2 , 1  

The q valuc for 7'2 tcrim is computed using the general equatioii 

(49) 
1 + S(S + 1) - L( L + 1) + J ( J  + 1 )  

~- ~ 

~ -2J (J+  1) Y =  

substituting L' for L,  whereas that for 1', terms will be dependent upon 
the strength of the crystal field. The appropriate equation is 

For strong fields, d = 1, but for weak fields, the maxiilium value of A 
is $. Intermediate fields thus have values of A intermediate between $ 
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and 1 .  Ground states with 1' terms are said to be orbitally degenerate 
because they are split by spin-orbit coupling. 

3. The X r i y n e f i c  Properties of Complexes with Grouiztl Xtate Term 
Co~cjgzcratioi i  d or E 
The effective total orbital angular momentum L' for an A or E term 

is zero and so there is no splitting of the term by spin-orbit coupling (since 
J = L' + X = S), i.e., the ground state term is not orbitally degenerate. 
It would thus be expected that the orbital angular momentum would 
be fully quenched and the magnetic parameters equal to the spin-only 
value. In fact, small but significant deviations of g and puff  from the 
spin-only value are found. The small orbital contribution arises from a 
mixing of the ground state term with a suitable excited state term by 
the mechanism of spin-orbit coupling. There are several approaches to  
this and these will be described in turn. 

C. MIXING OF ORBITALS VIA SPIN-ORBIT COUPLING 

1 .  Rigorous Determination of Which Orbitals May M i x  

Spin-orbit coupling can be studied on a quantitative basis with the 
aid of quantum mechanical operators. The operator for spin-orbit coup- 
ling is 

Since the electron spin of the ground state and the excited state must 
be the same, the two states will mix via spin-orbit coupling if the integral 

x i  43 (51) 

I = J *ground L ' * e x e i t e d d ~ '  (52) 

is not zero. This may be written, using a different notation, as 

I = < * i l ~ l * J  z 0 ( 5 3 )  

This problem may be readily solved using group theory. The operator 
L (=Lx + L, + L,) possesses the symmetry properties of rotations about 
the three Cartesian axes. If its irreducible representation is r R z ,  y, T, then 
Eq. ( 5 3 )  may be rewritten 

I =r*<*rR%,u,z,4, (54) 

This integral (I) is nonzero only if the direct product r,, rRZ, I, 1, - r,, 
includes TLll. A proof of this is given by Cotton (147) .  This is so, because 
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Dlh E 2C4 CZ ZC, ZC; i ZS4 O h  2 O v  2 U d  

A ~ , 1 1 1 1 1 1 1 1 1 1  - 
AZ, 1 1 1 -1 -1 1 1 1 -1 -I R, 
B1q 1 -1 1 1 -1 I -1 1 1 -1 __ 
Bzq 1 -I 1 -1 1 1 -1 1 -1 1 

A1, 1 I I I I -1 -1 -1 -1 -1 ~- 

Azu I I I -1 -I -I -1 -I 1 1 
B1, I -1 1 I -1 -I 1 -1 -I I _- 
Bau 1 -1 1 -1 1 -1 1 -1 1 -1 - 
E,  2 0 -2 0 0 -2 0 2 0 0 (.,y) 

- 

E, 2 0 -2 0 0 2 0 -2 0 0 I?,) 

z 

whenever we have an integral of the product of several functions, the 
value of this integral will be equal to  zero unless the integral is invarient 
under all operations of the symmetry group to  which the molecule 
belongs. It must then form a basis for the totally symmetric representa- 
tion of the group. 

Let us apply this t o  the example of the d1 ion (Table XV). 

x2 + y2,zz 

y 2  - a 
-~ 

Y 
1’y 

(yz,z.z) 
__ 
_- 
- 

- 
- 

Rotations about z belong to the irreducible representation A2,.  

Consider the mixing of the ground state B,, with ( i )  E ,  (ii) B,,, and 
Rotations about x and y belong to the irreducible representation E,. 

(iii) Al, when the applied field is parallel t o  z .  

( i )  r B z g  * r A 2 8  rEg = rEB 

(iii) ~ B z g ~ I ’ A z g ~ I ’ A l g  = r B ,  

When the applied field is along x or y 

i.e., does not include r,,l, 
(ii) rBzg * rAzg * r B ~ g  = r A ~ g  

i.e., does not include rAlg 

(i) r B z g .  rEg - r E g  = ralg + rAzg + r B l g  + rB, includes rAl, 
(ii) r B z g ‘ r E g * r ~ l g  = r E g  

(iii) ~ B z g ~ I ’ E g ~ ~ A l g =  rEg 
Therefore g, ,  and g, will both deviate from 2 and in both cases will be 
t2 since the orbital containing the unpaired electron will commute with 
an empty orbital. 

2. Qualitative “Orbital Rotation” Method 

This method is suitable for the case where there is one unpaired 
electron in a singly degenerate orbital. This case will not occur in truly 

i.e., does not include rAIB 
i.e., does not include rA1, 
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Oh or T ,  symmetry, but almost invariably there are distortions which 
will separate degenerate orbitals. Spin-orbit coupling is possible if this 
ground state orbital can commute with an excited state orbital about 
any of the axes x, y, or z .  Consider the particular case of a d l  ion in a 
tetragoiially distorted octahedral environment ( U f h )  such that the un- 
paired electron is in the d2!, orbital (see Fig. 18). 

When the applied magnetic field is along z (the “parallel” direction), 
the electron caii weakly commute from ~ l , ~ ,  to the d52--212 orbital. The 
effect of the applied field H is to make the electron “rotate” about the 
z axis, giving rise to a small current flowing in a circle. Such ail electric 
current will generate a small opposing magnetic. fielddH, and so to achieve 
the original field a t  the electron for the i~soiiaiice condition, the original 
field must be increased by A H .  The original resoiiaiice condition 

hv = ql, ,BH 
now becomes 

hv = @(H + A H )  

Since the frequency v is constant, g; (along the z axis) must iiow be 
less than 2.0023 to maiiitaiii the right-hand side of the equation equal 
to hv. For applied fields perpendicular to z ,  (HL), i.e., along x: or y, the 
&, orbital niay commute with the ~ l , ~ ,  and tl,, orbitals and so there is 
an orbital contribution and gL < 2.0023. 
. In  the case where the ground state orbital commutes with a filled 
level, the electron niay be treated as a positron and the induced magnetic 
field is now in the same direction as the original field. The new resonaiice 
condition will be 

hv = g‘P(H - A H )  (57) 

giving rise to q’ larger than 2.0023. 
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D. MOLECULES WITH SYMMETRY LOWER THAN Oh OR Td 

Very few molecules have perfect octahedral or tetrahedral symmetry. 
Jahn-Teller or crystal distortions are frequent, as well as the inherent 
low symmetry of molecules with mixed ligands. I n  low symmetry mole- 
cules, the energy levels are usually singly degenerate (symmetry A or 
B)  or occasionally doubly degenerate ( E ) .  Almost never will they be triply 
degenerate (TI  or T2) .  It follows that the ground state will not be split 
by spin-orbit coupling, and that 9 values will be close to  2. It is found 
(to a first approximation) that the ground state is allowed (by the 
operator h L . S )  to mix with other states. The deviation of the g value 
from 2 ( A g )  will then be inversely proportional to the energy separation 
between those states. It is possible to calculate such g values by first- 
order perturbation theory (117) and the results of these calculations are 
given below. 

For the case of a single electron in a nondegenerate d orbital, the 
g value along any direction x, y, or x is given by the expression 

where go = 2.0023, h is the spin-orbit coupling constant, and A is the 
energy separation bctween the orbital containing the unpaired electron 
and the orbital with which i t  may mix by spin-orbit coupling. The + 
or - sign applies to the case of mixing with a filled or empty orbital, 
respectively. Thc coefficient 7) may be deduced from the magic pentagon 
below, kwing thc number on the linc linking the orbitals under con- 
sideration. 

If thc orbital wntaining the unpaired electron is allowed to mix with 
other orbitals, then further terms of thc same format are needed. 

Consider the case of a r19 ion of near-octahedral symmetry, but with 
a tctragonal distortion such as to elongate the charges along the z axis. 
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The symmetry is D,, and the unpaired electron is in the d,z-y2 orbital. 
It follows that 

If, however, there was a compression of charges, then the unpaired 
electron would be in d,, and 

g , ,  = g o  (61) 

These equations are only useful providing hjd is small. A reasonable 
maximum value is 0.1. Further quadratic correction terms need to be 
used when h / A  is larger. Some of these expressions for g are given in 

I 
L 

L 

I I 

( C )  

FIG. 19. (a) Tetragonal, (b) rhombic, and (c) trigonal distortions to an octa- 
hedron. The arrows indicate the directions of tjhe distortions. 
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Section V,C which also includes some for the case of two or more unpaired 
electrons. 

I n  cubic symmetry distortions are usually tetragonal, trigonal, or 
rhombic. Tetragonal distortions arise from alteration of the charge 
distribution along the z axis, maintaining a fourfold axis. Trigonal 
distortions maintain the threefold axis, but rhombic distortions may be 
envisaged as destroyiiig the fourfold axis of tetragonal symmetry by 
altering the charge distribution along the x or the y axis. This is illustrated 
in Fig. 19. 

E. ELECTRON DELOCALIZATION 
So far, i t  has been assumed in deriving the g values, etc., that the 

unpaired electron is localized entirely on the metal atom, i.e., the crystal 
field approximation. This is not usually the case since the formation of 
molecular orbitals results in the transfer of some of the unpaired electron 
density onto the ligands. The effect is to reduce the orbital angular 
momentum, i.e., further quench the orbital contribution and so make 
the magnetic parameters have values closer to spin-only, i.e., g = 2 .  

The orbital angular momentum is reduced by a factor Ic to ICL. 
Similarly the free ion spin-orbit coupling constant X now becomes hI, 
(=kX) ; IC is unity for no delocalization and zero for complete delocaliza- 
tion. The spin-orbit coupling operator XL.8 now becomes LA. k i  -8 and 
the equations for g and peff are modified by a factor k 2 ;  thus g for a d 3  
ion in 0, ligand field 

8k2 h 
becomes 2 -  -- 

SX 
2 - - -  

lODq 1ODq 

FIG. 20. Order of energy levels for a dg(D4h) complex. The axis notation is the 
same as in Fig. 18. 
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For T terms, the effect of delocalization may be found by writing k A  
instead of A. 

It is usually more convenient to  use the molecular orbital coefficients 
rather than k .  This is illustrated for a d9  complex in D4h symmetry. The 
relevant molecular orbitals (see Fig. 20) are 

The g values are now 

F. VARIATIONS IN THE VALUE OF THE FREE-ION SPIN-ORBIT COUPLING 
CONSTANT h 

Since h is related to t by 

and t itself is proportional to the effective nuclear charge and inversely 
proportional to the cube of the distance of the electron from the nucleus, 
then h will increase ( i )  as the valency of the ion increases, ( i i )  as the 
atomic number increases across each transition metal series, and (iii) 
very greatly down a group. 

It has already been said that h decreases with delocalization of the 
electrons, but there are some less-well understood effects which influence 
X and consequently g values. Marshall and Stuart (487)  have proposed 
that h could be reduced from the free ion value as a result of shielding 
of the nucleus by the ligand bonding electrons. I n  order to explain the 
presence of some g values greater than 2.0023 for some d5  high-spin 
complexes, Fidone and Stevens (213) have found it  necessary to promote 
electrons from inner filled ligand levels to  the half-filled levels containing 
the unpaired electrons. In  other words. there is a mixing in of excited 
states, which produces a positive contribution to  9 ,  but of course is not 
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specific to the t15 case [see, e.g., Watanabe (693)l. Thus we might expect 
9 shifts to arise from the mixing via spill-orbit coupling of ligand orbitals 
involved in molecular orbitals containing unpaired electrons, with filled 
or empty ligand orbitals to  produce positive and negative 9 shifts 
( 9  5 ilg), respectively. This will be dependent on the degree of covalency 

Ion 0 1 2 3 4 

S C  

Ti 
1 7  

Cr 
3111 
F C  

C O  
Xi 
Cll 

Yd 
Zr 
9 Ir) 

Tc 
Rii 
Rh 
Ptl 
Ag 

L a d  
Hf 
Ta 
IT 
K c 
OS 
Is 
Pt 
All 

x o  

67 
1 1 1  
1.58 
223 
239 
391 
517 
603b 
SIT? 

212 
335 
473 
552 
647 
878 
0 f i  8 

1412" 
1790c 

798 
1305 
1657 
2089 
228.5 
- 

- 
4032') 
3368C 

53 
88 

136 
222 
231  
356 
456 
603 
828" 

212 
339 
490 
672 
666 
887 

1212 
I420 
18300 

__ 

1336 
1776 
2561 
- 

- 

- 

4910 
309 lo 

80 
121 
170 
230 
300 
400 
515 
630 
830 

290 
403 
534 
670 
9 5 0 
!I90 

1235 
1460 
1844 

- 

- 

- 

1500 
2100 
- 

- 

-- 

3000 

- 

155 
210 
273 
332 
460 
580 
715 
890 

_. 

500 
670 
817 

1200 
1250 
1360 
1640 
1930 

- 

- 

1400 
1800 
2500 
3000 
2000 

2000 

- 

- .  

- 

248 
327 
402 
514 
650 
790 
960 

- 
- 

748 
887 

1300 
1400 
1700 
1830 
2100 

- 

- 

- 

2300 
3300 
4000 
5000 

- 

5 6 

- 

- 

- 

380 
475 
590 
715 
863 

1030 

- 

__ 
- 

900 
1500 
1500 
1850 
2000 
2300 

- 
- 

- 

2700 
3700 
4500 
5500 
- 

- 

- 
- 
- 
- 

540 
665 
790 
9 5 0 

1130 

- 
- 
- 
- 

1700 
1700 
2100 
2230 
2500 

- 

- 
- 
- 

4200 
3000 
6000 
- 

- 

fl From r e f .  (191).  
d9sl .  

c d"s2. 

d Valiies for the srcorid and third tsarisition series mtist be treated as 
approximate. 
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of the complex (i.e., the amount of unpaired electron density on the 
ligands), A g  decreasing ni th  increasing covalency. 

Table XVI gives the free ion spin-orbit coupling constant for various 
transition metal ions. 

V. The Case of Two or More Unpaired Electrons: Fine Structure 

A. The TWO ELECTRONS ON DIFFERENT IONS 

In magneticxally dilute compounds it is usually assumed that there 
is negligible interacation between the paramagnetic ions. Occasionally, 
however, radicals are trapped in pairs due to one of the following reasons : 
( i )  too high a coiicentration of radicals are present, ( i i )  there is a chemical 
preference for the radicals to  be associated. i.e., paramagnetic dimers, 
as in hydrated cupric acetate; ( i i i )  radicals are formed in pairs within 
a lattice, e.g., by radiation damage, and consequently migration is 
hindered. 

The first problem (i) can usually be avoided by using a lower 
concentration of radical ions, but mechanisms ( i i )  and (iii) are sometimes 
unavoidable. Also, since useful information may often be obtained by 
a study of radicals trapped in pairs in crystals or in powders, the nature 
of the interaction between them will be briefly considered here. 

Since nearest neighbor metal ions in a crystal lattice are usually 
separated by a t  least a few Angstroms (very seldom less than 5 A), the 
interaction between an electron on each metal ion is represented quite 
well to a first-order approximation by a simple classical dipolar inter- 
action between electrons located a t  a point on each metal atom. The 
splitting A H  produced by this spin-spin interaction is given by 

(70)  Ah'= - e ( 3 c ~ ~ 2 8  3P - 1) 
r3 

where r is the mean separation of the two electrons (taken as the atom- 
atom bond distance) and 8 is the angle between the dipole-dipole axis 
and the external magnetic field. 

This approach breaks down completely if there is appreciable de- 
localization of the unpaired electron onto the ligands, since r would take 
a wide range of values, producing a splitting spread over a wide range, 
and yielding very broad lines. 

When there is an interaction between an unpaired electron and a 
magnetic nucleus, hyperfine structure may be detected. Different spectra 
are obtained when an isolated pair of ions, each with S = $ and I = 1 
is allowed to interact under different conditions. A single ion would give 
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I 
I I AH Y 

! I I 

I I 
I 
I 

FIG. 21. (a) Spectrum of isolated ions wi th8  = 1 and 1 = 1.  (b) Slow exchange 
between a pair of such ions, while (c) shows the spectrum where there is fast 
exchange. 

a 3-line spectrum (Fig. 21a) with hyperfine splitting A.  I f  another 
identical molecule is allowed to  approach i t  so that there is appreciable 
dipolar interaction between the electron spins, then either of the follow- 
ing cases may arise. 

(i) I f  the rate of exchange between the electrons is slow compared 
with the electron resonance frequency ( sec), then during resonance 
each electron experiences interaction with the other electron and its own 
magnetic nucleus to give the spectrum in Fig. 21b. 

(ii) I f  the rate of exchange is fast compared to  the resonance fre- 
quency, then during resonance each electron spends half of its time on 
each magnetic nucleus and hence interacts with two equivalent nuclei 
as well as with the other electron. Slichter (628) has shown that since 
each electron spends only half as long on each nucleus as in the previous 
example a hyperfine splitting of A / 2  is obtained (Fig. 21c). The observa- 
tion of pairwise trapping may be useful in experiments on rates of spin- 
spin exchange and may give information on the separation of ions in 
a lattice. 

B. IONS WITH MORE THAN ONE UNPAIRED ELECTRON 

I n  ions with more than one unpaired electron there are interactions 
between the individual electron magnetic moments and the magnetic 
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fields generated by the other electron(s). In  this case, however, the 
ground state levels may not be degenerate in the absence of a magnetic 
field, i.e., spin-orbit coupling between various terms in the ground state 
may produce a zero-field splitting. When such a splitting is present the 
levels will no longer be equally spaced in the external magnetic field and 
the various magnetic resonance transitions will no longer coincide. A 
series of lines is thus obtained, which is commonly called the fine structure 
(Fig. 2 2 ) .  

> 

al 
c 

W 

? 

m, = I 

m, =O 

\ m,=-l 

D 
3 

3 

- 
-24 

H 
___.) 

(a) (b) 

FIG. 2 2 .  S = 1 ion (a) with no zcro-ficld splitting arid (h)  with zoro-field 
splittiiig. The solid lines arc the criergy levels and trarisitioiis when the appliecl 
field lies para.llc1 to  the z axis. Thc dotted lines pcrta,in to  a ficld perpendicular 
to the z axis. 

The variation of the energy levels with the magnetic field does not 
follow a simple relationship except when the magnetic field is parallel 
or perpendicular t o  the principal axis of the splitting, which is tonven- 
tionally the z axis. In the following cases the field has been taken as 
parallel to the z axis, and g = 9 ,, . In  many cases, if there is a metal ion 
with I > 0, then hyperfine structure may be detected. 

There are two important theorems which determine whether a spec- 
trum is likely to be seen for various numbers of electrons in an ion. 

(i) Jahn-Teller theorem (364, 365). This theorem states that  in any 
orbitally degenerate ground state, there will be a distortion to remove 
the degeneracy except in linear molecules and in systems having Kramer’s 
doublets. 
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(ii) Kramer’s theorem (414). Any system containing an odd number 
of electrons will show a t  least twofold degeneracy in the absence of a 
magnetic field. 

It follows from ( i i )  that in ions having an even number of electrons, 
the splitting of energy levels will be complete and all ground state levels 
will be nondegenerate. Since in most cases the separation between levels 
is very large (>l cm-l), the observation of paramagnetic resonance will 
not be expected. I n  paramagnetic ions having an odd number of electrons, 
levels showing Kramer’s degeneracy will be present. Paramagnetic 
resonance is then expected, since in an external magnetic field, the 
Kramer’s doublets are split and transitions between their components 
are induced (409). 

In  this description, the Russell-Saunders coupling scheme is assumed, 
whereby spin-orbit coupling acts as a perturbation to crystal field effects. 
It is necessary to use a new notation to describe the splitting of crystal 
field levels by spin-orbit coupling. This involves double group notation. 
Some points to note in connection with this are as follows (659). 

In a cubic crystal field, the various J levels are split as follows : 

The splitting of these is proportional to the magnitude of the spin-orbit 
coupling. The degeneracy of these states is given below : 

TI and rz are singly degenerate states 

r, is a twofold degenerate state 

r4 and r, are threefold degenerate states 

T6 and r7 are twofold degenerate states 

r, is a fourfold degenerate state 

The literature on spin-orbit coupling is in a very confused state. The 
effect is often incorrectly ignored for first-row transition metal ions. For 
most complexcs an inorganic chemist meets, however, the symmetry is 
low, and this, in general, greatly helps the observation of ESR spectra 
since the complications mostly occur in cubic crystal fields. 
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C .  THE ESR SPECTRA OF METAL IONS IN OCTAHEDRAL AND 

TETRAGONAL CRYSTAL FIELDS 

1.  d l , X  = $ 
In  octahedral crystal fields, the ground state is ‘T ,  with the ,E 

excited state much higher in energy. Spin-orbit coupling splits the ground 
state into a lower quartet r8 and an upper doublet r7. The r8 state 
is not split by a magnetic field to first-order and no EXR spectrum is 
seen. A tetragonal distortion (D4,J will split the ,T, ground state into 
2B2 and ‘E ,  whereas a trigonal distortion will split it into 2A, and ,E. 
Spin-orbit coupling will split these states into Kramer’s doublets. EXR 
spectra will only be seen if the distortion is large or if the temperature 
is considerably reduced (to liquid helium). The spin-lattice relaxation 
time will be short if the distortion is small because there are excited 
states ( 2E in D4h) close by (perhaps 100 cm-l). When spectra are observed, 
the transition is between the Kramer’s doublet levels m, & + which are 
split by the magnetic field (see Fig. 23a). There is no Jahn-Teller 

‘E 
I 

I 
I 

/ 
/ 

/ 

2E 
\ 
\ 
\ /- 

\ 
\ ‘& /’ 

\ 

5 .0 .  
H + 

(a ) 

FIG. 23. Lowest energy levels for d n  ions in Oh and Dqh symmetry. The effect 
of spin-orbit coupling (s.o.) and an applied magnetic field H is indicated, along 
with the ESR transition H. (a) dl; (b) d2, the m, 1 level is a Kramer’s doublot; 
( c )  d3, the m, f 2 and *1 
levels are Kramer’s doublets; arid (e) d5, the m, *%, *$ and & levels are Kramer’s 
doublets. 

and .t: levels are Kramer’s doublets; (d) d4, the m, 
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,ms=l 

I 
I 
I 

/ 4J2 

I /- 

4 F  5,' 
\ 
\ 
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\ 

m,= 3/2 

m, =-1/2 

m,= - 3/2 

H 
S . O .  __j oh '4 h 

( C )  

FIG. 23 (b) and (0): Complete caption on page 197. 
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distortion since there is Kramer's degeneracy. The g values are given 
as follows (504) for D4h symmetry and 'B,, ground state. 

where 5 = AE(e, - b2,) .  

following corrections which must be added to Eqs. (71) and (72). 
Spin-orbit mixing of e,  orbitals into the ground state produces the 

where A = AE(e ,  - tZg) .  
In  DSd symmetry and ' A z g  ground state, g , ,  and g, are identical to 

Eqs. (71) and (72 ) ,  but where 5 = AE(e, - alg) .  The corrections for spin- 
orbit mixing of the e ,  orbitals into the ground state are as follows : 

2. d 2 ,  s = 1 

A Jahn-Teller distortion will split the ground state (",, 0,) into 
(lowest) and 3E' if the distortion is trigonal. Spin-orbit coupling on 
produces a nondegenerate lower level my = 0 and a higher (-10 cm-l) 

doubly degenerate level m, = &I, all the remaining levels ('3) being 
several hundred reciprocal centimeters higher. The large zero-field split- 
ting D prevents an ESR signal from being readily obtainable. This is 
shown in Fig. 23b where the energies of the levels are given 

E' , ,=$D&gl ,peH ( 7 7 )  

E ,  = -ZjD ( 7 8 )  
If the symmetry is lower than D,, or D,,, the energy levels are further 
split, a t  zero field such that their energeis are 

E,, = Qll f ( g  / /  2 P e 2 H 2  + E 2 ) 1 / 2  (79) 

E ,  = -ZjD (80) 
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For a 3A 2g ground state (12)  

3. C P ,  I\‘ = ; 
In  an octahedral crystal field, the ground statc is “4 and the fourfold 

degeneracy is not removed by spin-orbit coupling since the state so 
formed is T,. The ,Jahii-Teller theorem will not be applicable. Jl’ith rn, 
values &;, +.f, however, Kramer’s theorem is applicable and so an ESR 
spectrum is readily obtainable. \Vhen the symmetry is reduced from Oh, 
by axial distortion, the energy levels and transitions arc represented in 
Fig. 2%. Each level has energies : 

E+,,, 1 $qPPe H + D (83) 

If the distortion is large, the +; +++; or -4 --$ transitions may not 
be visible, but the +; --8 transition is always observable. Also, since 
the ground state in 0, symmetry is spherically symmetrical, the spectrum 
will be isotropic and y = 2 - ‘i2X/5d, where d = d E ( f 2 g  - el,). 

4 .  (14,  s = 2 
In  an octahedral crystal ficld, the ground state is 5E and spin-orbit 

ron1)ling splits this state into TI, r,, rR, T4, and r5. These arc very 
close in energy, and some doubly degenerate states will be populated; 
this will allon the Jahn-Teller theorem to be applicablc. Axial fields split 
this statc into ‘Al and 5B,. In zero inagrietic ficld, the wtr = 0 level lies 
lowest, and since it is not a Kramcr’s douhlet and higher spin-orbit 
levels lie too high, ESR is riot easily wen. The energy levels are 6’ riven 
in Fig. 23d, each level having energies as follou s : 

B,, = ZgPp, H + 2 0  

E+, = sP, H - D 

Ii : - ,= -sPe H - D 

E-2 = -2qPe H + 2 D  

(87) 

( 8 8 )  

E” = -2 I )  (89) 

(90) 

(91) 
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For a 5B1g ground state (D4h)  

8h 

AE(dxz-,z - dz,) 
g = 2 - -  

For a 5A1g ground state 
91, = 2  ( 9 4 )  

( 9 5 )  

In  D,, symmetry, 

4h 
A 

g = 2 - - (isotropic) ( 9 6 )  

In  spin-paired d 4  ions, the ground state is ,T1 and this behaves as a 
8 = 1 ion which means that resonance is also not readily seen. Spin-orbit 
coupling splits this state into rl, r,, r5, r3, with rl lowest. Since this 
is singly degenerate, the Jahn-Teller theorem is inapplicable. 

5. d5, X = $  
The ground state of both octahedral and tetrahedral d 5  ions (spin 

free) is 6A1. Six degenerate levels (r, and Fa )are present, and since the 
ra is 4-degenerate then it may be split by a Jahn-Teller distortion. Since 
there is no other sextuplet term of the d 5  configuration, the ground state 
cannot mix with any other by spin-orbit coupling and so there ieno  
zero-field splitting. The energy levels are a t  =tg, =t$, =t$(gPH) and a single 
isotropic resonance a t  g = 2 is easily seen. If there is an axial distortion, 
there is a zero-field splitting and three Kramer’s doublets appear. The 
energy levels are shown in Fig. 23e and five transitions are observed. 
The energies of the levels are as follows : 

(98) 

(99) 

2 0  
E k 3 / 2  = f$gPeH - 3 

8 0  
Efli2 = &PeH - 3 

If there is interaction with a nucleus with spin I > 0,  then there will 
be hyperfine structure on each fine structure line. This is seen, e.g., in 
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certain Mn2+ salts (92). In  the absence of a zero-field distortion the fine 
structure lines would coalesce and all that would be seen would be the 
six hyperfine lines from 55Mn. For spin-paired d 5  ions, S = 4 and ESR 
spectra are readily observed if distortions are present, so that mixing 
with excited states is minimal. The g values are the same as for the d1 
case, except that 6 is negative. 

6.  d6,S = 2 
In  an octahedral crystal field, the ground state is 5T2.  Spin-orbit 

coupling splits this state, with r5 lowest, hence allowing the Jahn-Teller 
theorem to be applicable. This splits the state into 5Bz and 5E. Spin- 
orbit coupling splits these levels and the m, = 0 level lies lowest in zero 
field. Since the lowest level is not a Kramer’s doublet, no ESR spectrum 
is expected. The levels split as for the d 4  ion. g ,, varies from 4 to 10. 

7. d7 ,  S = $ 
In  an octahedral crystal field, the ground state is 4T1 and spin-orbit 

coupling splits this into r,, r,, and 2 r 8 ,  with r6 lowest. Since a Kramer’s 
doublet is lowest, no Jahn-Teller distortions are possible. Axial fields 
split the ground state into A 2  and E.  Since there are Kramer’s doublets in 
either level, an ESR spectrum is obtainable, but spin-orbit coupling 
may mix these states and cause short spin-lattice relaxation times. 
I n  practice, the ground state is 4A2 and the system behaves in a similar 
fashion to the d 3 ( 0 , )  case. Distortions are unlikely and spectra readily 
seen. The g values vary in a complex manner (14). 

In  spin-paired d7 ions, S = 4, and provided that the symmetry is low, 
spectra are readily seen. 

8. as, s = 1 

In an octahedral crystal field, the ground state is 3A2 and since spin- 
orbit coupling on this state produces r,, which is threefold degenerate, 
then the Jahn-Teller effect is possible. The symmetrical ground state 
is reminiscent of the d 3  ion and spectra are usually readily observed. 
Spin-orbit coupling does not split the m, = 0 and &1 levels and the 
energies of the levels is similar to that shown in Fig. 22a. Like d 3  ions, 
the symmetrical ground state yields isotropic g and A values. When the 
symmetry is reduced, the zero-field splitting becomes large and since the 
lowest level is not a Kramer’s doublet, an ESR spectrum is not easily 
observed. g = 2 + 4h/A and is isotropic. 
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9. dg,  S = 1 2 

In octahedral crystal fields the ground state is ‘E which produces 
r, by spin-orbit coupling. Since this is 4-degenerate’ then a Jahn-Teller 
distortion is possible and is often very large. In  lower symmetries, the 
ground state is a Kramer’s doublet and spectra are readily observed a t  
room temperature. In  octahedral complexes, the g values are the same 
as for the d 4  ion, but with the signs changed. For tetrahedral complexes, 
the g values are the same as the d l  octahedral case, but with 6 and A 
both negative. 

D. OBSERVING THE SPECTRUM 

In  the high-field limit, i.e., when qPH is large compared to any zero- 
field splitting, the transitions are of the type m, e ( m S  + 1). Thus a 
spectrum is obtained which arises from transitions between 2S + 1 
levels whose values of m, differ by unit ; the energies of the levels being 
given approximately by the relationship 

E = gPHm, + $D( 3 cos2 0 - 1) [mS2 - +S(X + l)] (100) 

where 0 is the angle between H and the z axis. The intensity of the 
various lines varies according to the rule that for the transition 
m, t+(m, + 1 )  the intensity is proportional to (S + m, + 1) (8 - m,). Thus, 
for example, in the S = case, three lines are observed with relative 
intensities 3 : 4 : 3. 

Measurement of an ESR spectrum from an ion which has more than 
one electron is often fraught with difficulties. The spectrum may exhibit 
only a part of the expected fine structure and hyperfine structure may 
not be resolved. From the spectra obtained, however, the parameters 
D and E ,  and in the case ofS = $, a further parameter a may be calculated. 
D is a measure of the zero-field splitting and is proportional to the square 
of the spin-orbit coupling constant f .  It is inversely proportional to 6, 
the separation between the ground state and the next higher state with 
which it can mix by spin-orbit coupling. Thus for any one ion, the 
greater the distortion (tetragonal) the larger will 6 become and the 
smaller D. Hence D is a measure of the distortion of a complex ion. This 
is illustrated for a d 2  ion in Fig. 23b. The parameter E is zero if the ion 
is axially symmetric and hence the magnitude of E is a measure 
of further asymmetric distortion. Carrington (122) ,  Figgis (214)’ 
Konig (409)) and McGarvey (504) have reviewed this subject in more 
detail. 
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VI. Linewidths and Relaxation Mechanisms 

This section deals with some of the main factors which contribute 
to  the width of ESR spectral lines, an understanding of which is im- 
portant in achieving maximum resolution of spectra and hence the 
maximum amount of information. 

I n  general, Heisenberg's uncertainty principle relates line width 
with the lifetime of the excited state by the equation 

h 
A t .  A E  ~- - 

277 

where t is the lifetime of the excited state and A E  is the effective width 
of the energy band involved. 

A. SPIN-LATTICE RELAXATION 

This is a mechanism whereby magnetic energy absorbed by the para- 
magnetic ion is transferred to vibrational degrees offreedom of the lattice. 
It is to  the fluctuating magnetic field due to lattice motions that the 
spin magnetic moment of the electron must couple, since this gives rise 
to magnetic energy, and hence allows magnetic energy to be emitted. 
Because of this easy loss of energy, the length of time which a particular 
spin spends in the upper state At is reduced and hence the state becomes 
less well defined and the resonance line broadened. Alternatively, this 
conclusion may be deduced from Heisenberg's uncertainty principle, 
since At is small, i t  follows that A E  will be large, and the absorption 
will be observed over a range of energies, i.e., over a range of magnetic 
field. 

Spin-lattice relaxation predicts a line width of -(2nT1)-l, where TI 
is the relaxation time for the transfer of energy from the spin system 
t o  the lattice. T, has been found to  be sensitive in particular to : 

(a) Temperature. A decrease in temperature decreases the violence 
of the interatomic motion and leads to a longer relaxation time and 
correspondingly narrower lines. 

( b )  The presence of nearby electronic excited states. Where these are 
close (-100 em-l), the relaxation time will be very short and i t  will be 
necessary to  reduce the temperature considerably (even to  4.2"K) in 
order to  reduce the width of the lines. 

Theoretical analyses of spin-lattice relaxation have been performed 
by Kubo and Tomita (420), Redfield (579), and Kivelson (390). This 
mechanism is applicable to  solids and liquids. The line shape for this 
type of relaxation is Lorentzian. 
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B. SPIN-SPIN RELAXATION 

1. Dipolar Interactions : Concentration Broadening 

r(cm) is given to a first approximation by 
Because the local magnetic field produced by an electron at  a distance 

H = -  3 P e  ( auss) 
r3 g 

then even at  a distance of 4 d, the local field is about 600 gauss. This 
large local field will affect neighboring electron spins, alter the field there, 
and cause a precessing of magnetic dipoles. This interaction causes the 
lifetime of the excited state to be reduced and hence broadens the line. 
Reduction of this line width is easily achieved by diluting the compound 
in a diamagnetic host lattice. The dilution factor should be in excess 
of 100. The line shape is gaussian. 

2. Exchange Coupling 

This is important only in undiluted crystals where the paramagnetic 
sites are so close together that the orbitals of the unpaired electrons 
overlap. If the exchange frequency (or magnitude of the exchange inter- 
action or energy) is very small (i.e., e hyperfine splitting measured in 
frequency units), then the hyperfine splitting may be well resolved, but 
as the exchange frequency is increased the hyperfine lines are broadened 
(a process known as exchange broadening) and start t o  shift toward the 
center of the spectrum. When the exchange frequency is of the same 
order of magnitude as the hyperfine splitting, a single broad line is 
obtained, which narrows as the exchange interaction is further in- 
creased. This is called exchange narrowing. This exchange narrowing is 
common in solid free radicals, e.g., diphenylpicrylhydrazyl, which often 
exhibits single narrow lines. 

C. OTHER EFFECTS 

1. Anisotropic Interactions 

In  viscous liquids or if the paramagnetic molecules are very large, 
there is not free motion of the molecules and an isotropic spectrum is 
not seen. Instead, there is residual anisotropy and the effect is seen as 
broadening or an asymmetry in the spectrum. In the extreme, a pseudo- 
anisotropic spectrum is seen. Improved resolution may be obtained by 
increasing the temperature to reduce the viscosity, and such narrowing 
is called motional narrowing. The occurrence of both motional narrowing 
and exchange broadening has been used by Pake and Tuttle (552) to  
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explain the appearance of an optimum viscosity (or temperature) for 
the observation of narrow hyperfine lines (316). An initial appearance 
of hyperfine structure with temperature increase can be understood in 
terms of the theory of motional narrowing since the correlation time for 
molecular reorientation 

r, = 4.rrqa3/(31cT) (103) 

decreases with increase in temperature. The motional narrowing theory 
predicts that for decreasing T,, a monotonic decrease in the width of each 
hyperfine component should also occur. That this does not occur arises 
from the fact that exchange interaction does occur even in dilute 
solutions since the paramagnetic ions will occasionally come into contact 
with one another as a consequence of unrestricted motion. As the 
temperature is increased (and viscosity decreased) the frequency of 
collisions between paramagnetic ions and hence exchange interactions, 
will be increased. This leads to a broadening of the hyperfine lines as 
the exchange interaction becomes more important than the motional 
narrowing and may even lead to  a complete smearing out of the hyperfine 
structure a t  higher temperatures. 

2. Chemicul Effects 
Another source of line broadening in solutions arises from the fluctua- 

tion in spectra parameters due to chemical reactions, e.g., solvent-ligand 
exchange, ion-pair formation, or complex formation. 

If the effect of solvent-ligand exchange is to  produce a strong 
perturbation of the electron-spin system, effecting considerable mixing 
of the spin states (e.g., exchange involving intermediates of a different 
structure viz. 5- or 7-coordinated species for an octahedral arrangement), 
then the spin state lifetimes are limited to the chemical lifetime of the 
complex. Linewidths of various hyperfine transitions would be identical. 
Alternatively, chemical exchange in the absence of a large ligand field 
change would act as a weak perturbation of the electron-spin system 
and would be similar to solvent fluctuations, i.e., fluctuations in the 
solvent shell surrounding the complex which would cause transient 
distortions of the complex. These introduce a symmetry in the spin-orbit 
coupling which mixes spin states. 

Hayes and Myers (323) have shown that the difference between the 
behavior of MnS04 and MnC1, in aqueous solution at  room temperature 
may be explained by the difference in size of the equilibrium constants 
for complex formation of Cl- and S O P  with Mn2+, i.e., Mn2+ is not 
appreciably complexed by C1- but some complex with 502,- is found. 
The formation of both inner sphere and outer sphere solvation must be 



208 B. A. GOODMAN AXD J .  B. RAYNOR 

considered, e.g., inNiC1, in H,O or NH, (556), the linewidth is determined 
by the rate of formation of the second coordination sphere complex, 
whereas in MnC1,/H20 (323)  it is the rate of formation of the inner sphere 
complex which affects the line width. I n  MnSO,/H,O the linewidth 
depends on both rates. 

The formation of ion pairs may also be important in determining line 
widths. The theory concerning this mechanism has been conveniently 
presented by Fraenkel (218)  and will not be enlarged on here. 

3. Unresolved Structure 

This includes any broad lines obtained by the presence of unresolved 
fine or hyperfine structure due to the separation between the lines being 
less than the component line widths. This is a very common source of 
broad lines in transition metal complexes where component linewidths 
of the order of a few gauss are common. 

4.  Spin-Rotational Effects 

Another effect is the modulation of the rotational angular momentum 
of the ion and the interaction of this momentum with the spin angular 
momentum by means of its spin-rotational coupling. This mechanism 
( 4 3 )  may be used to explain the absence of 14N hyperfine splitting from 
vanadyl prophyrin in solution, whereas it' is observed in the glassy state 
where spin-rotational relaxation will not be present. 

VII. Experimental Technique 

A. PREPARATION OF SAMPLES 

Paramagnetic compounds are usually studies by ESR either in solu- 
tion or in the solid state. Gas phase ESR will not be considered here. 
I n  a solid state study the radicals may be aligned in specific directions 
relative to one another as is the case in a single crystal, or randomly 
oriented in a dilute powder or frozen solution (glass). 

A concentration of the order of 0.001 M is usual in ESR experiments 
since this allows optimum resolution and signal strength by keeping to  
a minimum most line-broadening mechanisms while a t  the same time 
working well within the sensitivity range of the instrument. Such 
solutions are referred to as magnetically dilute, i.e., the paramagnetic ions 
separated from each other by a large number of diamagnetic molecules 
thus preventing any magnetic exchange between paramagnetic mole- 
cules. 
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1. Fluid Xolution 

A paramagnetic compound in fluid solution usually gives an isotropic 
ESR spectrum, i.e., average g and A values, the exception being some 
large molecules of biochemical origin in viscous media where anisotropic 
spectra are obtained due to the tumbling frequency being less than the 
frequency at  which resonance occurs. 

With stable paramagnetic compounds, there is usually no difficulty 
in sample preparation. It is sufficient to make up a solution of approxi- 
mate concentration, although removal of oxygen from the solvent some- 
times helps to produce narrower lines. Often, however, it is desirable to 
study radicals which are unstable and which can only be generated in 
solution with short lifetimes. In  these cases it is usual to generate the 
radicals in situ in the ESR cavity by one of the following methods. 

a.  Flow Method. If the radical to be studied is an intermediate of 
short lifetime it is necessary to use a “rapid-flow’’ arrangement to obtain 
the ESR spectrum. Here, the reactants are passed along separate tubes 
and mixed in, or just prior to flow into, the resonance cavity. By adjusting 
the rates of flow and the time between mixing and the sample passing 
through the cavity the lifetimes of any paramagnetic species produced 
during the reaction may be obtained from the spectrum recorded. The 
method is particularly suitable for studying the mechanisms which 
proceed via paramagnetic intermediates. 

b. Irradiation in situ. When a solution of a diamagnetic complex ion 
placed in the resonance cavity is irradiated with light (usually UV or 
higher energy) it often happens that either an electron is removed from 
the complex ion or an electron is removed from the solvent and trapped 
on the complex. The net effect is to produce the oxidized or reduced 
species which is likely to be paramagnetic. 

c. Electrolytic Oxidation and Reduction. By the application of an 
external potential to an ESR sample tube equipped with two electrodes 
it is possible to cause oxidation or reduction of the diamagnetic species 
in solution to occur. The radicals formed in the vicinity of the anode 
and cathode may be observed separately; however, it is usual for only 
one relatively stable paramagnetic complex to be formed, the other 
undergoing further reaction to form a diamagnetic compound. A typical 
experimental arrangement is shown in Fig. 24. 

The arrangement is such that only radicals formed in the vicinity 
of the platinum electrode are observed, but this may be either the anode 
or cathode of the cell depending on the direction of the applied potential 

The usual sample tube used for the ESR experiments is basically very 
similar to that shown in Fig. 24 but without the electrodes. The same 
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tube, without the ends stoppered, may be used for flow experiments. It is 
possible to use a cylindrical tube drawn out into a capillary where it 
enters the ESR cavity. It is necessary to use quartz glass for all these 
sample tubes since Pyrex and other glasses contain small traces of 
paramagnetic impurities. It is also essential that  only a thin sample 

Area within f 
c a v i t y  3im 

FIG. 24. Two viows a t  right angles of solution cell showing the position of 
electrodes for roductiori or oxidation. 

should be exposed to the microwave radiation since all solvents absorb 
the microwaves to varying degrees and if much absorption occurs a 
process known as damping is observed and it is not possible to obtain 
resonance. Good solvents are those which cause the minimum of damp- 
ing, and, in general, these are characterized by having low permittivity 
(dielectric constant). The presence of solute ions in the solvent raises 
the permittivity of the solution considerably. Some solvents have 
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anomalous damping behavior, e.g., ethylamine a t  temperatures below 
263°K damps badly. Once frozen, most solvents cause much less damp- 
ing. 

2. Single Crystuls 
The most common method of production of a magnetically dilute 

single crystal of a paramagnetic compound is simply to grow a crystal of 
an isomorphous diamagnetic compound containing about 0.1 moles of the 
paramagnetic compound as an impurity. Any of the standard crystal 
growing methods may be used, e.g., slow evaporation or cooling of 
solution, pulling from melt, etc., the choice depending on the nature of 
the radical being studied. 

Alternatively a single crystal containing a paramagnetic impurity 
may be produced by the use of high-energy radiation. This is done either 
by irradiating a pure crystal and studying the damage sites or by placing 
a diamagnetic transition metal complex in a host which easily produces 
or absorbs electrons or irradiation, e.g., KC1 readily produces F centers, 
whereupon there is a good chance of this trapped electron adding to the 
complex. This is slightly less haphazard than the former method. Usually 
one cannot form a specific radical by irradiation and a number of 
paramagnetic species may be seen. The latter method is also limited to 
metal ions (or complexes) with a high negative charge, since a (KC16)5- 
unit in the KC1 crystal lattice has to be replaced by an ion of similar 
size and charge. 

3. Dilute Powders or Glasses 

A “dilute glass” is a frozen dilute solution of a complex in any 
suitable solvent. A convenient method for the study of many compounds 
is to observe their ESR spectra in solution and then to  rapidly freeze 
the solution and observe the solid state spectrum. The former spectra 
give the isotropic parameters for the various species, while the latter 
yield the anisotropic data. 

A “dilpte powder” consists of a large number of randomly oriented 
magnetically dilute crystals, the resulting spectrum being identical to 
that obtained from a glass, which contains a large number of randomly 
oriented molecules. Provided that the principal directions of the g and 
A tensors are colinear, the single crystal and powder methods should 
produce identical results, except that the latter is unable to  give the 
directions of the principal tensors, but with powders resolution is often 
poorer and hyperfine structure are not always seen. There may also be 
some ambiguities in the interpretation of powder spectra. The powder 
method does have one big advantage over the single crystal method, 
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namely, ease of preparation of samples. Here, all that is necessary is to  
freeze a dilute solution or to  coprecipitate the radical with about lo3 
times as much of the host material. Almost all organic solvents form 
glasses a t  liquid nitrogen temperature; EPA (a mixture of ethanol, 
isopentane, and ether in 2 : 5 : 5  proportions) is perhaps the best. 
(0-Terphenyl is very suitable for use in glasses a t  room temperature.) 
Water is a very poor glass-forming solvent due to  the presence of strong 
hydrogen bonds which makes it extremely unwilling to accommodate 
an impurity within the crystal structure, with the consequence that local 
concentrations of the paramagnetic ion are usually obtained, thus pro- 
ducing a spectrum broadened by dipolar and exchange interactions. 
Narrow lines may be obtained by the addition of some diamagnetic 
impurity, e.g., an alcohol or phosphoric acid. 

B. MICROWAVE FREQUENCY 

ESR measurements are usually recorded a t  X-band frequencies 
because of the convenience of the electronic components. &-band 
frequency spectrometers are now becoming more widely used for special 
applications. Other frequencies, e.g., K -  and 8-band frequencies are also 
sometimes used. The frequencies, wavelength, and magnetic field of the 
more common spectrometers are given in Table XVII. The following are 
recommended volumes on instrumentation (361, 562, 681, 711).  

TABLE XVII 

REPRESENTATIVE FREQUENCY AND MAGNETIC FIELDS FOR RESONANCE 
AT g = 2 FOR VARIOUS WAVE BANDS 

Nominal Magnetic 
wavelength Frequency field 

Band (em) (MHz ) (gauss ) 

Q band 0.8 34,222 12,225 
K band 1.5 18,252 6,520 
X band 3 9,126 3,260 
S band 10 2,737 978 

C. INTERPRETATION OF SPECTRA 

1. Solution Spectra 

A molecule in solution takes up all orientations with respect to the 
external magnetic field in a short time compared with the $me that an 



ESR O F  TRANSITION METAL COMPLEXES 213 

electron exists in a particular energy state ; consequently all the aniso- 
tropies of the spectrum are averaged to zero. The spectrum is analyzed 
by recording the microwave frequency and magnetic fields a t  which 
resonances occur. The values of Aiso and g,, may then be determined 
either directly from this data or if necessary by application of the 
Breit-Rabi equation (see Section VII,D). The isotropic spectrum of the 
species present when [Fe(N0)(H,O),l2+ is made alkaline a t  pH 11 is 
shown in Pig. 25a. The spectrum shows that there are two equivalent 
14N atoms in the molecule. Ambiguities of interpretation sometimes 

FIG. 25. Effect of isotopic substitution on the ESR spectra of an alkaline 
solution of [Fe(NO)(HzO)5]2+ (a) s8Fe and 14N showing two equivalent 14N; (b) 
56Fe and 15N; and (c) 57Fe and 15N. 

occur, particularly in multiline spectra; e.g., it may not be clear whether 
a line is a hyperfine component or whether it is due to another species. 
Such ambiguities may be resolved in the following ways. 

( i )  Isotopic subst i tu t ion.  A new isotope having a different magnetic 
moment or spin will produce a spectrum in which the hyperfine inter- 
action is changed in accord with these new parameters. The effect on 
the species shown in Pig. 25a of isotopic replacement is shown in Fig. 
25b. I n  Fig. 25a 15N(I = +) replaces l4NN(I = I) .  

Since, for two isotopes 1 and 2 
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then the I5N hyperfine coupling is 1.403 times that for 14N. Also, the 
number of lines is reduced from five with intensity ratio 1 : 2 : 3 : 2 : 1 to 
three with intensity ratio 1 : 2 : 1.  I n  Fig. 25c 57Fe replaces 56Fe, and each 
line in the spectrum of Fig. 25b is split into two by 57Fe(I = 3). If some 
lines do not change upon isotopic substitution, the spectrum is probably 
due to two species. 

(ii) Power saturation. If the spectrum is due to  two species, they will 
not usually have the same relaxation times. Thus, if the microwave 
power is increased progressively, one of the species will saturate before 

3330 3400 3470 
u 

/’ 3435 3565 

12580 12650 12720 
u 13060 13190 

u 

FIG. 26. ESR spectrum of two species, I = 1 and 1 = -,$, (a) at X band and 
(b) at Q band. The field position of each line is in gauss. 

the other. This is shown as a broadening and gradual disappearance of 
the line. 

(iii) Changing the microwave frequency. Since t o  a good approximation 
the magnitude of the hyperfine interaction is independent of the external 
field, if the microwave frequency is increased (e.g., by going from X to 
Q band), hyperfine interactions associated with each g value (whether 
belonging to the same or different species) will be separated by a factor 
of 3.75. This is illustrated in Fig. 26 for the isotropic spectrum of two 
species 1(A = 80 gauss, I = 1) and 2(A = 120 gauss and I = i). The effect 
has been to separate the two spectra and thus make interpretation less 
ambiguous. 

2. Single Crystal Spectra 

The object is to rotate the crystal about three mutually perpendicular 
directions which are known relative to the crystal faces and hence 
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relative to the unit cell or principal molecular directions. Some form of 
goniometer is used, whereby a crystal is either mounted on a rod or in 
a perspex cube which can be glued to a rod and rotated in the magnetic 
field as illustrated. It is generally time-consuming to attempt to discover 
the orientations of the crystal corresponding to the principal directions 
of the various tensors and the following procedure (608) is commonly 

FIG. 27. Plot of g versus 0 in one plane for Ti(acac)s. There are two equivalent 
ions with a separation of 60'. In this case, g+  = gll = 2.000 and g-  = g ,  = 1.921. 

used. The method is based on the expression for the q value a t  a general 
orientation of the crystal 

g 2  = 2 li G,  l j  (105) 
i 

where li, lj  are direction cosines which relate that particular general 
orientation to some chosen system of axes set in the crystal and to which 
G refers. The problem is to determine the matrix G and then to diagonalize 
it, i.e., to determine the principal values of the g tensor and the orienta- 
tion of the principal axes relative to the chosen axes. 

(i) The diagonalization of G is straightforward. The roots of Eq. 
(105) 

det(G - A l l  = 0 (106) 

must be determined, then Xi are the squares of the desired principal 
values of the g tensor. 

(ii) Determination of G. The most general expression for g is 

q2 = a + pcos28 + ysin28 (107) 
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where 8 is a rotation angle and a,  p, and y are parameters which must 
be determined. If the maximum and minimum values of g during a 
rotation is denoted by g, and occurs a t  8, (see Fig. 2 7 ) ,  then 

2 2 2a=g+ +g-  

2p = (9,' - g-') cos 28, 

2y = (g+z - g-2) sin 28, (110) 

Therefore if the g-value variation is measured in three mutually 
perpendicular planes, nine pieces of information are obtained from which 
the six independent components of G may be determined and cross- 
checked. 

For the experimental determination of G the most sensible set of 
axes of the crystal are chosen, e.g., if orthorhombic, the a,  b,  and c axes, 
are chosen or if monoclinic, a and b axes and an axis orthogonal to these 
are chosen. In  any case measurements are taken in two mutually 
perpendicular planes (1 ,  2 and 3, 1) and a third plane containing the 
axis 2 and making an angle E with axis 3. 

The crystal is rotated so that 8 is measured from axes 1, 2, and 3 
in the positive right-handed sense. If the values of a,  p, and y are denoted 
by i for a rotation in the j k  plane, the matrix G can be constructed as 
follows : 

I 

Also 
G3, COS'E + Gll sin2 E + 2G3, sin E cos E = a ,  - p1 (112) 

The case of three mutually perpendicular planes is particularly simple 

(113) 

since E = 0 and G,, = a2 + a3 - a ,  

Giz = *,[(a, + a1 - ~ 2 )  (6, - a1 + c ~ z ) ] l ' ~  
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where 

6 = 4(g+2 - g-2) 

The other components of G are generated by a cyclic permutation 
of 1, 2 throughout the expression for Glz. The sign of Glz is that  for y 3  
and this is also cyclic. 

It is now necessary to resolve the sign of y. This may be done by 
performing a rotation in a plane other than those three already employed. 
The results for this rotation may be predicted from the expression 

where gb are the principal values of G and I, m, and n are the direction 
cosines which specify the rotation with respect to the principal axes of 
G. One orientation is usually sufficient. 

The whole process is repeated for each hyperfine coupling and their 
principal values and directions obtained. It frequently happens that the 
principal value of the g and A tensors are coincident, and this simplifies 
the interpretation of the g and A tensors considerably. 

3. Powder (or Polycrystalline) Spectra 
The powder spectrum is the envelope of the spectra from all possible 

orientations of the paramagnetic ion; all that is required is a method 
of determining the principal values directly from the spectrum in which 
they are present implicitly. The major loss of information is that the 
orientation of the radical in the crystal cannot be determined. The 
advantage is that doped single crystals need not be prepared and this 
saves considerable time. 

I n  the following, the line shape results of Kneubiihl (393) are used 
and for the sake of convenience, only one magnetic nucleus will be 
considered. Also it is necessary to assume the principal directions of g 
and A to be coincident. 

When the axis of the molecule lies parallel to the applied magnetic 
field, there will be an absorption a t  the field value corresponding to g,, . 
Only a small proportion of molecules will be near this position. There 
will be a larger number of molecules, however, lining up at right angles 
to this field direction. A larger absorption will occur a t  a field position 
corresponding to gL. I n  a powder, there will be molecules lining up in 
all possible intermediate directions giving absorptions a t  all intermediate 
field positions between gI1 and gI. The resultant absorption curve is 
shown in Fig. 28. I n  the upper diagrams (Fig. 28s) the full line is the 
idealized absorption and the dotted line the real absorption. I n  the lower 
diagrams (Fig. 28b), the dotted lines are the first derivative traces 
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FIG. 28. Absorption and first derivative curves for radicals with a g tensor 
that is (a) axially symmetric and (b) anisotropic (44) .  

H 

4 

92 

" I  
q=q2=g3=9 ' L A ,  I T3 9 , 4 -  1 ,  

A3 + 

FIG. 29. Typical powder spectra for radicals with one 1 = 4 nucleus (44) .  
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normally observed. When there is a magnetic nucleus present, the spectra 
are more complicated (see Figs. 29 and 30). 

Sometimes the species contains a nucleus with more than one 
magnetic isotope in appreciable natural abundance, e.g., Cr. (90.5% 
50Cr, 52Cr, and 54Cr, I = 0 ;  9.5% 53Cr, I = $). The spectrum then consists 
of the superposition of spectra due to these isotopes. The relative intensity 
of the lines from each isotope is proportional to their abundance and 

i73 

FIG. 30. Typical powder spectra for radicals with one I = 1 nucleus (44). 

inversely proportional to 21 + 1, the number of lines for each isotope. 
Thus with chromium, there is one central line, with four other lines of 
relative intensity 

9.5 1 1 
90.5 4 38 
- x - = -  

The powder method has many limitations and inaccuracies and on 
occasions the data may fit a number of consistent interpretations. 
Inaccuracies arise, for example, from the difficulty of precisely locating 
a shoulder on a line..Also, if the g and A tensors are not coaxial the 
powder spectra will not give accurate values for the principal values of 
the A and g tensors, but will give values corresponding to the turning 
points in a single crystal study. Usually, however, the agreement between 
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powder and crystal results is good and much useful information can be 
obtained from studies on polycrystalline or glassy samples. 

4. Forbidden Transitions 
In  ESR spectra involving interactions with nuclei with quadrupole 

moments, i.e., I > 1, there is the possibility of the selection rules breaking 
down. In  addition to the transitions due to Am, = 0,  Am, = *+, transi- 

H c  

FIG. 31. ESR spectra of hexakis(pentamethylenetetrazole)manganese(II) ion, 
showing the pairs of Am1 = *1 forbidden transitions between the Am1 = 0 transi- 
tions (422).  

tions associated with Am, = 51 may be observed (13, 92). The effect is 
seen as weak lines midway between the principal hyperfine lines. An 
example is shown in Fig. 31 which concerns the molecule hexakis(penta- 

rn,=5/2 312 112 -112 -312 -512 

rn,=5/2 312 112 -112 -312 -512 

FIG. 32. The forbidden Am1 = il transitions -- and the allowed Am1 = 0 
transitions --- for a 55Mn complex ( 6 8 ,  I = $). There is no zero-field splitting. 
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methylenetetrazo1e)manganese perchlorate (422) .  The forbidden lines 
are themselves split into doublets by spin-spin interaction (125) of the 
sextuplet state. This causes a variation in the hyperfine spacings with 
consequent separation of the two Am = il transitions which are other- 
wise degenerate. The transitions are indicated in Fig. 32. 

D. THE BREIT-RABI EQUATION : SECOND-ORDER CORRECTIONS 

It has been assumed, so far, that there is no coupling between the 
spin of the electron and the spin of the nucleus, i.e., as the electron spin 
is reversed, the nuclear spin remains unchanged. This is true at  high 
fields, but becomes progressively less true at  weaker fields, with the 
result that m, and mI are not good (pure) quantum numbers. In  fact, 
there is a nonlinear divergence of energy levels as H increases. For an 
electron interacting with a nucleus with I = 1 ,  the energy levels are as 
shown in Fig. 33. F is the quantum number such that 

and mF has values 

A t  the high applied fields which are usual for ESR any effect due to 
the nonparallel nature of the energy levels is small. At low fields ( 4 0 0  

F = S + I  (115) 

m,,m,- 1,m,-2 . . .-  m, 

m,=-1/2 

FIG. 33. Energy levels for a S = g, 1 = 1 system showing the transitions in 
the high field region. 
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gauss) the effect is significant. If the hyperfine coupling A is large, 
however, as occurs with some transition metals, the hyperfine spacings 
A will not be equal. The observed hyperfine spacings between lines may 
be corrected by use of the Breit-Rabi equation [Eq. (1 IS)]. 

where A W = (21 + 1)A/2 and 

x = ( g  - gN)PH/A W z g/3H/A W (117) 

For the case of an ion with S = 4, I = 4, the energy levels may be 
represented as in Fig. 4 .  The highest level 

El = gP(H/2 + A / 4 )  

E ,  = g/3 ( - A / 4  - J H 2  1 
and when H = 0, 

9PA -3gPA El  = E2 = E, = 7,  E, = ~ 

4 
a t  high field H s A 

which is the first-order approximation. But if A is not negligible com- 
pared with H ,  then 

A2 
= H / 2 +  - 

4H 
Since 

(1  + x)lI2 z 1 + x/2 if x 4 1 

:. E2 = gP[-A/4 + :( 1 + $)l"] 

= gP(H/2 - A / 4  + A 2 / 4 H )  

E ,  = gB(-H/2 - A/4  - A 2 / 4 H )  (123) 

Energy levels 2 and 4 have been moved to higher and lower energies, 
respectively. Thus there is a shift in the position of the lines of the 
spectrum as shown in Fig. 34. 
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FIG. 34. Second-order corrections for nucleus I = i, ......, expected lines; -, 
experimental lines. 

The center of the spectrum H o  is now 

Ho = H -  + A / 2  + A 2 / 4 H -  

= H+ - A/2  + A 2 / 4 H +  (124) 

where H,, H- are the field values a t  which resonance lines are observed. 

... A = (H+ - H - )  (125) 4H+ H -  

I 
P 

FIG. 35. Spectrum of the VO2+ ion in water showing the relationship between 
the experimental lines I-VIII and the corrected lines 1-8. 
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The magnitude of the second-order shifts to each line may be worked 
out as follows. If x = A2/4H, the coeficient of x for various nuclear 
spins is given by 

I = O  0 
I = L  2 1 1  
I=1 2 4 2  
I = ”  3 7 7 3  
1 = 2  4 10 12 10 4 
I = ;  5 13 17 17 13 5 
I = 3  6 16 22 24 22 16 6 
I = Z  7 19 27 31 31 27 19 7 

Figure 35 shows the spectrum and analysis of the lines of the V02+ ion, 
S = 4, I = i. The second-order corrected lines ( H I ,  H,, etc.) are related 
to the experimental lines as follows 

HI =HI - 7A2/4Hl 

HI, = HZ - 19A2/4H2 

HI11 = H3 - 27A2/4H3 

HI, = H4 - 31A2/4H4 

H v  = H5 - 31A2/4H, 

H V I  = H, - 27A2/4HB 

HvII = H7 - 19A2/4H7 

HvIII = H8 - 7A2/4H8 

where HI,II, etc. are the field positions of the lines measured from the 
spectrum. In  this case the actual hyperfine coupling is thus approximately 
equal to Hv-HIv. 

The g values have to be corrected in a similar manner. It is seldom 
necessary to go to higher order approximations to explain observed 
spectra. 

When the second-order correction is applied to a system with several 
equivalent magnetic nuclei, then there will be a splitting of the hyperfine 
lines in addition to the expected shifts. This may best be illustrated with 
the PF, radical. The system may be described by S = 4, 4 = I p  = 3. The 
total nuclear spin I = 2 and may, in general, have other values 

I , I -  1,I- 2, . . ., 0 (126) 

here, the possible values are 2, 1, and 0. Four equivalent nuclei with 
spin + may align themselves with respect to an applied magnetic field 
in 1, 4, 6, 4, and 1 ways for mI = 2, 1, 0, -1, and -2, respectively. The 
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I 

relative intensities arise from I values of 2,  1, and 0 as follows, where 
the numbers represent relative intensities. 

I I 
I 
I 
i i I I  

1 0 -1 -2 I m1=2 

1 = 2  
1 = 1  
I = O  

1 1 1 1 1  
3 3 3  

2 

Total intensity assuming 
no need for a second- 
order correction 

1 4 6 4 1  

Thus the five lines are made up of nine components, each of which is 
shifted to a different extent by the second-order correction. A recon- 
struction of the spectrum is shown in Fig. 36. The shifts are in multiples 
of x where x = A2/4H. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I I  

I 
I 

I 
I 
I ! 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

! I  I 

(a) 

( b) -4x --2x +4x --2x -4x 
--lox-12x - lox 

FIG. 36. The relationship between the experimental lines (b) and the lines 
corrected to second-order (a) for a system S = 4, 4 = I = 4. The coefficients of x 
represent the magnitude of the shifts from ideality. 
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gauss (mT) 

ergs (10-7 J)  

MHz 
cm-1 

E. CHOICE OF UNITS AND CONVERSION FACTORS 

The resonance condition may be expressed in various ways depending 
on the units of A (n.b., H o  is measured in gauss) 

(i) h~ = gpHo + Am1 
(ii) hv = gpHo + 106hAmI 

(iii) hv = gpHo + hcAm, 

( i ~ )  hv = gp(H0 + AmI) 

where A is in ergs 

where A is in MHz 
where A is in cm-l 
where A is in gauss 

1 sPllosh gPlhc SP 

l/gP 1/106h 1 /hc 1 

lo6 h/SP 1 106/c 106 h 
hclgP e/lO6 1 hc 

TABLE XVIII 

CONVERSION FACTORS 

gauss (mT) MHz cm-1 ergs (10-7 J) 

To convert from a unit in a row to the unit in a column in Table 
XVIII, multiply by the conversion factor in that row and column. 

NOTE: 106h/p = 0.71449 

hc/P = 2.1420 x lo4 

1 gauss = g/0.71449 MHz :. 
= g/2.1420 x lo4 em-* 

The problem now arises as to which units one should use when 
reporting ESR spectra. The gauss has often been used purely as a matter 
of convenience since the parameters are always measured from the 
spectrum in terms of differences in magnetic field. The erg, being the 
energy unit, is the more fundamental but has not found favor and i t  
is usually the reciprocal centimeter (or, less frequently, MHz) which are 
used as alternative units to the gauss. These are both independent of 
the g value, and are directly proportional to the energy. I n  principle, 
they are preferable to the gauss, but this latter unit still finds favor with 
quite a number of workers simply because of its convenience. SI units 
affect the above units in that the tesla is preferred to the oersted or gauss 
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(=1 mT) and the reciprocal meter is preferred to the reciprocal centimeter, 
i.e., lov4 emp1= m-I. Furthermore the unit of energy, erg, is to be 
replaced by the joule ( 1  erg = J). Symbols for magnetic parameters 
are changed as follows : pB replaces pe (Bohr magneton) and p N  replaces 
P N  (nuclear magneton). A Royal Society publication (649) deals with 
units in detail. 

VIII. Discussion of the Literature 

A. d l  IONS 

1. ESR of Sc2+, Y2+, and La2+ 
The divalent state of scandium, yttrium, and lanthanum is thermo- 

dynamically unstable and has only deen detected in certain host lattices. 
The available data are given in Table XIX. Hochli and Estle (344,345) 
observed 45Sc hyperfine structure (h.f.s.) together with nine lines attribut- 

TABLE XIX 

ESR DATA for d1 IONS OF Sczf, Yz+, AND Laz+ 

Ion 
A A(19F) 

(104 om-1) (gauss) References g 

(378)  ScO in argon, 4 ~ 2 ° K  2.00 2680 - 

YO in argon, 4.2"K 2.003 270 (378)  
(378)  La0 in argon, 4.2"K 2.01 5190 - 

- 

[ScFslG- in CaFz (1.5"K) 
Species 1 1.951 89.5 2.2 (344, 345)  
Species 2 1.995 40.4 2.2 (344, 345)  
Species 3 1.969 65.5 2.2 (344, 345)  

Species 1 1.936 91.2 2.2 (344, 345)  
Species 2 1.991 43.0 2.2 (344, 345)  
Species 3 1.963 67.0 2.2 (344, 345)  

able to eight equivalent F nuclei with a spacing of 2.2 gauss in calcium 
and strontium fluoride host lattices. The trapped species is a distorted 
[ScF',le- ion. The only other reported ESR (378) is for the oxides ScO, 
YO, and L a 0  trapped in a solid argon matrix by condensation of the 
oxide vapor a t  4.2"K. The high metal h.f.s. is in accordance with expecta- 
tion since the unpaired electron is in a a-molecular orbital (22: ground 
state). 

[ScFsIG- in SrFz 
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2.  EXR of Ti3$ 
Only two of the naturally occurring isotopes of titanium have non- 

zero nuclear spin; 47Ti with I = $ (7.75%) and 49Ti with I = I  (5.51%). 
Hyperfine spectra in solution will thus consist of a strong central line 
( I =  0) flanked by a sextet ( I = $ )  and an octet (I =S) state super- 
imposed on each other since pNII is nearly the same for both nuclei. The 
spectrum will thus consist of a series of lines of approximate relative 
intensities 1 : 3 : 3 : 3 : 120 : 3 : 3 : 3 : 1.  A typical spectrum is shown in Fig. 
37. 

u 47Ti, I= 5/2 

L I I I I I I I 4 9 ~ i ,  1.712 

FIG. 37. ESR spectrum of transient species in reaction between Ti3+ and HzOz, 
showing 47Ti and 49Ti hyperfine coupling. 

Small trigonal distortion occurs (271) in CsTi(SO&. 12H,O where the 
Ti3+ ion is surrounded by six H,O molecules in D3, symmetry. The ,Tzg 
ground state in Oh symmetry splits into 'E, and 'AIg with a separation 
of about 140 cm-l. The presence of a low-level excited state results in 
a short spin-lattice relaxation time and resonance is only seen a t  4.2"K. 
The distortion is somewhat greater (182, 271, 717) for Ti3+ in 
RbAl(S0,) 12H20. Similar distortions are found for the systems Ti3+ 
in Al,03 (corundum, C3), Ti3+ in A1C13.6H20, Ti,(SO4),.4HZO, and 
KTi(C,O,), 2H20.  These systems have been critically reviewed by 
Gladney and Swalen (271).  It is interesting that for Ti3+ in CaF, the 
spectrum is isotropic even at 2"K, showing the absence of a Jahn-Teller 
splitting. Fluorine super hyperfine splittings (s.h.f.s.) are detected 
(461, 728). The ESR data are given in Table XX. 
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Titanium h.f.s. are resolved (500) at 77°K in Ti3+ doped Al(acac),. 
The symmetry here is D3 and the large trigonal distortion (6 = 2000- 
4000 em-') increases the spin-lattice relaxation time so that resonance 
is observed at  77°K. The electron is in the a,(d,,) orbital in contrast with 
most other d' ions. Titanium h.f.s. are observed on the F-center line in 
Hz-reduced BaTiO, (664).  

Waters and Maki (695) dissolved TiF3 in CH,OH and observed h.f.s. 
from Ti and two equivalent 3' atoms. The species in solution is likely 
to be TiPi+(solv.). A(Ti) is almost identical to that in (TiOCH,)'+ 
prepared by the reaction of TiC1, in CH,0Na/CH30H and is 13.7 gauss. 
Flow experiments (651) suggest that  a transient species exists when 
TiC1, and alkaline HzO, solutions in water mix in the ESR cavity. 

Titanium h.f.s. are observed and are attributed to T" I +(soh). I n  ( lJ 
neutral solution, another species is detected. The very small coupling 
to titanium observed by Fisher (215) (0.85 and 0.95 gauss) of two 
apparently different species indicates that the electron is located pri- 
marily on the peroxy group. This is supported by the g value slightly 
in excess of free spin, in contrast to complexes where the electron is 
mainly on the metal. Other studies of the reaction between Ti3+, H20z, 
and various organic compounds show the presence of organic free radicals 
(133, 653). Fujiwara, Fisher, and others (140, 215, 227) have observed 
poorly resolved h.f.s. in complexes between Ti3+ and organic chelating 
groups of the ethylenediaminetetraacetic acid (EDTA) type. Semenova 
(612) has investigated the reaction of TiCl, in concentrated solutions of 
formic, acetic, and oxalic acids and suggested that the species formed 
are Ti(HCOO),, Ti(OH)(CH,COO),, and Ti2(CzO4),- 10HzO. No hyper- 
fine structure is observed in their ESR spectra. 

There are numerous reports of ESR signals from organotitanium 
compounds and from Ziegler-type catalysts. Hyperfine structure from 
Ti is observed (173) from electrochemically reduced CpZTiClz and 
CpzTi(TDT), where the paramagnetic species are thought to be 

Cp2TiC1 and CpzTi--S 

--s 

Solutions of (Cp,TiCI),, Cp2TiCzH5, CpTiCl,, and CpzTi+ all give spectra 
with a single broad line with no h.f.s. (59, 134, 257, 534). The pro- 
duct of the reaction between Cp,TiCl, and aluminum alkyls usually 



TABLE XX 

ESR DATA FOR d l  IONS OF Ti3+ AND Zr3+ 

A i s o  A I/ A, Aligands 
Ion g a v  gt, g1 (104cm-1) (104cm-1) (104cm-1) (104cm-1) References 

c3 
W 
0 

BaTiOs reduced by H2 
Ti3+ in CaFz 
Ti2(S04)3*4HzO 
Ti3+ inCsTi(SO4)X. 12Hz0 
Ti3+ in A1203 
Ti3+ in  Al(acac)3 
Ti3+ in CHBOH, 

Ti3+ in CzH50H 
Ti3+ in  glycerine 
Tic13 in CH30H/NaOCH3, 

(TiFZ)+inCHBOH 
Ti(HC00)s  
Ti(OH)(CH&00)2 
Ti3+ +HzOz 

Species 1 
Species 2 

[Ti(MeOH)4C12]+ 

(TiOCH3)2+ 

- 1.930 1.911 
1.9452 - - 

- - - 

- 1.25 1.14 
- 1.067 <0.1 

(1.947) 1.921 2.000 
- - 1.951 

- 2.00 1.90 
- 1.99 1.93 

1.9532 - - 

1.9465 - 
- 1.95 

1.93 - 

2.01335 - 
2.01195 - 

(.;I); 1.955 - 

- 1.958 
1.966 - 

- 1.97, 1.94, 1.93 

__ 

20.0 G 
12 G 
- 

- 
- 

20 G 

(12G) 
(12 G )  
16.6 

16.7 
- 
- 

0.95 G 
0.85 G 

16.25 G 

17.9 G 
__ 
- 
- 

A ( 1 9 F )  = 7 .O 
- 

- 



CpzTiCl 
(CpzTi)+ 
CpTiClz 
CpzTiCzHs 
(CpzTiC1)z 
CpzTi( TDT ) 
CpzTiClZ +AlEt3 
CpzTiClz + A l ( i - B u ) ~  
Cp~TiClz+Al( i -Bu)~,  1 : 100 

CpzTiClz+Al(i-Bu)3, 1: 12 

CpzTiClz + A1 (CH3)zCl 
CpzTiClz +Al(CH3)C12 
CpzTi(CH3)CI +AlC13 
CpzTi(CH3)Clf A1(CH3)C12 
CpTi(OCzH5)3 +Al(CH3)3 
CpTi(OCzH5)3 + Al(CzH5)3 
CpTi(OCzH5)3 + A1(CzH6)zC1 
CpTi(OCzH5)3 + A1(CzHS)Cl2 
Ti(OC4H9)4 +Al(CzH5)3 

1.9789 
1.975 
1.975 
1.94 
1.980 
1.9857 
1.976 
1.976 
1.988 

1.987 

1.9759 
1.9747 
1.9753 
1.9759 
1.973 
1.976 
1.972 
1.973 
1.959 

- 
- 

- 

- 

- 

- 
- 

__ 
A(27A1)=4G; 

A ( l H ) = 4 G ; 2  H 
A(27A1)=3.7 G ;  

A(1H)=3.7 G 
A(27A1)=4G 
A(27A1)=4 G 
A(27A1)=6.9 G 
A(27A1) = 4 G 
A = 3 G, 11 components 
A = 3 G, 11 components 
A = 3 G, 11 components 
A = 3 G, 11 components 
A(Z7Al)=l.98G 

(A(1H) = 9.5 G, 
A(lH,cp)=0.23-0.27G (107,109, 

A(Na) = 6.3 G 
A(Li)=2.4 G; I 339) 

A(lH,CH3)=4.2 G (109) 
P,( lH,a-H)=2.3 G (109)  
A ( l H , a - H ) = l S G  (109)  



TABLE XX--cont. 

ESR DATA FOR d l  IONS OF Ti3+ AND Zr3+ 

Atso A 11 A ,  Alisands 
Ion Sau Sil g1 (104cm-1) (104cm-1) (104cm-1) (104cm-1) References 

- - A (1H) = 7.3 G, (109) CpzTiH(so1v) (? )  1.992 - - 

- - A(1H, a -H)=4.4G (109) 
(109) CpTiX,X=C3H5, C3H3Me2, 1.991 - - - 

CpzTiClzBClz 1.975 - 10.8 G - - A (1lB) = 5.9 G (340,341) 

- A(69Ga) = 30.3 (341)  CpzTiClzGaClz 1.974 - 10.7 - 
A (27A1) = 6.9 G (340)  Cp2TiClzAIClZ 1.975 - 11.5G - __ 

CpzTiPMez 1.988 - 10.8 G - A(31P)=20.5 G (385)  
A(31P) = 7.74 G (385)  

[CpzTi(PMez)z]-Na+ 1.992 - 9.0 G - - 2=A(31P)= 12.7 G, (385)  

- 2 A(31P) =9.4 G (385) [CpzTi(PPhz)zl- 1.989 __ 9.5 G - 

- - 2 = ~ ( 3 1 ~ ) = 1 1 . 7 ~  (385)  [CpzZr(PPhz)zl- 1.989 - 

A(lH,cp)=1.7 G 
- - CpzTiCHs(so1v) 1.986 

- 28 lines A =0.4 G 
or C3H4Et 

- 

I - CpzTiPPhz 1.980 - 9.5 G 

A(23Na) = 1.3 G 

- 
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has weak ESR signals. The major products are diamagnetic and the 
signals in all cases are attributable to free radical intermediates. Titanium 
h.f.s. are observed (24)  in the reaction of Cp,TiClz with AI(C,H,), and 
Al(i-Bu),. In all other cases (24, 57, 476, 617, 731),  or where large 
excesses of aluminum alkyl are used, the h.f.s. arise from 27Al. I n  these 
cases bridged structures of the type 

cP\  /c1\ /c2H5 
/Ti\ C1 ,*1\C2H5 

CP 

are postulated. The unpaired electron shows no interaction with the 
titanium nucleus and the very small A ( 27Al) value suggests it is mainly 
in a p  or d orbital on the aluminum. In several cases (24, 476,617) further 
splittings have been interpreted as interaction with two equivalent H 
atoms. The radical here is thought to involve bridging hydrogen atoms. 
Other papers concerning the Ziegler-type catalysts are given in references 
17, 18, 58, 135, 534, 536, 663. 

Of particular importance is the spectrum obtained from the reaction 
of Cp,TiCl, with EtMgCl in ether. Hyperfine structure from Ti and from 
two equivalent H atoms are observed ( l o r ) ,  the latter being proved 
conclusively by replacement of the ethyl protons in EtMgCl by deu- 
terium, whereby the 1 : 2 : 1 triplet was replaced by a 1 : 2 : 3 : 2 : 1 quintet. 
The paramagnetic species was originally thought to be 

but later Brintzinger (109) suggested it was [Cp,TiH2]-. He also prepared 
the corresponding alkyl complexes and some postulated as [Cp,TiR 0 SIo 
where R = H, CH,, or C4HT and S is solvent. I n  addition, n- complexes 
of the type [Cp,TiX]O where X = n--C3H5, n--C3H3Mez, or n--C3H4Et. The 
Olivks (339), however, reduced Cp,TiCl, by Na or Li naphthalide in 
tetrahydrofuran (THF) and found strong coupling to Na and Li, but no 
Ti h.f.s. Since there was no evidence of a triplet state, there could not 
be a Ti3+-Ti3+ interaction. They conclude that the species is 

largely because when the reaction is carried out under nitrogen (108, 
339)) the solution shows a 1 : 2 : 3 : 2 : 1 quintet from two equivalent N 
atoms with a separation of 2.3  gauss. Complexes of the type Cp,TiPR, 
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and [Cp2Ti(PR2),]- yield h.f.s. to Ti and P .  (385).  Corresponding com- 
plexes of the type Cp2TiC1,XC1, with X = B, Al, and Ga have been 
prepared (340, 341) and B, Al, Ga, and Ti h.f.s. observed in each case. 
The reaction between Ti(OC,H,), and Al(C,H,), produces a signal with 
hyperfine structure comprising 11 lines. This is thought (28) to arise from 
two equivalent A1 atoms in an intermediate of the type 

The absence of lines due to Ti makes this formulation improbable. 
General trends. A plot of g against A(Ti) is almost linear for all 

titanium complexes which have strong axial symmetry where h.f.s. are 
observed (see Fig. 38);  g values close to 2 and low A(Ti) values are 

FIG. 38. Plot of g, ,  versus Also (Ti) for d l ,  Ti3+ ions with a strong axial distor- 
tion. (1) CpzTiPMez, (2) [Ti(OMe)&lz]+, (3) (TiOMe)2+, (4) (TiF2)+, (5) CpzTiC1, 
(6) CpzTi(TDT), (7)  CpzTiClz + AlEt3, (8) CpzTiClz + Al(i-Bu)s, (9) 

Cp2T~,H,TiCp2, (10) (Ti,?) , (11) Ti3+ in CaF2, (12) CpzTiClz-BClz, (13) 

CpzTiClz. GaC12, (14) Cp2TiCl~-AlClz, (15) CpzTiPPhz, (16) [Cp2Ti(PPhz)a]-, and 
(17) [CpzTi(PMez)z]-Na+. 

.AH, ,o + 
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compatable with delocalization of the electron onto the ligands and a 
lowering of orbital contribution and spin-orbit coupling. The trend to 
delocalization is associated with chemical species having aromatic con- 
stituents and increased covalent bonding (see Section III,C,2). 

3. ESR of Zr3+ and Hfsi 
Hyperfine coupling to Zr or Hf has not been detected. Zr3+ in silicate 

glasses (254) gives a broad line with g = 1.906. Reduction of Cp,ZrClz 
with NaPPh, yields a spectrum suggesting two equivalent phosphorus 
atoms and is attributable to [Cp,Zr(PPh,),]- with g = 1.989 and 
A(31P) = 11.7 gauss (385). 

4.  ESR of V4+ and V02+ 
51V is in 99.8% natural abundance and has a nuclear spin I = S. I n  

fluid solution, eight hyperfine lines are observed exhibiting a variation 
in linewidth of which Fig. 35 is typical. Hyperfine couplings are large 
(-100 gauss), but a large nuclear moment and spin cause a large line 
width which tends to obscure s.h.f.s. A typical anisotropic spectrum of 
a molecule with axial symmetry is shown in Fig. 39, and the ESR data 
are summarized in Table XXI. 

L I I I  I I I I 

91 

I I I 1 I I t I 

gI I 

FIG. 39. Frozen solution spectrum of VO(acac)z.  

Almost all vanadium compounds have symmetry less than Oh and 
T,, and so ESR signals are readily observed because of the longer relaxa- 
tion time. Spectra of V4+ in the host lattices of TiO,, GeO,, A1203, and 
SnO, have been detected (258,580,621). In  the case of SnO,, s.h.f.s. to Sn 
were detected (388) which are largely isotropic. This system has been 
reviewed by McGarvey (504). 

A system of theoretical interest (572) is that of V02+  substituted in 
KNO, and CsNO,. It seems probable from the g tensor that the vanadyl 



TABLE XXI 

ESR DATA FOR d l  v4+ IONS 

voz+ 
in KN03 
in CsN03 
in GeOz, amorphous 

in Ti02 
in A1203 
in GeOz, rhombic 
in Ge02, tetragonal 
in SnOz 

V4f 

W 

P 

1.966 
1.964 
1.960 

1.9352 1.974 
1.919 1.984 
1.929 1.976 

116G 
115G 

199 G 78 G - 
218 G 67 G 
175.5 68.2 - 

- 

1.915,1.913,1.956 

1.921,1.921,1.963 
1.929 1.976 

1.943,1.939, 1.903 

1.97 
31,43,142 - 

132 - 
36.69,37.54,134.36 - 

175.5 68.2 - 

i 
140.3,21.1,41.9 (a) AZ=166G, 

A,= 172.6 G, 
A,= 165.2 G(Sn) 

(b) Az=A,=A, 
= 28 G(Sn) 

- __ - VO,, 1.5<n<2.5 
[VO(Hz0)sl2+ 
in Tuttonsalt 
in RbAl(S04)~. 12H20 

VOClZ 
in HzO 
in CzH50H 
in acetone 
in 3 N HCI 
in 1 2 N  HCl 

-1.96 

1.9331,1.9813,1.9801 
1.923 1.975 

182.28,71.2,72.44 A(1H)=2.6G 
182.2 66.6 - 

117G 
llOG 
llOG 
106.3 
101.9 
101.9 
101.4 

- - - 
-200 G 76 G - 

200 G 76 G - 
182.6 71.8 - 

182 70.4 - 

177.9 69.5 - 
172.9 66.2 - 

- 

1.962 
1.965 
1.968 
1.968 
1.969 

- - 

1.92 1.960 
1.932 1.981 
1.933 1.978 
1.941 1.977 
1.944 1.979 in HAc/HCI 



[VO(Ox)2]2- in [TiO(Ox)2]2- 1.9624 
[VOF5]3- 1.962 
[VO(H20)51C12 1.965 
[VOF5]3-/HF/HzO - 

[VOC15]3- in  [InC15H20]2- - 

[V0(CN)sl3- - 
[VO(NCS)5]3- - 
VoSo4 

in H2O 1.961 
inKNCS, VO(NCS), 1.964 

in CHsOH 1.9688 

inCGHG 1.9695 

VO(acac)2 

in C5H5N 
in CH3COCH3 
in CH3CN 
in CsH5NO2 
in CS2 
in CHC13 
in THF 
in CH3PU’Hz 
in NH3 

VO(tfac)2 
in  C5H5N 

VO (hfac ) 2 

[VO(TIR)]2- 
[VO(TIR),]6- 
[VO( SSS)]- 
[VO(SSS)2]4- 
[VO(malonate)2]2- 

1.971 
1.968 
1.969 
1.972 
1.968 
1.968 
1.967 
1.967 
1.968 
1.9693 
1.9704 

1.966 
1.972 
1.963 
1.966 
1.967 

- 

107 C 
105.2 
105.6 
116.0 G 
109.4 
79.9 G 

104.75 G 

115.5 G 
108.0 G 

102.35 G 

108.19 G 

103.6 G 
106.0 G 
105.3 G 
104.6 G 

99.5 
(1.981) 97.8 

(1.982) 95.5 
(1.983) 95.0 

(1.981) 97.5 

110.09 G 
- 107.10 G 
- 112.6 G 
- 101.5 G 
__ 86.0 G 
- 106.OG 
- 96.5 G 
- 102.OG 

- 

(274,718) 
(406) 
(55 ,391)  
(427) 
(171) 
(427) 
(427) 

(718)  

(74,303, 
690)  

(74,303, g 
427,690) 8 

(74,303) 
(74,303)  
(74,303)  

(303,391) 
(303,391) 8 
(303,391) 5 
(303,391) tr 
(303,391) 

M 

0 
4 

(718)  E 

[ 

z (74,303)  

xm (690)  m 
(690) 
(427) 
(719)  
(719)  
(719) 
(719) 
(718) w 

f.3 



TABLE X X I - C O ~ .  

ESR DATA FOR d l  V4f IONS 
N 
W 
00 

[VO(phthalate)z]z- 
[VO(dipy)z12+ 
VO(iminodiacetnte) 
[V0(EDTA)l2- 
[VO(DTPA)]3- 
[VO(NTA)]- 
[VO (NTA) (OH)]z- 
VO(P1DA) 
[VO (PIDA) (OH)]- 
VO(pico1inate)z 
[VO(picolinate)z( OH)]- 
VO(acac)z. CF,H~N 
VO(acac)z. 4-picoline 
VO(acac)z. 2-picoline 
VO(acac)z. 3,4-lutidine 
VO(acac)z . piperidine 
VO(acac)z. 3,5-lutidine 
VO(acac)z. 2-Me-piperidine 
VO(acac)z. dibutylamine 
VO(acac)z. OPPh3 
VO(acac)z. P(NMe2)3 

1.963 
1.974 
1.966 
1.967 
1.967 
1.963 
1.963 
1.966 
1.966 
1.970 
1.968 
1.9699 
1.9695 
1.9697 
1.9698 
1.9699 
1.9698 
1.9697 
1.9699 
1.9692 
1.9692 

109.OG 
95.0 G 

104.0 G 
102.5 G 
102.0 G 
109.0 G 
106.5 G 
105.0 G 
100.0 G 
99.0 G 
96.0 G 

105.25 G 
105.24 G 
105.17 G 
105.20 G 
105.380 
105.08 G 
105.95 G 
105.82 G 
105.46G 
103G 

w 
b 

0 
0 
0 
U 

b 
Z 
tl 
4 
td 



in CH3CN 
in THF 
in C5H5N 

1.974 
1.974 
1.974 

1.954 1.984 
1.954 1.984 
1.952 1.986 
1.957 1.984 

102.2 G 
102.6 G 
102.6 G 
103.4 G 
88.5 G 
40 G 

182 G 62 G 
183 G 62 G 
183 G 62 G 
182 G 64 G 

M s R=H, R1=CH3 
R=CH3, R1=CH3 
R = H ,  R1=CeH5 
R=CH3,Rl=CeH5 

VO(d-tartrate)z 
[(VO-dZ-tartrate)z]4- 
VOTPP 

in CHC13 

1.974 
1.974 
1.974 
1.975 
1.974 
1.98 

0 
r 

1.9797 1.966 1.985 89.4 161 55 A,,(14N)=2.9G, 

A,,(14N)=2.9G, 
A,(14N)=2.8 G 

,4,(14N)=2.8G 

(37,391)  

(37,391)  in CSz 

in HzTPP 

in H2S04 
inHzPc 
in ZnPc 

VOPC 

VO etioporphrin I in pet. oil 
vo etioporphrin 11 in C&6 
VO mesoporphrin I X  diMe 
ester 

VO deuteroporphrin I X  
diMe ester 

V(OC5H9)4 
VO(acac)z tAl(CzH5)3 

1.981 1.965 1.990 91 159 57 

(1.979) 1.966 1.985 161 55 (37 )  

(1.980) 
(1.981) 

1.965 1.988 
1.966 1.989 
1.966,1.993,1.981 
1.948 1.987 
1.947 1.988 
1.947 1.988 

159 59 
158 56 

158,55,52 
159 52 
158 54 
158 54 

1.974 
1.975 
1.975 

89 
89 
89 

1.975 1.947 1.988 89 158 54 (590) 

(399)  
(28,529)  

1.964 
1.9915 

1.940 1.984 
- - 

64 
46.8 G 

125.0 36 
- - 



TABLE XXI-cont.  

ESR DATA FOR d1 V4f IONS 

p.3 
ip 
0 

9av 

1.976 

1.931 

1.992 
1.992 
1.937 
1.99 
1.987 
1.994 
1.995 
1.983 
1.985 
1.988 
1.985 
1.999 
1.985 
1.991 
1.990 

- 

1.990 
1.998 
1.990 
1.989 

Azso(51V) A II (51V) AL(5'V) A i g a n d s  
9 II gL (lO4cm-1) (lO4cm-1) (lO4cm-1) (104 cm-1) References 

(351)  1.946 1.991 -61 -124 -29 - 

60 G 
73 G 
73 G 

75 G 
75 G 
71.2G 
74.1 G 
65.9 G 
74.6 G 
74.3 G 
72.0 G 
60.3 G 
76.1 G 
73.0 G 
73.6 G 

- 

W 

? 



1.988 
1.988 
1.988 
1.999 
2.001 
1.988 
1.994 
1.990 
1.992 
1.989 
1.988 
1.980 

1.978 
1.974 

1.974 
1.992 
1.9811 
1.9782 
1.9779 
1.9829 
1.980 
1.9900 

72 G 
72 G 
72 G 
39.5 G 
44 c 
40 G - 
61.5 G - 

72 G - 
62 G 
72 G 
72 G 
96 G 169 G 

- 

- 

- 

- 

- 

- 

- 

- 

92 G 168 G 
72 G 139 G 

72 G 139 G 
70 G 132 G 
63.9 G 
65.8 G 
65.2 G - 
62.4 G 
63.3 G 100 G 
61.5 G 

- 

- 

- 

- 
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group is in a four-coordinate site since the g tensor is similar to that 
for V(NEt,),. At room temperature, there is free rotation of the vanadyl 
group, as manifest by the isotropic spectrum. At lower temperatures, 
the spectrum becomes anisotropic. 

The particular stability and large number of vanadyl complexes is 
reflected in the number of ESR studies on these systems. Most V02+ 
complexes have the square pyramid structure and may frequently add 
on Lewis bases to the sixth coordination position. The V02+ ion has been 
substituted in various alums (481) and the spectrum attributed t o  
[VO(H,0),]2+. Substitution in (NH4),Zn(S04), - 6H,O yielded (100, 448) 
s.h.f.s. attributable to protons from four equatorial water ligands. After 
subtraction of the dipolar contribution, Aiso( ‘H) was 2.6 gauss. Bernal 
(7’4), Kivelson and Lee (391),  Walker (690),  Kuska and Rogers (427’), 
and Guzy, Raynor, and Symons (303) have measured g and Ais,(51V) 
for vanadyl acetylacetonate in numerous solvents and bases. There is 
a trend to lower Aiso values with increase in basicity (because of greater 
delocalization of the unpaired electron), and the systems are very sensi- 
tive to solvation and coordination. There is a close relationship between 
the energy of the first electronic absorption (0, + en*) and g,, with the 
solvent parameter E,. Furthermore, the third transition is now assigned 
to e n +  b ,  and a shoulder a t  about 23,600 cm-l appears in solvents 
which are known to complex in the sixth position and may be used to  
characterize other such complexes. The large influence that water and 
alcohols have on the energy of the first electronic transition is attributed 
to hydrogen bonding with the vanadyl oxygen. The unpaired electron 
is in the b,*(d,) orbital and is localized on the metal, and since this does 
not interact directly with incoming ligands, it is not surprising that no 
s.h.f.s. are observed (391).  It is instructive to compare the decrease in 
Aiso with that of the V=O-stretching frequency (611) which also de- 
creases as the basicity of the sixth ligand increases. The same trend (611) 
is observed as the basicity of the chelating ligands is increased, i.e., v 
(V-0) decreases in the order hfac > tfac > acac. 

Walker et al. (690) and Kuska and Rogers (427) compared the spectra 
of VO( acac), with that of vanadyl trifluoroacetoacetonate and hexa- 
fluoroacetoacetonate and observed h.f.s. of 108.19, 110.09, and 112.6 
gauss, respectively. The higher .Ais,,( 51V) value is associated with greater 
localization of the electron on the metal because of the increased electro- 
philic nature of the ligands and consequent reduced covalency of the 
V-O(che1ate) bonds. Solutions of VOC1, in water, acetone, dilute HC1, 
and concentrated HC1 have Aiso values of 117, 110, 115.9, and 110.9 
gauss, respectively, showing how the basicity of the primary solvation 
sphere affects the hyperfine coupling to the vanadium. 
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A study (654) of the V02+-tartrate system a t  varying pH has shown 
that at  pH 7 ,  the complex is a dimer with the two VO groups bridged 
by two tetranegative tartrate groups 

It is noteworthy that the spectrum shows two equivalent 51V nuclei 
with splitting half that of the 51V in VO(tartrate), at  higher pH. This 
means that there is rapid electron exchange between the two vanadium 
nuclei and establishes the type of structure depicted above. This has 
since been proved by X-ray analysis and the V-V distance shown to 
be 4.06 A. Similar dimer formation has been postulated for the vanadyl- 
citrate system (190).  Several mixed chelates which have two oxygen and 
two nitrogen-bonding atoms have been studied (101, 102, 464).  Their 
ESR parameters are, in general, like those of VO(acac),. 

Vanadyl phthalocyanine (39) and substituted vanadyl porphrins 
(37, 391, 541, 590) have been extensively studied. In  the case of the 
tetraphenylporphrin, Kivelson and Lee (391) found that the 14N s.h.f. 
tensor is almost isotropic which indicates that the unpaired electron in 
the b& orbital is localized mainly on the metal and that in-plane T 
bonding is slight. 

Splitting of the vanadium perpendicular features into A, and A, has 
only been seen in a few cases and arises from the asymmetry of the 
chelating ligand (305).  In  all these cases g II < g, < 2 which is in agreement 
with prediction [see Eq. (58)]. 

In  vanadyl diethyldithiophosphate (242, 247) VO[SzP(OCzH5)&, 
31P s.h.f.s. are observed and the tensor is completely isotropic. The 
coupling to the P atoms must be entirely via a u interaction. The 51V 
tensor for this molecule and for VO[S2CN(C2H5),], are very similar to 
that of VO(acac),. In  vanadyl maleonitriledithiolate, VO(MNT),, how- 
ever, the 51V tensor is much smaller indicating significant delocalization 
of the electron into the T orbitals on the chelate ring. The vanadium 
trisditholene complexes are discussed in Section VIII,RI,S. The reaction 
of VOC1, with sodium diethyldithiocarbamate or potassium butyl- 
xanthate in the presence of strong acid followed by extraction into 
nonpolar solvents produces a species (242) whose spectrum has a much 
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lower 51V h.f.s. indicating significant delocalization of the electron over 
the ligand. The species has axial symmetry (from frozen solution spec- 
trum) and the proposed structures are 

where R = N(CzH,), or OCQHS. The former is considered more probable. 
No V=O-stretching frequency is seen in the infrared. 

I n  V(NEt,),, the symmetry is DZd and the unpaired electron is in 
a dza-u2 orbital (351).  The g tensor is given by 

8h 
AE(d,z-,z - dw) g, ,  = 2 -  

The values of the g and A tensors are very similar to those (399) for 
V(OBu),. I n  VCl,, signals have been detected by two groups of workers 
(373, 563), one in a TiCl, host lattice, and the other in fluid solution. 
I n  both cases, g ,, > g, which contrasts with the cases above. The differ- 
ence may be reasonably attributed to changes in AE which could have 
a large effect on g, ,  and g,. In  all these cases, the distortion seems to  
be due to a Jahn-Teller effect. The theory of the d1  ion in this symmetry 
has been given by Griffiths (298, pp. 280, 284, and 437). 

The g value (5 ,  134, 173, 188, 534) in Cp,VCl, is close to  free spin 
indicating considerable delocalization of the electron onto the ligands. 
The absence of h.f.s. in the spectrum (257) of [VCp,]'+ prevents useful 
comparison with the above molecule. The ESR spectrum of catalysts 
formed by the interaction of VCl, or Cp,VCl, with aluminum alkyls 
shows (5 ,  530, 619) extensive delocalization of the electron (g close to 2 ) ,  
although no 27Al h.f.s. are observed, unlike the csrresponding titanium 
complexes. A remarkably small 51V h.f.s. was observed by Angelescu 
et ul. (28)  (46.8 gauss) in the system VO(acac),/Al(C,H,),. These workers 
feel that the complex has a sandwich structure involving the toluene 
solvent. Nasirov (529) believes the species is V2+ with the Al(C,H,), 
bonded to the 0 atom in each acetylacetonate ring. Neither formulation 
is convincing. 

Kraus and Deffner (416) have investigated the charge transfer com- 
plexes between VOCl, and various aromatic compounds and find that 
with p-xylene, benzophenone, and toluene ESR spectra are obtained 
which show some 51V h.f.s. 

General trends. As with titanium, a plot of g against A( ,lV) is roughly 
linear for vanadyl complexes, Complexes of vanadium of approximately 
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cubic symmetry (i.e., 0, or Td) lie on another straight line with lower 
g values. The different trend for VO(acac), in various solvents has been 
discussed by Guzy et al. (303).  A plot of g,, versus Asso (51V) is given 
in Fig. 40 and may be accounted for by variations in the spin polarization 
of inner s electrons (see Section 111,C,2). 

2.00 r 

I 

60 70 80 90 100 110 I 2 0  

A,,,, Pv), gauss 

FIG. 40. Plot of g,, versus Aiso (51V) for a series of vanadium complexes. 

5. ESR of Nb4+ and Ta4+ 

Little information (Table XXII) is known about the ESR of Nb4+ 
and Ta4+ because of the comparatively few complexes known. Data are 
available for the chemical systems [Nb( OCH3)C1,I2-, electrically reduced 
NbC1, in alcohols saturated with HC1, and NbC1,. It is thought (437) that 
the species in reduced NbC1, is [NbC1,I2-, but since the ESR parameters 
are so similar to [Nb(OCH3)C15]2-, it may be [Nb(H2O)Cl5I2-. The 
symmetry of [NbC1,I2- is too high for spectra to be seen even a t  77°K. 
I n  these two cases, g , ,  is surprisingly large and greater than g, (unlike 
V4+). This could be accounted for if the separation between the b l ,  and 
6 2 ,  levels is less than the b2, and t)& levels (c.f. Cr5+). The increased 
deviation of g from free spin compared with vanadium arises from 
increased spin-orbit coupling. Species attributable (231) to NbO( acac),, 



TABLE XXII 

ESR DATA  FOE'^^ Nb4+ IONS 

Ais0(93Nb) A 1, (93Nb) A1(93Nb) Aother atoms 
Ion Sav Y 11 91 (gauss) (gauss) (gauss) (gauss ) References 

Nb4f 
in ZrO2 
in Silicates 

NbC14 in CzH5OH 
[ N b c l ~ ] ~ -  in CH30H 

CEt4NIdNb6C1izlC16 

NbO(acac)z 

[Nb(OCH3)C15]2- 

in CH3N02 

[NbOC14]2- 
[NbOF4]2- 
[Nb04I2- in CaM004 

( y-irradiated) 

1.892 
1.869 
1.948 

1.906 
- 

1.862 1.908 
1.89 1.92 
1.82 1 .so 
1.925 1.892 
1.923 1.842 

1.903 1.964 
1.943 1.932 

1.897 
2.0061, 2.0146, 2.0480 

177.4 
178 
20.6 

159 
- 

- 

309 
310 
270 
275 
248 

249 
260 

-25.5, 

138 
145 
146 
131 
144 

108 
122 

215 
-28.5, -30.5 

- 
- 

A i , , ( M O )  = 2.2 
(not d1) 

w 
P 
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[NbOCl,]'-, and [NbOF4]'- have been prepared by Zn/acid reduction 
of NbCl, plus acetylacetone, NbCI,, and NbF,, respectively. The 
acetylacetonate was extracted with chloroform and the ESR parameters 
are as expected for an axially symmetric niobyl complex. 

Well-resolved "Nb h.f.s. are observed (468) in solutions of 
[Et4N]3[Nb6Cllz]C1,. The cluster complex cation has one unpaired elec- 
tron ( p =  1.615 B.M.) and the splitting is only 20.6 gauss, less than 
one-sixth that of the splitting in other niobium complexes containing 
only one metal nucleus. Forty-nine of a possible 55 lines arising from 
interaction with six equivalent Nb atoms ( I  = g) are observed. This 
suggests that the electron is delocalized over the whole cation interacting 
equally with each niobium. The 15 metal electrons are likely to be in the 
following molecular orbitals in Oh local symmetry: A:g, TYu, T& and Aiu 
using the scheme devised by Kettle (386) and improved by Schneider 
and MacKay (606). The unpaired electron is in a delocalized orbital 
of aZu symmetry which may be described as made up of metal d, orbitals 
and is involved only with metal-metal bonding. A thorough analysis 
of the electronic spectra of the cluster compounds of formulas 
[Nb6C1,,]'+, [Nb,C11z]3+, and [NbGC11z]4f, is given by Schneider and 
MacKay (606). 

Niobium hyperfine splittings are observed (200) in y-irradiated 
CaMo04 containing Sm and Nb. The low value of the niobium h.f.s. and 
the observation of s.h.f.s. to Mo suggest that the unpaired electron is 
largely located on the oxygen atoms in a tl molecular orbital. y-lrradia- 
tion causes loss of an electron from the diamagnetic parent molecule, 
and so the species cannot be described as d l .  It is included here for 
convenience. 

6. ESR of Cr5+ 

Since 53Cr, the only isotope with nuclear spin (I = i) is present in 
only 9.54% natural abundance, the spectrum in fluid solution consists 
of a strong line flanked by weak satellite lines. Often the width of the 
main line hides the inner pair of satellite lines. The spectrum of the 
[CrOs13- ion is shown in Fig. 41. 

Almost all Cr(V) complexes contain oxygen and ESR data are known 
for many of these (see Table XXIII). Many of the compounds have 
unusually large g ,, values which are greater than g, as against expectation 
(see Section IV,D). Kon and Sharpless (404) and Gray, Bernal, and Hare 
(288, 313) have explained the unusually large value of g II in terms of the 
energies of electron transitions in [CrOCl,]'-. The unpaired electron is in 
the bz(d,) molecular orbital (see Fig. 42) and the expected transitions 
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FIG. 41. ESR spectrum of [CrOa]3- in water showing weak absorptions due 
to interaction with 53Cr and a strong central line due to interaction with 50Cr, 
5Wr, and 54Cr. 

are 1 and 2 (12,900 and 23,500 em-'). An additional transition 3 is also 
seen at  18,300 cm-l . I and g are given by the following equations 

g, = 2.0023 - 
2h 

dE(e* - b,) 

8h 8h 
gI1 = 2.0023 - + dE(b1" - be)  AE(b2 - b,)  

Since the bl level is closer to b ,  than bl*, there is theoretically a positive 
dg shift for g and this is shown to be so in [CrOC1,I2- where g = 2.008, 
and almost so in [CrOC1,I2- where g , ,  - 1.99 (>gl). This situation is also 
found in the corresponding Mo5+, W5' and Nb4+ ions. 

FIG. 42. Energy levels in [CrOC15]2-, showing the three electronic transitions. 
The bl molecular orbital is bonding and the unpaired electron is in bz. 



TABLE XXIII 

ESR DATA FOR d l  Cr5+ IONS 

Ais,(53Cr) A ,l(53Cr) AL(53Cr) Aligands 
References Ion  Sav  91 g, (104 cm-1) (lO4cm-1) (lO4cm-1) (104 cm-1) 

1.9877 2.008 1.974 18.3 36.1 (9.7) A,(CI) = 7.8, 
A l(cl) = 0 

in 20% HC1 
H[CrOC14] 
[C5HsNI[CrOC151 
Cr03  in  20% HF 

1.986 

1.9877 
1.960 

- 
1.995 
1.9883 
2.008 

1.937 
1.9792 
1.974 

19 G 
19.9 
19.9 - 

Aiso(19F) = 6 G ;  
A,(l9F) = 40 
and  22 G 

[Crz07]2- in glycerol 
C1-03 in 70% HzS04 
[Crz0712- 

in 65% oleum 

in 30 and 100% oleum 

[Cr04]3- in alkali 
KaCrOe + HzO2 

in [NbOs]3- 
[Cr08]3- 

[Cr(SzCzPhz)31- 
Cr[SzCz(CF3)zl3- 
Cr(V) in ethylene glycol 
CrO[TDT]2 

(1.976) 
1.966 

1.99 
1.969 

1.97 
1.976 

(20) G 
28 G 

37 G 
- 

12 G 
- 

1.964 
1.964 
1.970 
1.965 

1.951 
1.936 

1.970 
1.986 - 

23 G 
23 G 

19 G 
- 1.98 

1.951 
1.936 
1.9434 

1.97 
1.985 
1.983 
1.9848 

1.973 

- 

1.996 
1.9941 
1.981 
1.994 

- 

19 G 
16.3 G 
17.6 G 
14.9 

1.995 1.995 - 

8.9 G 
- 

ip 
W 
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Chlorine s.h.f.s. are observed (405) in the [CrOC1,]2- ion and are very 
anisotropic. Since the electron is largely in a metal d, orbital, most of 
the effect may be explained as a dipolar interaction between the d,, 
electron and a 3p orbital on chlorine giving strong in-plane n- bonding 
(unlike vanadyl porphrins where such x bonding is minimal). Fluorine 
s.h.f.s. are seen (235) in [CrOF,I2- solutions (CrO, in HF)  and are the 
same order of magnitude as the C1 s.h.f.s., although there appear to be 
two different pairs of fluorine atoms ( 6 ) .  

Chromates in oleums of various strengths produce paramagnetic 
species (235,517) where there is much less electron delocalization. Several 
species appear to be formed, but their structure is not known. 

In  dodecahedra1 symmetry, the ground state is singly degenerate, 
B,(d,,) and spectra are readily seen. The [CrO8I3- ion approximates to 
this symmetry (DZd) .  The ground state configuration is readily proved 
(499) to be B2 by inspection of the g tensor, since the only reasonable 
alternative is the A ground state. Here 

g , ,  = 2.0023 and g, = 2.0023 - (131) 
6h 

AE(e  -a,)  
but for the B,  ground state 

g, ,  = 2.0023 - 

g, = 2.0023 - (133) 

Since g ,, < g, < 2, the B, state is preferred. Taking AE(e - b,) = 20,000 
cm-l, h is 175 cm-' which is much smaller than the free ion value for 
Cr5+ (350 cm-'). This reduction in the spin-orbit coupling constant 
indicates considerable covalent character in the complex. Further cal- 
culations (648) confirm that one 0 atom is nearer the Cr than the other 
0 atom of the 0-0 group. 

Cr(V) solutions in ethylene glycol (246) yield proton hyperfine coup- 
ling from eight equivalent protons, suggesting a structure 

r 1 - 1  

The dithiolene complexes are discussed in Section VIII,M,2 
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7. EXR of Mo5+ and W5+ 
The low symmetry of most Mo(V) and W(V) complexes splits the 

ground state and ESR spectra are readily observed. Both 95Mo and 97Mo 
have nuclear spin I = $ and their natural abundance is 15.8 and 9.6%, 
respectively. The nuclear magnetic moments are similar and the sextet 
of lines observed for each isotope in solution (in addition to the strong 
central line) overlap to give a broadening. ESR data are given in Tables 
XXIV and XXV. Most work has been carried out on halide complexes 
where s.h.f.s. are observed (6 ,  239, 406) in, e.g., [MoOF5I2-, [Mo0Br5l2-, 
[WOF5I2-, and [WOBr512- and in an uncharacterized ion found (251) 
when Mo,03(S04), is dissolved in H,SO, in the presence of KC1. The 
spin density on each of the four equatorial Br atoms in [MoBr512- and 
[WOBI-~]~- are 4.3-5.8% and 3.2-5.9%, respectively (406).  Less de- 
localization is found in the tungsten complex, which is compatible with 
the increase in effective nuclear charge of the metal compared with 
molybdenum. This is supported by the lower g value which is indicative 
of larger spin-orbit coupling. 

Dowsing and Gibson (185) have made a thorough study of the species 
present in HBr solutions of Mo(V). The solutions are not analogous to 
HC1 solutions. At 9.4 M HBr, the species present is mainly [MoOBr,12-. 
I n  6 M acid, the species is different, but not characterized. A third 
unidentified species is thought to  be present also. [Et,N][MoCl,] is 
interesting in that it shows a spectrum (185) at  room temperature. There 
must be a very large distortion (more than a few thousand emp1) to 
reduce the triple degeneracy of the ground state to leave an orbital 
singlet. There is spectroscopic evidence for such a distortion (111).  
Verbeek et al. have studied these systems from a more theoretical 
viewpoint (673, 684, 685) Mo h.f.s. are observed (459) for Mo(V) in 
K,SiiCl,, but no chlorine s.h.f.s., although the line width is 4 4  gauss. 
Covalency is presumably small because of the small C1 coupling. 
Ryabchikov and Marov et al. (483, 596, 598) have studied mixed halide 
species of the type MoOX,Y,. Each species is characterized by a different 
g value and usually Mo and ligand h.f.s. are observed particularly where 
fluorine is a ligand. Stepwise addition of ligands seems to occur, but the 
exact nature of the products is not known. The structure and inter- 
relationship between species formulated in solution such as MoOCl,, 
[MoOClJ, and [MoOCl5I2- are not clear although one or other of the 
latter two is favored. Solutions of [MOOC~,]~- in HC1 varying from 
12 + 2 M show a large variation in strength of ESR signal, which almost 
disappears a t  t4 M .  Hare et al. (313) propose that the ion is a monomer 
in strong acid solutions (12 M ) .  At about 6 M ,  a paramagnetic oxygen- 
bridged dimer exists and at  lower pH, a diamagnetic dimer exists. This 



TABLE XXIV:  ESR OF dl M05+ IONS 
to 
or 
to 

Atso(M0) A ii(Mo) A,(Mo) Altgands 
Ion Sav 9 I1 g, (I04 em-1) (104 cm-1) (104 em-1) ( 104 om-1) References 

[MoOFs]2- in 30% HF 

in (NH4)2[InCls(Hz0)1 

in K3InC16.2Hz0 

[MoOC14Br]2- 
[MoOC13Br2]2- 
[Mo OC1zBr 312- 

[MoOBrs]2- 

[MoOC14]- 
[MoOBrsI- 
[MoOI~I- 
[MoOI~C~I-  
[3fOOI2CI 21 - 

[MoOIC13]- 
[MoOI3Br]- 
[MoOIzBr2]- 
[MoOIBr3]- 
[MoO(NCS)5]2- 
MoOC13 

in EtOH 
in 20% HCl 

Moz03(S04)z 
in H2S04 
in HzS04 + KCI 

1.906 1.874 1.918 

1.947 1.96 1.938 

(1.948) 1.9632 1.9400 

(1.943) 1.951 1.939 
(1.945) 1.959 1.939 
1.960 - 

1.970 - 

1.983 - 

1.993 2.090 1.945 

- 

- 

- 

1.950 
1.994 
2.058 
2.033 
2.000 
1.978 
2.045 
2.030 
2.009 
1.935 

1.945 1.965 1.940 
1.949 - - 

1.925 - 
1.935 - 

- 

- 

70 G 

58 G 

(47) 

- 

- 

48 G 
47 G 
45 G 
41.7 

- 

- 

- 

- 

- 

- 

- 

- 

__ 

50 G 

56 G 
52 G 

62 G 
54 G 

Ais0(19F) = 11 G, 
A,(19F) = 55 
and 30 G 

- 

J A II (Br) s 6.5, 
A,(Br) = 35.9 

(6 ,239)  

(185, 237, 
596) 

(15, 171, 
406) 

(549) 
(549) 
(596)  
(596) 
(596) 

(483) 
(483) 
(483) 
(483) 
(483) 
(483)  
(483)  
(483)  
(483) 
( 5 , 2 4 4 )  

(185, 406, 
596) 

(251) - 
AtSo(C1) = 10 G (251) 



x = c1- - 

{(NH~)Z[ (OH)Z~C~~MO]Z}-  - 
y-irrad. M o ~ O Z ~ ( N H ~ ) ~ .  4Hz0 (1.921) 
[Mo(CN),]3- in glycerine 1.9920 

[Mo(CN)s]3- in K4Mo(CN)8 1.9848 

in Ti02 (1.842) 
Mo5+ 

(1.920) 
2.011 
2.0097 
1.999 
1.940 
1.916 

1.914 
1.922 

1.919 
1.926 
1.998 
2.053 

1.977 1.935 
1.9739 1.9386 
1.9673 1.934 

2.001 1.955 

1.992 1.949 

1.969, 1.943, - 
1.915 1.924 
1.9981 1.9889 

1.9779 1.9882 

1.8155, 1.7923, 
1.9167 

1.987 1.887 

2.011 2.009 
- - 

- - 

1.898 1.925 
1.94 

1.891 1.925 
1.902 1.930 

1.881 1.938 
1.894 1.942 
- - 

- - - 

35.0 G (48.9 G) 76.6 G 
46.93 75.1 33.0 

44 G 64 G 29 G 

- - - 

(54 G)  78 G 42 G 
30.7 14.0 39.1 

(45.9) 24.32,a 30.48,a 65.08a 

(34.1) 8.39a 41.18a 
11.2 G - - 

12.2 G 17.4 G 9.6 G 
32 G - - 
49 G - 
61 

- 

- - 

58 G 90 G 42 G 
55 G 87 G 39 G 

57.5 G 92 G 40 G 
56 G 85.5 G 41 G 
36 G - 
36 G - - 

__ 

- (185) 
(459) 
(493) 

- 

- 

(31P) Aiso = 44 G, 
A ,, = 38 G, ) (245) 

1 

A , = 4 0 G  

A(31P) = 39 G 
A(C1) = 9 G, (245) 

- 
(372) Y 

(554) 12 
702) 4 

5 
E 
E 
k 

6 
(569) M 

E 

- 

A(13C) = 10.9 (320, 503, 0 

- (503) 

w 
z 

(432, 670) 

- (47)  
(697) 
(167) 
(116) 

A(14N) = 2.1 G (597) 0 

A(75As) = 13 (484) 

e 

(Ti) A, = 2.8, 
A ,  = 3.4, 
A,  = 3.1 

- 
- 

Q 
- 

- tr 

m 
(485) - 

A(31P) = 5.1 G (485) 

- (485) 
(485) 
(145) 

- 

ca 
cn 

A(C1) = 3.3 G 
A(Br) = 15.8 G (145) _. 

0 



TABLE XXV 

ESR OF d1 W5+ IONS 

Ais0(l'33W) A ,, (183W) A I(1s3W) Azigands 
Ion S a v  g I1 g, (104 em-1) (lO4cm-1) (lO4cm-1) ( 104 em-1) References 

[WOF5]2- - 1.589 1.767 

Kz[WO(NCS)s] 1.803 1.775 1.819 
WClS 

[WOC15]~- 1.773 1.804 1.758 
[W0Br~]z- 1.830 1.940 1.775 

in glycerol 1.754 1.79 1.757 
in HC1 1.745 1.78 1.756 
in CzH50H 1.743 1.79 1.718 

in glycerine 1.9724 1.9819 1.9677 
[W(CN)s13- 

in &W(CN)s 1.963 
W5+ in phosphates 1.716 
y-irrad. C a w 0 4  (2.014) 

(1.684) 
[W(SzCzPhz)3]- 1.992 
W[SzCz(CF3)2]3- 1.9910 
W5+ in Ti02 - 

[Cp2WC121+ 1.951 
[CpzWBrzl+ 2.013 

1.942 1.973 
1.604 1.763 

2.0010, 2.0065, 2.0354 
1.5716, 1.6334, 1.8482 

1.987 1.993 
1.4725, 1.4431, 1.5944 

- - 

51.9 

220 G 
(9) G 

216 G >150 G 
220 G >150 G 
148 G - 

18.7 68.5 

- - 

9 G , 9 G , 9 G  
Varies 35 + 65 G 

- - 

40.8, 63.7, 92.5 
- - 

- 

- 

._ 

- 
- 

- 

A(49Ti) = 1.8, 1.8, 2.1 

A(Br) = 23.35 G 

F 
+ 
* 
0 
0 
U 

Z 
E 
6 
U 

w 
4 
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hypothesis explains the susceptibility data of Sacconi and Cini (599) and 
the electronic spectra of Haight (306).  A Mo(V) species formulated as 
[O(OH),C1,Mo-MoC1,(0H),0]2- with a Mo-Mo bond yields a poorly 
resolved spectrum (372) with no hyperfine structure. Marov et al. (485, 
486) suggest that Mo5+ in H,S04 and H3PO4 can exist as a monomer 
and a (SO,)2-- or (P04)3--bridged dimer. 

The reaction of MoOX, in halogen acids with dithiodiethylphosphate 
in ether produces (245) a spectrum attributed to [X5Mo-S-P(SH) 
(OC,H,),]. 31P s.h.f.s. are observed which are almost isotropic and 
approximate to -10% electron density on the P atom. Where X = C1, 
the spectrum is more confusing and both C1 and P s.h.f.s. are seen. The 
infrared spectrum shows no Mo-0 bond. Although in [Mo(NCS),I3-, 
infrared spectra (447) suggest that the NCS- group bonds via N, 
Ryabchikov et al. (597) believe that in the corresponding Mo(V) complex, 
the low A(14N) value of 2.1 gauss suggests that  there is a Mo-S bond 
with electron delocalization covering the whole ligand. This seems 
worthy of further investigation, as also (15, 244) does the complex 
[MOO( SCN),I2-. 

Several species are observed (484) of the type [MoOL,M,J in a 
solution of Mo(V) with mixtures of H3As04 and HC1. Arsenic as well 
as molybdenum h.f.s. are observed in the complex thought to be 
[MOO( H,ASO~)~]- .  

The %coordinate ions [Mo(CN),I3- and [W(CN),I3- have been 
studied (320, 503, 702, 703) in detail. The spectrum of [Mo(CN),I3- is 

H- 

FIG. 43. ESR spectrum of &[Mo(CN)g] in HzO. The large central line in the 
spectrum is from the nonmagnetic isotopes; the six smaller lines are the spectra 
from isotopes 95 and 97. The two small peaks on either side of the main peak 
are due to hyperfine interaction with 13C in the cyanide ion which has I = 4. 
Although the abundance of l3C is only 1.1%, the ratio of [Mo(CN)s]3- with one 
13C to that with none is 0.089, resulting in two 13C hyperfine lines whose intensity 
is 4.5% that of the central line. 
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shown in Fig. 43. The crystal structure (343) of the diamagnetic analog 
K,Mo(CN), - 2H,O shows that the ion has a dodecahedral structure 
belonging to D,, symmetry. The structure of the d1 ions is not known, 
but the power of ESR is apparent in the ability of the t'echnique to  
determine the point group of this ion unambiguously. Considering (320, 
503) the two most likely structures, square antiprism D,, and dodeca- 
hedral DZd,  crystal field theory predicts the ordering of the energy of 

( a )  ( b )  

FIG. 44. Energy levels for eight-coordination. (a) D 4 d .  Archimedian square 
antiprism; (b) D 2 d ,  dodecahedral. 

the cl orbitals as given in Fig. 44, where the axes are defined as in Fig. 
45. The predicted g values are 

Dld symmetry. 

91, = 2  

g , = 2 -  
6h 

AE(e2 - 4 
.*. 9 ,I ' g, 

Y 

FIG. 45. Eight-coordination. (a) Archimedian square antiprism ; (b) dodecahedral. 
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For D2, symmetry 

2X 
dE(e  - h,) 

g 
1- (137) 

.*. g,,  < g, 

The observed g values for the ion in a random solvent matrix and in 
a K4Mo(CN),.2H,0 host lattice show that the ion in the former has 
D4d and, in the latter, D,, symmetry. Thus dodecahedra1 symmetry has 
been forced upon the ion in the host lattice, but the crystal field is relaxed 
in solution and the square antiprism structure becomes more stable. 
Support for the assignments of solid [Mo(CN),14- being D2, and its 
aqueous solution being D4d have since come from the Raman spectra 
of these compounds (553) .  The same authors conclude that solid 
[Mo( CN),]", however, has D,, symmetry. The corresponding tungsten 
compounds have the same symmetry. Adams (16)  has reviewed the 
infrared and Raman evidence for [M( CN),] systems. Weissman and 
Cohn (702) found that in solution the isotropic coupling constant to 
was nearly identical for all eight CN ligands, thus supporting D4d 
symmetry where all the CN groups are equivalent. Confirmation of the 
A,(d,,) ground state for the square antiprism structure comes from the 
metal hyperfine tensor for the Mo complex which is 1-16,+8,+81, of the 
form 1-22?, +B, +R(, which is required for an electron in a d,, orbital. 
Exactly the same phenomena (503) occur with the corresponding W 
complex, where the tensor is 1--36.4,+18.2,+18.21. A similar tensor is 
found for Mo5+ in CaW04 (47)  where A, > A ,, in contrast to  Mo5+ in 
TiOz (432, 670) where A,  > A, - A, .  The effect of the crystal field upon 
the Mo in these two host lattices must be totally different. I n  CaIVO,, 
the Mo5+ replaces Ca2+ ions with coordination number 8, whereas in 
TiO,, the Mo5+ replaces Ti4+ ions with a coordination number 6. ESR 
signals have been detected (623) in hydrogen tungsten bronze Ho, ,WO,, 
a single line at  g = 1.87 being obtained. The dithiolene complexes of Mo 
and W are discussed in Section VIII,M,X. 

Some cyclopentadienyl complexes of molybdenum and tungsten yield 
h.f.s. and s.h.f.s. to halogens (145).  These are [Cp,MX,]+ where X = C1 
and Br. 

General trends. In  the family of complexes MoOX,, there is a clear 
trend in the value of the 2B term of the hyperfine tensor as the covalency 
of the ligand X varies. This is seen in Table XXVI. Increased covalency 
is associated with increased delocalization of the electron and consequent 
loss of spin density on the metal. 
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TABLE XXVI 

ANISOTROPIC HYPERFINE TENSOR IN COMPLEXES OF 

TYPE [MoOX5]2- 

Complex 

[MoOF5]2- 
[MoOC15]2- 
[MOO (NCS ).$- 
[MoOBrsIz- 

40 
27 
26 
24 

A plot of qav versus A,,,(Mo) (Fig. 46) results in a useful correla- 
tion. Where the symmetry is strictly C4v, the points lie on a straight 
line. As the symmetry is reduced slightly, the g and A values decrease 
slightly. The species formed on y-irradiating (554) the polymolybdate 
Mo~O,~(NH,), .~H,O and the complexes formed (90) between MoOX, 
with S(SH)P(OC,H,), would appear to have a structure related to 
MoOX, since they lie close to this line. The structure of the complex 

2.00 

h 1.95 

I .90 

t 

FIG. 46. Plot  of gUv versus Aiso (Mo) for strongly axially symmetric complexes 
of molybdenum. (1) (MoOF5)2-, (2) ( M O O C ~ ~ ) ~ - ,  (3 )  (MoOC14Br)z-, (4) 
(MoOC13Br2)2-, ( 5 )  (MoOClzBr3)2-, (6) (MoOBr5)2-, (7) [MoO(SCN)5]2-, (8) 
MoOC13 in E tOH,  (9) MoOC13 in 20% HCI, (10) Moz03(S04)2 in HzSO4, (11) 
MozO3(SO& in HzS04 + KCI, (12) trans-[CsHsN][Mo(OCH3)~Cl4], (13) 
MoOX5 + S(SH)P(OCzH5)2, (14) [MoO(HzAs04)4]-, (15) M05+ in H3P04, and 
(16) Mo5+ in HzS04. 
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Mo,(TDT), is obviously very different from that of the other tris- 
dithiolenes which are D3h. These, together with Mo5+ in CaW04, TiO,, 
and [Mo(CN),I3- have totally different structures and would not be 
expected to fall near the Clv line (see Section III,C,2). 

8. E S R  of Mn6+, Re6+, and Os7+ 

The only recorded spectrum attributed (119) to Mn6+ giving h.f.s. 
seems to be the manganate ion in a chromate host lattice. For a regular 
tetrahedral ion, the ground state would be doubly degenerate, but the 
g values show that considerable distortion is present. The Cr0,- ion in 
the host lattice itself is highly distorted, which will cause the Mn6+ 
substituent to be similarly distorted. 

The ESR of ReOCI, in concentrated sulfuric acid or dioxane is 
observed (234) a t  77"K, but not a t  room temperature. Since isotropic 
coupling to Re (admittedly Re4+ (460)) seems to be about 109 gauss, 
it seems likely that the measured values of A ,, = 480 and A ,  = 400 gauss 
have opposite signs. The dithiolene complexes of Re are discussed in 
Section VIII,M,2. ESR data are recorded in Table XXVII. OsF, is 
reported to give an ESR signal, but no details are reported (273).  

B. d210Ns 

Detection of ESR signals from d 2  ions in octahedral fields is difficult 
because of the very short spin-lattice relaxation time (see Section V,C,2). 
Spectra from V3+ and Cr4+ ions (357, 435, 734) in Al,O, (Oh with slight 
trigonal distortion) are only seen a t  4.2"K, but in a tetrahedral field 
ESR signals are observed more readily because the ground state is a 
singlet, e.g., V3+ in CdS (311) and Ti2+ in ZnS (604).  For this latter case, 
a small (2.2 gauss) isotropic coupling to 07Zn is observed (see Table 
XXVIII). The only discrete chemical complexes where signals have 
been observed is the reduced form of Cp,VCl, which is thought (173) 
to be CpBVC1, and Cp2VC6H5, and Cp,VC6H4CH, (134).  

The hypomanganate anion MnOi- in sodium vanadate shows (123) 
well resolved 55Mn h.f.s. together with an isotropic g value close to 2. 
This means that the ground state of the ion must be well separated from 
the first excited state so that spin-orbit coupling is relatively ineffective. 

c .  d3 IONS 

1.  ESRof  V2+ 
ESR signals are readily observed in d 3  systems because of the rela- 

tively long relaxation time. S.h.f.s. are rarely seen in d 3  ions because 
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molecular orbitals involving the unpaired electrons in the t Z g  metal 
orbitals and the ligand contain only the ligand n- orbitals, u bonded ligand 
orbitals cannot interact with the t2g metal orbitals in octahedral sym- 
metry. 

The spectra of V2+ in MgO and MgS (45, 172, 456) are isotropic 
because of the cubic field (see Table XXIX). The 51V h.f.s. are 80.3 and 
76.1 gauss, respectively, and the decrease is related to  the increase in 
rr bonding between the (t2,)3 electrons and 0’- or S2- ions causing more 
delocalization of the electrons. The very small h.f.s. of 51V in Cp2V and 
the g value of 2.00 shows the large degree of delocalization of the electrons 
and consequent quenching of the orbital contribution which results in a 
g value close to free spin. The electron configuration is a&, egg. Cp2V 
reacts with substituted acetylenes (354, 671) to yield 7-r complexes with 

a V /c 1 1  arrangement of atoms. 
‘C 
A similar n- complex is formed with CS2 which is formulated (48) as 

The A,s,(51V) value for V2+ in K,Fe(CN), is intermediate between 
that of V2+ in MgS and V2+ in Cp2V showing that rr bonding is significant 
in the hexacyanide. Dessy et al. (173, 174) have electrolytically reduced 
the dithiolene bridged complex [CpVS,C,( CF,),], and found a complex 
ESR signal which was analyzed to consist of a principal set of 51V h.f.s., 
each line of which was split into many lines separated by 10 gauss which 
could arise from either protons or fluorine atoms. Solid state systems 
are reviewed by McGarvey (504). 

2. EXR of Cr3+ and Mo3+ 
The relationship between increases in covalency associated with 

decreases in metal h.f.s. found in V2+ complexes is also observed with 
chromium. Almost all of the large number of ESR studies on Cr3+ have 
been carried out on Cr3+ ions replacing metal ions in a suitable host 
lattice. Nevertheless, when the host lattice is a recognized coordination 
complex, the ESR data obtained can justifiably be attributed to the 
equivalent Cr3+ complex (see Table XXX). 

Sugano and Shulman (646) and Hall et al. (308,309) have shown that 
the traditional concept of ionic bonding in fluorides must be discarded. 
From the 19F s.h.f.s. in [CrF,I3- and the 13C s.h.f.s. in [Cr(CN),I3-, 
Kuska and Rogers (425) show that [Cr(CN),I3- has more covalent a-bond 
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TABLE XXIX 

ESR DATA FOR d3 V2+ IONS 

AiSO(51V) A ,,(51V) A,(51V) 
1011 S a v  9 I1 gL (104cm-1) (104~11-1) ( 1 0 4 ~ 1 ~ - 1 )  References 

M 
(I) 

- - - - w 
- 0 - 1.9919 1.9920 55.5 D == -0.0264, 

VClz in HzO 1.965 - 96 G (232)  

( 4 9 )  r 
E = -0.0072 em-l e 

K4V(CN)6 in &Fc(CN)s 

V2+ 
in NaCl 

orthorhombic site 

tetragonal field 

in MgO 
in MgS 
in CaFz 

[CPVS~CZ(CF~)ZIZ + e 

CpzV in 2-Me-THF 

c p 2vc s 2 

- 1.969, 1.970, 

- 1.9704 1.9754 
1.976 

- 1.9800 
- 1.9896 
- 1.935 1.943 

1.990 - - 

- 2.002 1.99 

2.0009 - - 

- 

75 G 

27.4 G 

43.6 G 

81 

80.5 88.8 

-80.3 G 
70.7 

79 92 

37 21.5 

D = -0.0655, 
E=-0.0197cm-l 

E = +0.00005 emp1 
D = -0.05724, 

- 

Other lines 

D = 2.3 cm-l 
separated by 10 G) 

E 
( 4 5 )  L 
(172, 456)  y 

( 7 2 9 )  d 
(173, 175) 

(495 ,  538, 
6 
F 

566, 5 9 2 )  
( 4 8 )  

- - - - 44.0 G ( 6 7 4  

CpzV(CF3C=CCF3) 1.9971 - 46.0 G (671)  
Cp2V(PhzC=C=O) 1.9976 - - 45.5 G (354)  

/ \  
Cp2V(CH3C02C=CC02CH3) 1.9976 - 

- - - - 
/ \  

- - - 



TABLE XXX 
W 

P 

ESR DATA FOR SOME d3 IONS OF Cr3+ AND Mo3+ e 
8 

Ion References E 
5 

Cr(acac)3 in Co(acitb)d 

Cr(hfac)3 in Al(hfac)g 
Cr(acac)j + Al(CzH5)3 
Cra+ in ScF3 
[crFGl3- in KMgB3 

Cr3+ 
in KzNaGeFG 

in AlC13. 6 H z 0  
violet 
green 

in &CO(CN)G 

1.9802 

1.98 

1.867 
- 

- 

- 

1.9761 1.9764 
1.9769 1.9764 
1.993 1.991 

16.2 16.9 

- 

- 

14.7 

D = 0.06, (501)  3 
(366)  W 

A(19F) = 11 G ( 4 1 1 )  ? 

8 

4 E = 0.0085 cm-1 
D = 0.7 cm-1 

2.7-3.5 G s.h.f.s. (28) 

A ll(19F) = -10 G, (308,309) 4 
A,(l9F) = 1 2 . 6  G 

Atm('9F) = -1.1 G, (334)  
A II = -10.1 G, 
A ,  = 3.4 G 

- (29)  
( 2 9 )  - 

A = -5.55 G, (49, 425)  
A ,  = -10.5 G('3C) 



[CrC15(HzO)]2- in 

[Cr(triglycine)z]S04 
[Cr(en)sIClz 
[Cr(en)3]CI3.3Hzo 
trans-[CrClz(en)z]CI .HCI .HzO 

Cr3+ in NH4[CoEDTA].4Hs0 

[ ( N H ~ ) ~ C ~ - O H - C ~ ( N H ~ ) & ~ E ~  
[(NH3)5Cr-OH-Cr(NH3)4(Hzo)lC15 
[(NH3)5Cr-OH-Cr(NH3)4( OH) jC14 
Cr3f 

(NWz[InC15(HzO)I 

in Co[SzP(OCzH5)z] 

1.9871 1.9828 

1.985 
1.9871 
1.9900 
1.9765 

1.987 1.982 

1.986 
2.009 
1.993 

1.9903, 1.9914 
1.9901 

1.961 1.97 

1.93 
1.94 
- 

D = 0.05946, (255)  

(692) 
(502)  
(502)  

E = 0.00507 cm-1 
- 

D = 0.0413, E = 0 cm-1 
D = 0.036, E = 0 cm-1 
D = 0.504, (502)  

D = 1.069, (2) M 

(371)  0 

(371)  G 
$ 

D = h0.0138, ( 2 9 4  E 
- 8 

E = 0.036 cm-1 

E = 0.203 cm-1 
- 

- (371)  r 
- 

E = &0.0814 cm-1 

Z (729) 

(548 ,  5 4 9 )  
(366)  

- 

- 4 
k- r - 

( 1 7 4 )  h 



TABLE XXXI 

ESR DATA FOR d3 Mn4+, Tc4+, AND Re4+ IONS 

td A I1 A ,  
References ? * 

0 
0 
U 

Ion B (104 cm-1) (104 cm-1) 

Mn4+ 

77 ( 2 6 )  F 
- k 

- in Ti02 1.99 
in SrTiO3 1.994 75 G - (524)  % 

U 
[MnFs]2- in CszGeFe 77 G A i s o  = 5.5 G, A ,, = 13.5 G, (334)  

F3 
Re4f W 

A ,  = 15.0 G(19F) 

in KzPtCls 1.815 393 U = -0.0037, u = -0.013 cm-1 (184)  
- in KzPtCls 2.055 109 G (460)  E 

8 v Tc4+ 

in KzPtCls 1.9876 + 1.9896 133.7 --f 136.1 - (460, 586) 
in KzPtFs 3.884 334 176 - (586)  
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character than [CrF613-) but that the rr-bond character is about the same 
in both. They calculate the unpaired electron-spin density in the u bonds 
to be -0.03 and -2.64%, respectively, and that yT, a measure of the 
covalency of the rr bond is 0.38 and 0.23, respectively. 

The 53Cr h.f.s. and g values found in Cr3+ compounds are all in the 
region expected and no unusual features are seen. The absence of s.h.f.s. 
reduces the value of the data in elucidating the structure or bonding 
in Cr3+ complexes. 19P s.h.f.s. are detected (729) in the case of Cr3+ in 
CaF,. 

The D and E zero-field parameters give a measure of the symmetry 
of the crystal field. E gives a measure of the axial distortion; for a 
regular 0, complex, it should equal 0. In general, low values are observed 
for both D and E. 

The s.h.f.s. observed (28)  in the reaction between Cr(acac), and excess 
Al(C,H,), varies from 2.7 to 3.8 gauss depending on the solvent. Split- 
tings are only observed in alkylbenzerie solvents and the parameters are 
close to those for [Cr(C6H6)2]+ suggesting that a sandwich complex is 
formed and that the lines arise from interaction with protons. 

Single crystal studies of the cluster complex [Cr3(CH,C00)6(OH),]C1. 
8H,O have been studied (138) at 4°K. Each Cr atom lies at the corners 
of an equilateral triangle and has three unpaired electrons. Broad line 
spectra are observed with principle g values between 1.78 and 1.90, but 
it is not clear how the axes are defined. Dessy (174) has found that 
[CpMo(SCH,),], may be electrolytically oxidized to yield a radical with 
one less electron. 

3. ESR of Mn4+, Tc4+, and Re4+ 
Helmholz et al. (334) have observed 55Mn and lgF splittings for 

[MnFE',l2- and find a large anisotropic term in the lgF tensor indicating 
considerable n bonding, as observed in [CrF6I3- and [FeF,13- ions. The 
small contribution due to u bonding is consistant with the electrons being 
in the tzo level as expected (see Table XXXI). 

Re and ggTc h.f.s. have been detected (184, 460) in K,PtCI, (184, 
460, 586) and K2PtF6 (586) host lattices. No C1 h.f.s. are observed as 
for the classic case of Ir3+ in K2PtC1, and is attributed to the greater 
line width of the Re and Tc lines. There is a major discrepancy between 
the work of Low (460) and Dorain (184) for Re4+ in K2PtC1,. The results 
of the latter are considered more reasonable. 

D. d 4 I o ~ s  

Very few reports of ESR of d4 ions have appeared. The difficulty in 
detecting ESR is probably due to short spin-lattice relaxation times 
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together with large zero-field splittings. The complexes Mo(CO), 
(C5H5N),X2 (X = C1 or Br) show a strong signal in the bulk solid (143).  
The available data are given in Table XXXII. 

E. d 5  IONS: SPIN-FREE 

The ground state is %( 6A1) for Oh symmetry and there are no other 
sextet terms of higher energy. Thus there can be no mixing of higher 
states and so ESR is readily observed in any crystal field symmetry. 
The absence of spin-orbit coupling means g values are isotropic and close 
to the free spin value of 2.0023. The hyperfine coupling constant is also 
isotropic, as expected for an S-state ion. 

1. ESR of CrS 

When chromium vapor is diffused into salts or when Cr2+ impurities 
are irradiated, Cr+ species are trapped and are readily detected by ESR. 
S.h.f.s. are observed (208, 662) in F-, S2-, Se2-, and Te2- crystals and 
in all cases are attributable to interaction with first and, in some cases, 
second sphere coordination of the anion (see Table XXXIII). In ZnS, 
33S splittings are observed, a rare event since the isotope is only in 0.74% 
natural abundance. The decrease in A g  (g - 2.0023) and in 53Cr h.f.s. 
in the series of host lattices ZnS, ZnSe, and ZnTe follows the order of 
increase in covalency as expected. There are no paramagnetic chemical 
compounds of Cr+ with S = $. 

2. ESR of Mn2+ 
Of the many papers reporting spectra of Mn2+ in various host lattices, 

only a few where important trends or where superhyperfine splittings 
are observed and which are of relevance to ad inorganic chemist will 
be mentioned and listed in Table XXXIV. 

No s.h.f.s. are observed for Mn2+ in H 2 0  where the species 
[Mn(H20)6]2+ exists (see Pig. 47). In  a crystal of A1C13. 6H20, however, 

-H 

FIG. 47. ESR spectrum of Mnz+ in water. 



TABLE XXXII 

E6R DATA FOR d4 IONS 

A ,  A ,  A ,  
81 (104 cm-1) (104 cm-1) (104 cm-l) Ion 9 11 References 

~~ ~~ 

CrS04 * 5Hz0 1.95 1.99 - - - D = 2.24, E = 0.10 cm-1 (539, 540)  

Mn3+ in Ti02 1.99 2.00 84.5 52.8 80.6 D = -3.4, E = 0.116, (260)  

Cr2+ 
a = 0.13 cm-l 

- - - in CdS 7.75 12.5 A ,, (Cd) = 5.8 G, (520) 
a = 0.30 om-1 

- A(77Se) = 4.31 G (208) 

(143)  

in ZnSe 7.837 - 12.6 G - 

X = C1 or Br 
- - - - Mo(CO)z(Cs&N)zXz; 1.94 

0 
r 

0 
0 s M 

X 
M 
m 



TA ULE XXXIII 

ESR DATA FOR SOME d5 Cr+ IONS 

A (53Cr) 
Cr+ 9 (104 em-1) References 

In NaF 2.000 14.0 - (324, 326) 

In NaCl 1.998 18.3 a = 7.2 x 10-4 em-1 ( 7 0 4 )  
(208, 662)  In ZiiS 1.9995 13.4 

In ZnSe 2.0018 13.27 A ll (77Se) = 6.83; = 4.41; A* = 1.65; a = 5.35 x 10-4 cm-1 (208, 662) 

In ZiiTe 2.0026 12.43 A ,,(l25Te) = 11.8, AL(l25Te) = 21.83, A *  = 3.54, = 6.59 x 10-4 cm-1 (208, 662)  

A(33S)  = 2.2, A(67Zn) = 1.3, a = 3.9 x 10-4 em-1 

In CdTe 1.9997 12.78 A(125Te) = 10.6, a = 3.1 x 10-4 em-1 (662)  

w 

? 



TABLE XXXIV 

ESR DATA FOR SOME d5 Mnz+ IONS 

References 

Mnz+ 
in N a F  
in L i F  

95 c: 
90 G 

AisO(l9F) = 11 G 
A ll = 15 G .  A '= 25 G, 

A,=lOG 
Azso(13C) = 0.22, 

6 G Cog- 
D = 41 x 10-4 c n - 1  

2.002 
2.000 

in CaC03 (calcite) -94.9 G 

84.4 [Mn(pentamethyl- 

MnClz in molten KCI/LiCl 
Mnz+ 
in Na[Co(EDTA)] - 4 H z 0  
in AlCl3 * 6HzO 

tetrazole)6](C104)~ 
2.0001 

78 C 

91 
95.2 G 96.4 G 

- 

2.0011 2.0015 
__ 

A(1H) = 9.35 G, 
D = 146.8, F = 10.0 G 

A,  = 9.5, A ,  = 2.7(lgF), 

A s  = 9.3, A ,  = 2.4, 
a=0.6  x 10-4cm-l 

a = 4 x 10-4cm-1 

a = +10.7 x 10-4cm-1 
D = -89.6, 

A(Cd) = 0.82, 
D = -216.9, 
a = 2.0 x 10-4cm-1 

A(Cd) = 2.6 
A(67Zn) = 0.75 

__ 

A(19F) = 27.9 

in  CaFz 1.998 

2.0026 

97.8 

93 

73 

in CdFz 

in CssZnCl5 2.0110 1.9926 

M 
m in CdS 2.0016 76 (183, 436) 

in CdTe 
in ZnS 

[Mn(CH&N)6]2+ in CH3CN 
[MnF4]2- in Caw04 
[MnCl& in CH3CN 
[MnBr4]2- in CH3CN 

2.010 
2.0024 

1.9955 1.9885 

- 

- 

76 
64 

94.2 

- 

- 

- 

- 
2.003 

2.007 
2.008 

__ 

- 

- 

92 

79 
75 

- 
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IH s.h.f.s. (9.35 gauss) are observed (412).  Similar conclusions (676) are 
drawn from the spectrum of Mn2+ in La,Mg,(N0,)12* 24H,O where each 
55Mn line is flanked by a doublet. The rare occurrence of such proton 
splittings to coordinated water warrants further investigation. These 
splittings should be compared with those found in [VO(H20)5]2f in 
(NH,),Zn(S04), 6H,O where the splitting was only 2.6 gauss (481).  
Levanon and Luz (444) have considered the line widths of the ESR 
signal of methanol solutions of Mn2+ containing numerous anions and 
conclude from the line broadening that the species present are of the 
type Mn(CH30H)5X. The complex (422) 

r 

in the zinc analog shows no 14N s.h.f.s. The line width is approximately 
10 gauss and this puts an upper limit on the isotropic nitrogen splitting 
of about 4 gauss. This complex exhibits forbidden lines due to quadrupole 
interaction (Figs. 31 and 32). The complex is 91% ionic andintermediate 
between [Mn(H,0)6]2+ and [Mn(CN),I4- (94 and 50%, respectively). 
There is a report of 55Mn h.f.s. in the EDTA complex (463).  ESR spectra 
(186, 187) of the family of complexes truns-MnL,X,, where L is a sub- 
stituted pyridine and X = C1, Br, or I have been shown to exhibit large 
zero-field splittings. The spectra show absorptions at g - 2 and g = 6 
each with 55Mn h.f.s. 

Electron-spin resonance in fused salts has not received much atten- 
tion and no s.h.f.s. have yet been observed. A t  low concentrations, the 
spectrum of Mn2+ in KCl/LiCl eutectic shows (726) six broad lines. As 
the concentration and the temperature are raised, the lines broaden, 
much more than at equivalent concentrations in water. 

19F s.h.f.s. are observed (50, 130, 310) in the spectra of Mn2+ in 
various fluoride host lattices such as CaF,, Lip, and CdF',, and for 
MnFi- in CaW04 (77). S.h.f.s. are observed (128) by NMR in a KMnP, 
single crystal (16.8 x lo-, ern-l). The low coupling constant (336) for 
Mn2+ in Cs3ZnC1,, where the Mn2+ ion is in a distorted tetrahedral site, 
indicates considerable delocalization and the covalency is calculated to 
be 13%. S.h.f.s. attributed to 07Zn and llWd and l13Cd are observed 
(183, 436, 605) for Mn2+ in CdS, CdTe, and ZnS. There must be some 
uncertainty concerning these assignments since in the case of Cr+ in these 
lattices (208, 662), it was shown that the splittings were due to inter- 
action with the S or Te atom. 13C s.h.f.s. are seen for Mn2+ in calcite 
where interaction with six equivalent COi- groups are seen. The total 
spin delocalization from the Mn2+ is only 0.8670 and the spin density 
on I3C is 0.072% (347). 
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cP C d O  

I 1 I 

70 80 90 

Ionici ly  (%) 

FIG. 48. A(55Mn) versus ionicity of host lattice. From R. S. Title, Phys. Rev. 
131, 623 (1063). 

There is a marked decrease in Mn h.f.s. as the covalency of the host 
lattice increases. The selected data in Table XXXV and Fig. 48 illustrate 
this point. The ionic character of the Mn2+-X- bond, I ,  is determined 
from Pauling's equation (555) 

where x A  and xB are the values of the electronegativity of the two atoms 
in the bond. The graph shows that these d5  complexes are relatively ionic, 
but unfortunately the contributions to covalency from u and rr orbitals 
cannot be separated. In another correlation, Title (660) has related the 
zero-field and cubic field parameters a and D to the ionicity of the lattice. 

Chan et al. (128) and others (105) have concluded that the reason 
why A,so(55Mn) in tetrahedral sites is 20-25% lower than in octahedral 
sites is not because there is a change in covalency in the ligand or that 
the ligands are closer, but because the different ligand field changes the 
3d-electron radial distribution. The same effect is observed by Mossbauer 
studies in Fe3+ substituted (22, 61)  in both the octahedral and the 
tetrahedral sites in yttrium garnet. ESR of paramagnetic ions in a large 
number of host lattices have been reviewed by Larson and Jarrett (442).  
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3. EXR of Fe3+ 
Because of the low natural abundance of 57Fe, it is difficult to detect 

h.f.s. unless the metal is enriched in the magnetic isotope. The data 
recorded in Table XXXVI contains, for dilute single crystal studies, only 
those where h.f.s. or s.h.f.s. are observed. The [FeF,I3- ion has been 
trapped in K,NaGaF, (332, 333), in CdTe containing trace amounts of 
Fe and annealed in contact with CaF, (418),  in KMgF3 and KCdF3 (308)) 
and in K,NaA1F6 (332, 333). In all cases, the lgF s.h.f.s. are of similar 
magnitude and again show significant T bonding because of the relatively 
high anisotropic contribution. In  an important paper by Levanon, 
Stein, and Luz (445) ,  I9F s.h.f.s. was observed in aqueous solutions 
of Fe(C104)3 containing a large excess of ammonium fluoride which 
indicated interaction with six equivalent fluorine atoms. The reason for 
the apparent narrow linewidth in solution (as is seen also in Mn2+ 
solutions) in contrast to Fe3+ in H20,  is because of the symmetric struc- 
ture of the complex ion. Line broadening is thought to occur because 
intermolecular collisions will reduce the symmetry of the complex. They 
went on further to suggest that the large linewidth of Fe3+ in HzO was 
due to species of the type [Fe(H,O),0Hl2+ being present. Coupling to 
77Se is also seen (180) in doped ZnSe. The site here is tetrahedral. When 
Fe3+ is introduced into AgCl and AgBr, the paramagnetic entity can 
be considered as [FeX4]-. Coupling to Br and C1 have been seen by 
Hennig (335) and Hayes et al. (327). Hennig concludes that the species 
in AgBr has S = a. He also assigns the s.h.f.s. to Io9Ag which is contrary 
to the conclusio~ of Hayes (327). This seems improbable if the trapped 
species is [FeBr,]-, which is known (269) in the complex (NEt,)[FeBr,], 
to have S = $ from its magnetic moment. 

The complex between Fe3+ and EDTA has been studied (1) as a single 
crystal in Rb[CoEDTA]. Single-crystal X-ray structure analysis shows 
that the Fe3+EDTA complex is 7-coordinate with an H,O molecule 
coordinating to the Fe, whereas the CoEDTA complex anion is 6-co- 
ordinate. Aasa et al. ( 1 )  consider that the Fe3+ remains 7-coordinate in 
the Rb[CoEDTA] host lattice from their ESR data. The g - 4 values 
and the second-order parameters D and E ,  which are sensitive to crystal 
field perturbations, are very close to those in the protein transferrin (3 ) .  
The complex ferric phthalocyanine chloride in the solid state has been 
variously reported as having a g value of 3.8 (362) and 2.5 (387).  It is 
thought to have a spin S = Q since its magnetic moment is 3.32 B.M. 

4 .  EXR of Fe3+ in Biological Systems 

heme derivatives. Ehrenberg (202) has classified these as follows. 
Most ferric complexes where signals have been detected have been 



TABLE XXXVI 

E S R  DATA FOR SOME d5 Fe3+ IONS 

Ion 
A(57Fe) 

Sav 9 1 8  g, (lO4cm-1) References 

Fe3+ 
in RbCo(EDTA). 2Hz0 
in Zn3La~(N03)12 - 24H20 
in MgO 
in ZnS 
in C a w 0 4  
in ZnW04 
in AlC13 - 6Hz0 

in AgCl 

in AgBr 
in ZnO 
in ZnSe 

[FeF6]3- 
in KzNaGaFs 
in CdTo 
in KzNaAlF6 
in KMgF3 
in KCdF3 
in HzO 

- 

2.0036 

4.092, 4.423, 4.259 5 
2.0023 10.9 

2.0194 7.8 
4.3 13.4 
2.0019 9.6 
2.0021 10.2 

- 10.8 G 

2.0156 

2.045 - 

2.0060 9.02 
2.0464 6.75 

- - 

2.0029 10.7 

2.0031 
2.0027 

- - 

- 

- 

- - 

DIE = 0.06, E = 0.5 cm-1 

___ 
a = 0.0128 cm-1 

D = +1494, u = +164, 
P = +13 x 10-4 cm-1 

a = 75 x 10-4 cm-1 
A ,, = 16.2, A, = 7.8(Br) 

A ,I = 3.3, A, = 2.0(C1), 

A ,I = 11.5, A, = 6,7(F3e), 
a = 48.3 x em-1 

A ll = 38 G, A, = 17 G(19F), u = 62 G 
A I, = 35.5, A, = 14.66(19F), u = 499.28 
A, = 23.4, A, = 6.5(19F) 
A lI = 36.0, A, = 18.0(19F) 
A II = 34.0, A, = 17.0(19F) 
Ai,,(19F) = 23.0 G 

(327, 335) 

(332, 333)  
(418)  
(332, 333) 
(308)  
(308)  
(445)  

W 

k- 

0 
0 
0 
U 

Z 
P 
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(a )  High spin (8 = $) with 9,  - 6 and g ,, - 2 arising from very large 
zero-field splitting effects. Heme (Fig. 49) contains divalent Fe and no 

C"2 H2COOH 

FIG. 49. Structure of heme. 

spectra have been detected from heme in this valence state. I n  the 
laboratory, hemoglobin (a tetranuclear species with four heme groups 
with the nitrogen atom from part of a protein donating in the fifth 
position of each Fe atom) may be oxidized to the ferric state and small 
molecules, e.g., 02, CO, H20,  N3-, F-, CN-, and NO, may add to the 
sixth position of the iron coordination sphere. Thiols may also be added 
(62) .  Myoglobin is a similar complex, but is mononuclear with only one 
heme group. With all groups except azide in the sixth position, the 
complexes are spin-free and give spectra with g, - 6 and g ,, - 2 .  This 
is contrary to the behavior observed for typical d5 ( 6X) compounds where 
g is isotropic a t  2 and is accounted for in terms of zero-field splitting 
by Griffiths (297).  Similar behavior has only been observed in certain 
silicate glasses, e.g., by Castner et al. (124) and Sands (600). It is thought 
probable that in the O2 adduct, the oxygen bonds with its axis parallel 
to the heme plane (124).  Indirect chemical support for this lies in the 
observations (360) that IrC1( CO)(PPh,), is a reversible oxygen carrier 
and that in the adduct IrC1(CO)(PPh3),.02, 

P 

P 

the two 0 atoms are equivalent and that the 0-0 distance is closer 
to  that in O2 than in H202. 

( b )  Low spin (X = Q). The azide complex, rnetmyoglobin azide is 
spin-paired and has g,, = 2.8 and g, = 1.70. The iron atom in these 
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adducts lies above the heme ring toward the sixth coordinating ligand 
(e.g., N3-). The N3- group is thought to bond with its axis parallel to  
the heme ring. Deviations from free spin arise from strong orbital 
contributions (267, 297, 299). 

(c) Low spin ferrihemoproteins with minimal orbital contribution 
and consequently a g value close to 2 ,  e.g., ferricytochrome C monomer 
(521). 

( d )  T h e r m a l l y  balanced mixtures of classes ( a )  and ( b )  or ( c )  in which 
the low-spin form is favored by lowering the temperature, e.g., Japanese 
radish and horseradish peroxidases (511). 

Studies of the ESR of naturally occurring compounds of Fe(II1) 
suffer from the inability to detect h.f.s. from the metal. 

F. a 5  IONS: SPIN-PAIRED 

In Oh symmetry, the ground state is 2T,,. This is split by distortions 
and since the three orbital states will be close in energy and connected 
by spin-orbit coupling, ESR signals will only be obtained a t  low tem- 
peratures when the spin-lattice relaxation time will be longer. When the 
symmetry is much reduced (e.g., C,,), spectra are readily observed and 
g values are nearer 2 because of the quenching of the orbital angular 
momentum. Theory predicts that g,, < 2 and g, > 2 for this system (see 
Section IV,C,5). 

1. ESR of Ti- a n d  V o  
There are only a few spin-paired d5 complexes of titanium and 

vanadium (Table XXXVII). Hausser (317) and the Olivks (338) have 
studied compounds of the type dibenzvanadium and detect proton 
s.h.f.s. The g values are of the same order as for [Cr(C6Hfi)J+, suggesting 

TABLE XXXVII 

ESR DATA FOR SPIN-PAIRED d5 Ti-1 AND VO IONS 

Ion guv  91, g ,  A680 A ~ t g u n d s  References 

Li[Ti(dipy)~] 2.0074 - - - - (206 ,  408)  

VWPY )3 1.9831 - - 83.5 G A(14N) = 2.3 G (167, 206, 408)  
V(CfiH6)2 1.9624 - - 63.5 G A(1H) = 4.0 G (317, 338) 
V(CsHs*CH3)2 1.962 - - 63 G A(1H) = 3.9 G (338) 
V(mesity1ene)a 1.962 - - 63 G A(1H) = 3.9 G (338) 
V(C0)fi 2.062 1.981 2.103 - - (563, 564)  
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a similar electron configuration (v.;). A frozen pentane solution of 
vanadium hexacarbonyl (563, 564) yields anisotropic g values which fit 
a 2B,, ground state for a tetragonally distorted octahedron. No 51V 
h.f.s. is seen even a t  4.2"K. The tris-dipyridyl complexes of titanium 
and vanadium (206, 408) are readily reduced by lithium in tetrahydro- 
furan to d5  species. The h.f.s. to 51V, and hence the amount of electron 
delocalization, is intermediate between that for most vanadyl complexes 
and the cyclopentadienyl or dithiolene complexes. 

2. ESR of Cr+, Mo+, and W+ 
There are very few compounds of Cr+, all of which are spin-paired 

and most of these have been very intensively investigated (see Table 
XXXVIII). The family Cr(NO)L5 where L=CN-, H20,  or NH3 has 
been extensively studied (72, 75, 114,162, 207, 216, 279, 280, 319, 342, 
424, 511, 634) with the object of investigating the influence of the very 
electronegative NO+ group upon the molecular orbital energy levels in 
the complex. The g tensor allows a determination of whether the unpaired 
electron is in the d,, or d,, orbital (the only reasonable choice). In  the 
case of [Cr(CN)5N0]3-, g,, = 1.9745 and g, = 2.0051 for the electron in 
the d,, orbital, g ,, is expected to be less than 2 (because it can commute 
with the empty dx2-y2 orbital) and g, - 2 (cannot commute with any 
orbital). For the electron in d,,, g - 2 and g, > 2 (electron can commute 
with filled dzz,yz). 14N(NO) hyperfine coupling cannot arise from direct 
interaction between s or p orbitals on the N with d,, orbital because they 
are of different symmetry with respect to the internuclear axis. The 
isotropic coupling must arise from spin polarization of the bonding 
orbitals and the anisotropic part from direct dipolar interaction of the 
electron in dzy on the N nucleus. Even so, the coupling is too great, and 
it is postulated (279) that polarization occurs via the filled e ( T )  levels. 
There is some evidence (506) that the Cr-N-0 bond angle is 7" from 
linear. This could possibly allow some mixing of levels to take place. 
S.h.f.s. to 13C is detected for both equatorial and axial cyanide ligands. 
These are seen with I3C in natural abundance, but characterization of 
the axial and equatorial 13C coupling constants requires enriched 13C. 
Of the several single crystal studies, that by Kuska and Rogers (424) is 
noteworthy in that they used alkali metal halides as the host lattice. 
The [Cr(CN),N0I3- ion replaces a [MX,I5- group of the host lattice and 
the Cr-N-0 direction is randomly distributed among the six possible 
positions. Spencer and Myers (634) determined the rate of exchange (by 
ESR) of the axial and equatorial CN- groups using 13CN-. They found 
that the axial cyanide was more labile in acid solution, but that all CN- 
groups readily exchanged in neutral solution. 



TABLE XXXVIII  

ESR DATA FOR SPIN-PAIRED d5 Cr+ IONS 

AiS,(53Cr) A ,, (53Cr) A,(53Cr) A ~ i g a n d s  

Ion qav 911 g ,  (lO4cm-1) (lO4cm-1) (lO4cm-1) (104 cm-1) References 

tp 

[ Cr (CN ) 5N013- 1.9949 1.9745 2.0051 18.5G 

1.979 1.946 1.992 23.5G 

1.9671 1.9130 1.9952 .26.9G 

1.9948 - - 18.5G 
1.9880 - - 20.0 G 
1.9832 - - 21.55G 
1.9748 - - 23.2 G 

1.9865 2.0023 1.9785 18.1G 

32.5 G 

39.5 G 

42.8 G 

- 
- 
- 

- 

- 

[ (14N)Ais,=5.3G, (72 ,162 ,  0 
A, ,  =2.0G, 207,216, 8 
A, = 7.0 G 279,319, ti 

(l3C eq)AiS,= 12.4 G, 342,424,  $ 
11.8 G A ,, ~ ( 1 0 . 5  G), 506,634)  Z 

k 

- (75 ,280 ,  w 

A,= 13.4 G 
(13Ca~)Ags,=9.0 G, U 
A,,=7.1G, I-' 
A, = 10.0 G W 

480,511) 

517)  
(75 ,280 ,  !i 

@ 
A ,, = (2.65 G), 
A,=7.42 G('4N) 

(114)  
(114)  
(17 4 )  
(714)  

- 
- 

(20.0 G) I 
(19.OG) Ais,=5.83G, 

5.3 G 
5.8 G 
5.8 G -- 

5.8 G - 
r (211 ,212 ,  

26.9 G (A(lH)=3.46 G i ,";;:,";:: 



[CrPcI- 
in THF 

species 1 
species 2 

in HMPA 
[Mo(CN)~NO]~- 

1.9972 - 
- 

-. 1.9936 - 

- 1.987 - 

__ 1.994 1.974 
- 1.994 1.974 
- 1.996,2.030, 

2.117 

1.975 - 

1.981 1.975 
2.0029 2.0035 

- 

- 1.9736 2.0168 

[MO(Cs&)]+ 1.9845 1.970 1.991 

[w(c6H6)]+ 1.9707 1.960 1.991 
{[(P~~C~)(CO)MO]~P~C=CP~}+C 1.9953 - - 

[(C0)4WP(CH3)z]z+e 1.994 - - 

A (1H) = 4 G (205,211,  

A(lH)  =3.30 G (205,211)  
686)  

A(1H) = 1 .0 G(cr), (686)  
3.6 G(ring) 

A(l4N) = 3.05 C (206,408)  
L4(31P)= 12.87 (2, (174,177) 
A(1H) = 1.19 G, 
2 r P  

(338)  0 
A(lH)  = 3.5 G 

- (377)  r 

E 
E 

14N(NO) A ll = 1.27, (321)  $ 

E 
A,=-0.9 z 

A(14N) = 3.05 G (301,302)  
A(14N)=3.15 G (301,302)  $ 
A(14N)=2.04 (301,302)  

0 
0 A, = 3.77 ; 

14N(CNeq)A ll =2.21, F 

13C(CNeq)A=11; 

A( lH)  =4.45 G (318)  
(175)  

A(’H)=5.7G (318)  

- 

A(31P) = 15 G, 2 P (1  74) 
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A full single crystal study (321) of the ion [Mo(CN),N0l3- in 
K,CO(CN)~ has yielded s.h.f.s. to the 14N(NO), 13C(CN) and, interest- 
ingly, i4N(CN). This is the first time that coupling to the nitrogen of 
cyanide has been seen in a complex. Calculations show that unpaired 
electron delocalization onto this nitrogen is 0.053. This study has also 
given support to the formulation of the parent d6 diamagnetic 
complex as [Mo(CN),N0l4- (582) rather than [Mo(CN),NO(OH),]~- 
(293).  A recent crystal structure determination of K,[Mo(CN) ,NO] 
confirms the structure (647).  

TABLE XXXIX 

ESR PARAMETERS OF FAMILY [Cr(NO)Xs]a 

A t s o (  53Cr ) A , ,ts0( 53Cr) v( N--0 ) 
Ion gau (gauss) (gauss) (cm-1) 

[Cr(NO)(HzOj5]2+ 1.9671 26.9 15.9 1745 
[Cr(NO)(NH3 j5]2+ 1.979 23.5 15.8 1670 
[Cr(CNj5N0]3- 1.9949 18.5 13.8 1645 

a From ref. (280) .  

The ESR parameters for [Cr(NO)(HzO)5]2+ and [Cr(N0)(NH3),l2+ 
are as expected and depend on the electronegativity of L in Cr(NO)L,. 
Electron delocalization follows the order CN- > NHB > HzO. The more 
delocalization there is, the closer g,, is to 2.0023 and the smaller are the 
isotropic and anisotropic couplings to 53Cr. This is also reflected in the 
NO-stretching frequency which decreases as back-bonding to NO in- 
creases (see Table XXXIX). 

The acid hydrolysis of [Cr(CN),N0l3- has been followed by ESR and 
absorption spectroscopy (114, 280). Each CN- ligand is successively 
replaced by HzO and the rate is sufficiently slow that spectra for each 
species can readily be obtained. Rate constants for the last two stages 
have been determined (114) by measuring the ESR peak heights as a 
function of time. A large number of controversial studies (205, 211, 212, 
318, 377, 576, 686) have been made on the dibenzene chromium cation 
and similar sandwich complexes. Both 53Cr and 'H h.f.s. are observed, 
and whereas it was once thought that 13C s.h.f.s. were observed, these 
have now been shown (211) to be too large to be attributed to 13C and 
arise from coupling to ring protons. The symmetry is assumed to be 
like Cr(C6H& (532) .  The electron configuration is probably eig, a:, rather 
than a;g, eig. The next available orbitals, in increasing order of energy 
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are calculated (576) to be eZu, e;, and e,*,, and hence g, ,  will be expected 
to be close to 2, whereas g, will be less than 2 because a l g  can mix with 
the empty e$ when H is perpendicular to z.  Proton splittings are larger 
in [(C,H6)2Cr]+ than in (C,H,)- contrary to expectation. For aromatic 
radicals and ions the magnitude of the proton h.f.s. is proportional to 
the spin density p on the p ,  orbital on the adjacent C atom, i.e., 
A(IH) = Q ' p  where Q = 22.5 gauss. Taking A(IH) = 3.6 gauss (686)) the 
spin density on the p ,  orbital of each carbon atom is 0.16. With 12 
protons, the total spin density on both rings would be 1.92, which is 
clearly impossible. Calculations by Anderson and Drago (27)  have shown 
that the spin density on the protons could arise from interaction of the 
d,, orbital with an extensively delocalized ring a-molecular orbital with 
large proton coefficients rather than via a n--molecular orbital. Overlap 
is effectively between the d,, orbital and the inner small lobe of the sp2 
hybrids. 

The g values for [MO(C,H,)~]+ and [W(C,H,)]+ show (318) less 
delocalization of the unpaired electron, but larger proton splittings, the 
reason for which is not clear. 

The dipyridyl complex [Cr(dipy),]+ yields (206, 408) s.h.f. structure 
from interaction with the six equivalent nitrogen atoms. No proton 
splittings are seen, presumably these are lost in the linewidth. 

Dessey (174, 177) has shown that electrolytic reduction of 

gives a very clear ESR signal consisting of a 1 : 2 : 1 triplet presumably 
due to two equivalent P atoms. Each line is split into 13 components 
arising from interaction with 12 equivalent protons. The signal is 
thought to arise from a singly charged anionic radical formed by equi- 
librium of the original neutral diamagnetic complex with the fully 
reduced doubly charged anion. The tungsten analog yields a similar 
spectrum upon electrolytic reduction (174).  Electrolytic reduction of 
{[(Ph,C,)(CO),Mo],PhC=CPh} yielded a single line at g = 1.9953 (175).  

When [ ~ - C p C r ( C 0 ) ~ 1 ~  is sublimed in wacuo a t  80°K, the product yields 
an ESR spectrum showing three g values. The species is thought to be 
the monomer (381). 

3. ESR of Mn2+ 
The ion [Mn(CN)SNO]2- has been studied in detail by several workers 

(161,479,508,676) (see Table XL) because of the interest in the ordering 
of the energy levels in the corresponding Cr+ and Fe+ complexes. The 
linewidths of the 55Mn h.f.s. obscured any s.h.f. structure (see Fig. 50) 



TABLE XL 

ESR DATA FOR SPIN-PAIRED d5 Mn2+ IONS 

Aeso(55Mn) A ,l(55Mn) A,(55Mn) Aligands 
Ion Sav S 11 g ,  (104 cm-1) (104 cm-1) (104 cm-1) (gauss) References 

(61,  216, [Mn(CN)5N0]2- 2.0146 1.9892 2.0265 79.0 G 161 G 38.7 G A ,,(14N) G 1, 
A,(14N) < 4.5 479, 508) 

( 4 9 )  
[Mn(CN)614- in K4Fe(CN)6 - 2.624, 2.182, 0.63 - 84.5, 46.5, 105 - 

[Mn(CO)z(diphos)21(C104)~ - 2.080 - - - - (631)  

(688)  
Mn phthalocyanine 2.07 1.90 2.16 170 G 24 G (560)  

- - - - - CpzMn 1.99-2.01 
- - 
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and coupling to 14N has only been detected in a dilute single crystal of 
sodium nitroprusside (479) .  Manoharan and Gray (479)  attribute the 
spin density on the NO group to spin-orbit coupling which mixes the 
e4b21(2B,) ground state with the e3bZ2(,E) excited state which has a large 
.rr*(NO) character. Fortman and Hayes (216) reject this because this 
gives the wrong sign for the anisotropic coupling constant. They feel that 
the spin polarization mechanism is the most likely, but nevertheless only 
accounts for about one-third of the observed spin density. McNeil, 
Raynor, and Symons (508) found that y-irradiation of the diamagnetic 

FIG. 50. ESR spectrum of a frozen solution of [Mn(CN)sNO]Z-. 

K,[Mn(CN),NO] produced the oxidized [Mn(CN),N0l2- species by 
simple electron addition. This should be contrasted with the analogous 
Fe compound which loses an electron on irradiation (w.;.). K4Mn(CN)6- 
3H20 has been studied ( 4 9 )  in the corresponding iron host lattice. 

Manganese phthalocyanine has D4h symmetry and the five electrons 
are partially paired such that the net spin is $ (p = 4.55 B.M.). The 
electron configuration is then d&, d i z  = d&, d;,, (b&, eg2,  a&). This work 
(362) was carried out on a solid sample which gave a single broad line 
centered on g = 2. Recently (560), however, spectra from a solution has 
been obtained and the data suggest a single unpaired electron in a d, 
orbital. Presumably, solvation in the axial positions is sufficient to alter 
the energy levels to allow full spin-pairing. 

Other molecules studied have been [Mn(C0)2(diphos)2]C104 and 
MnCp, (631,688),  but no h.f.s. were detected because magnetically dilute 
samples were not used. 
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4. ESR of Fe3+,  Ru3+, and Os3+ 
[Fe(CN),I3- gives a single very broad line in solution (49) and as such 

will be expected to give an NMR signal. Shporer et al. (451, 618) have 
measured 13C and 14N chemical shifts of K4Fe(CN)6 and Knight shifts 
of K,Fe(CN), and have deduced the sign of the coupling constant from 
the direction of the shift. I n  the case of I3C, the sign is negative, and 
for 14N, it is positive. The coupling constants may be calculated from 
the contact shift by the method outlined by Eaton (195). 

The lower symmetry Fe(thioacac), yields (415) an ESR spectrum 
with three g values in a frozen solution at  77°K. Other complexes studied 
are some carborane “sandwich” compounds (471) of the type 
[Fe(BSH9C2R2),]- where a planar B3C2 five-membered ring rr-bonds to 
the metal as in ferrocene. The g values are in accord with an electron 
configuration (dza)’, (d,2--y2, dw)3, i.e., (afg, egg), the order as in ferrocene 
(156). Spectra have been observed for the ferricinium cation at  4.2’K. 
Although Noth et al. (534) observed a single line in the ESR of ferri- 
cinium salts in acetone at  about g = 2, Golding and Orgel (275) attribute 
this to the decomposition product [FeX4]- because, among other evi- 
dence, the g = 2 is suggestive of an ‘LS(~A,)  state. Table XLI summarizes 
the available data. 

Dessy et al. (174, 176) have prepared electrolytically two organo- 
metallic species which yield ESR signals. These are thought to be 
[rr-C,H,Fe( CO) ,XCH3]+ and [rr-C6H 6Fe( CO),SCH,] ,+ which presumably 
has bridging >SCH, groups. The compounds [Cp(CO)FeSCH,],, 
[Cp(CO)FePPh,],, and [CpFe(CO),SCH,] all can be electrolytically 
oxidized (174).  The dithiocarbamate complex Fe[S&N(isoPr),],Cl has 
the unusual S = f configuration. Ferric maleonitriledithiolate yields a 
spectrum with three g values which are used to determine the separation 
of the molecular orbitals. The conclusion is that d,, < d,, < d,, with 
separations 282 and 338 emp1, respectively (149).  

Chatt et al. (131) have observed a single broad line at  77°K in the 
first paramagnetic transition metal hydride to be prepared, namely, 
OSHC~,(PBU,P~)~.  I ts  magnetic moment p is 1.9 B.M. 

The family of complexes MC1,B3, where M is Ru or 0s) and B is a 
base such as tertiary phosphines and arsines, thio ethers, or pyridine 
has been studied in detail by Hudson and Kennedy (358).  The complexes 
are mainly the meridianal isomer (Czw), but in one case, OsC13(PBu,Ph),, 
the g tensor indicates the other isomer, namely, facial (C3u). 

5.  ESR of Co4+ and Ir4+ NH* 
Cobalt forms a complex (52) with 

NH Jd 
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This, together with [IrCl,]'- and [IrBr612- in ammonium or sodium 
hexachloroplatinate host lattices, has been well studied (136, 294, 295, 
546). The [Id&]'- spectrum (296, 546) is an often-quoted classic since 
it was the first example of ligand s.h.f.s., proving for the first time that 
electron delocalization was possible and that the electron spent 30% of its 
time on the ligands. The g values of the tertiary arsine and phosphine 
complexes of IrCl,X, have been measured (358) (see Table XLII). 

In the case of [ C O ( S ~ C ~ P ~ ~ ) ~ P ( O P ~ ) , ] ,  31P s.h.f.s. has been detected 
(256) and the electron shown to be mainly in dzV (bisecting the sulfur- 
cobalt bonds). 

6. ESR of Ni5+,  Pt5+, and Pa5+ 
The complexes with 

HND HN 

have been prepared (52, 54) and behave rather like the dithiolenes, i.e., 
they undergo electrolytic oxidation and reduction. The available data 
is tabulated in Table XLII. 

G. d610Ns 

In 0, symmetry, the ground state is 6 D  and thus is orbitally triply 
degenerate. The three tzg orbitals are connected by spin-orbit coupling 
and the spin-lattice relaxation time is too short for ESR signals to be 
seen except at  very low temperatures. The only ESR carried out has 
been on a few Fez+ ions in host lattices. No biological systems yield ESR 
signals. Fez+ in NaF at  4.2"K has the following parameters (309), 
g = 3.420, A II ( 19F) = 47.1,  and A,(I9F) = 19.2 x lo-, em-'. 

H. d 7  IONS: SPIN-FREE 

1. ESR of Fei 

Fe+ has been detected (91, 309, 543) in certain host lattices. I9F 
s.h.f.s. are observed in NaF, LiF, and KMgF, lattices and the electron 
delocalization has been computed (91, 309) (see Table XLIII). 

2. ESR of Co'$ 

Hyperfine coupling has been observed in numerous host lattices, but 
only in fluoride and selenide lattices are s.h.f.s. observed (110, 270, 307, 
309, 337) (see Table XLIII). 



t.3 
OD 
OD 

TABLE XLI 

ESR DATA FOR SPIN-PAIRED d5 IONS OF Fe3+, Ru3+, AND Os3+ 

A , ,  A ,  Azigands W 
Ion gav g II g, (lO4cm-1) (lO4cm-1) (gauss) References b 

2.046 
2.054 
2.085 
2.044 
2.084 
- 

1.998 
1.998 
1.977 
- 
- 
- 
- 
- 

- 
1.9978 
1.9982 
- 
- 

2.009 

- - 
2.35, 2.10, 0.91 
4.68 0 
3.994 1.532 
3.786 1.711 
3.579 1.778 
3.572 1.799 

- - 
2.14, 2.09, 2.01 
2.225, 2.140, 1.986 
- - 



1.0, 1.22, 3.24 

1.28, 1.74, 2.82 
2.21, 2.05, 1.5 
3.113 1.148 
2.88 1.300 

2.88, 2.03, 1.66 
2.96, 2.01, 1.59 
2.94, 2.02, 1.60 
2.93, 2.06, 1.64 
2.70, 2.29, 1.68 
2.77, 2.37, 1.59 
2.76, 2.38, 1.60 
2.69, 2.48, 1.56 
3.97, -, - 
3.19, 1.87, 1.57 
3.18, 1.88, 1.57 
2.59, 2.13, 1.88 

- - 

-2.51, 2.51,-1.64 
3.40, 1.46, - 
3.30, 1.65, 0.36 
3.40, 1.44, - 
3.35, 1.64, - 
3.75, 1.37, - 
3.19, 1.73, - 

-1.83, 1.83, 1.28 
- - 



W 

? 
TABLE XLII 

ESR DATA FOR SPIN-PAIRED d5 Cod+, Ir4+, Ni5+, Pd5+, AND Pt5+ IONS 

Ah0 A I1 A, A1igana.S 
Ion gav  g I1 g, (104 cm-1) (104 cm-1) (104 cm-1) (104 cm-1) References 

2.24 

2.013 
2.020 
2.010 

26.4 G 
23.4 G 
23.7 G 

(144)  
(144) 
(144,256) 

__ 
- 

A(31P)iso = 7.9 G, 
A ,, = 10.4 G, 
A ,  = 6.6 G 
A(31P) = 9.3 G 

__ - 
2.019, 1.980, 

2.006 

- - 
56.4 G, 7.7 G, 0 

2.0165 
2.0195 
2.0197 
2.0302 

2.0160 - 
2.0193 - 

2.0248 - 

2.0497 - 

26.4 G 
28.8 G 
31.15 G 

62.95 G 
74.99 G 
80.74 G - 
81.28 G 

- 

- 

- 

1.786 25.3 A(C1) = 8.4 
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TABLE XLIII 

ESR DATA BOR SPIN-FREE d7 Fe+, Cozf, AND Ni3f IONS 

Ion 
A 11 A,  Aligands 

9 I1 91 (104 cm-1) (104 em-1) ( 104 em-1) References 

Fe+ 
In MgO (octahedral field) 
in NaF 
in NaF 
in LiF 
in KMgF3 

in Mg(0Ac)z .4Hz0 
in YGa garnet 
in CezMg3(N03)12- 24H20 

in AgCl 
in MgF2 

coz+ 

4.15 
4.344 
4.351 
4.251 
4.297 

6.018, 4.046, 2.518 
7.037 2.675 
4.43 4.05 
7.23 2.31 
5.38 3.87 

6.0327, 2.2970, 4.2391 

192, 92, 31 
306 17 
103 80.7 
278.8 t1 
233.3 89 

75.5 G, 38.4 G, 35.4 G 

- 

AisO(l9F) = 14.0 G 
A ,,(19F) = 44, A,(19F) = 16 
A II (19F) = 66.5, A,(19F) = 28.3 
A (19F) = 63, A,(19F) = 29 

- 

A(19F)a~ = 36.5 G, 18.5 G, 
12.8 G, A(l9F)ep = 10.9 G, 
23.6 G, 27.3 G * 

(152) 
(643) 

(630) 
(270) 

(154, 230) 
(154 ,  230) 

w 
P 



in ZnF2 
in NaF 
in KMgF3 
in CdBrz 
in CdI2 
in Ti02 

Co[HCpzslz - (No312 
Co[HBpzslz 
co[Bpz412 
C O ~ +  in BaTiOs 
CoSe04- 6Hz0 

site a 
site b 

in ZnSe (tetrahedral field) 
in CdS 
in CdSe 
in CdTe 
in CaFz 
in CssZnCl5 

Ni3f in KMgP3 

co2+ 

6.05, 2.6, 4.1 
4.391 
4.371 

.- 

- 

2.19, 5.88, 3.75 
8.534 0.807 
8.46 0.97 
8.48 0.94 

4.347 

5.60, 4.27, 2.26 
7.45, 2.36, 1.76 

2.2142 
2.27 

2.295 2.303 
2.30 
2.31 

2.38 2.30 
4.163 

77 G, 35 G, 36 G 
110 
104 

- 

40, 150, 26 
369 t l  
362 t 1  
365 __ 

109 

110,40, 40 
230, 40, 60 

1.7 
4.6 t 1 2  
13.6 20.1 

23 
23 

A(19F) = 11.3 0, 11.3 G, 11.0 G 
A , , ( 1 9 F )  = 69.5, A,(19F) = 18.8 
A ,,(19F) = 77.5, A,(19F) = 26.1 
A ,, (Br) = 48, A,(Br) = 20 
A ,, (1271) = 57, ~ ~ 1 2 7 1 )  = 15 

A ,,(77Se) = 16.4, = 9.6 
- 
- 

- 

A(19F) = 6 G 

A ,, ( 1 9 F )  = 147, A,(19F) = 24 
- 

R 
v n 
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Jesson (369, 370) has made a thorough study a t  4.2% of a series 
of pyrazolyl complexes of the type 

\ 
/ 

\ ,(N--N) 

(N-N) 

/(N-N) 

‘(N-N) / \  
Y-X-( N-N) -Co-(N-N)-X-Y 

where (N-N) is 

I, I 

X is C or B, Y is H for Co[HCpz&+ or Co[HBpz3]i+, pz for Co[BPz4]2. 
The symmetry of the molecule is D3d and the ligand field is effectively 
trigonally distorted octahedral. Proton NMR spectra may be seen from 
the ligand nuclei. 

I n  general, coupling to 59C0 is about 2-3 times greater in magnitude 
for an octahedral crystal field than in a tetrahedral crystal field. This 
is supported by the predicted A values from the equations 

0, A = P[-:K -+ 1 + &] (138) 

T d  A = P[-K + g - 21 (139) 

where K is about 0.35. 
The trend in metal h.f.s. in a series of lattices varying in anion 

electronegatively is opposite to earlier examples. I n  CdS, CdSe, and 
CdTe lattices, A ( 59C0) increases as the covalency increases. Covalent 
bonding in the series [CoF,I4-, [CoBr,14-, and [CoI,14- has been studied 
by measuring the ligand s.h.f.s. in a series of host lattices (714).  As 
expected, delocalization of the electrons increases as the covalency 

TABLE XLIV 

SPIN POPULATIONS IN s, p,, AND p ,  LIGAND ORBITALS~ 

Orbital [CoF6I4- [CoBr6I4- [CoIs]4- 

f s  0.43 0.57 0.54 
f P ,  = f p ,  3.6 5.3 7.6 

a Data given as percent. 

increases. The details are given in Table XLIV, where the figures refer 
to the probability of finding an electron in a ligand s, p(u) ,  o r p ( r )  orbital. 



ESR O F  TRANSITION METAL COMPLEXES 295 

3. ESR of Ni3+ 
I9F s.h.f.s. have been observed (309) for Ni3+ in KMgF,. The field 

here is essentially Oh, but is insufficiently great to cause spin-pairing, 
cf. Ni3+ in TiOe (285) where S = 3. 

I. d IONS : SPIN-PAIRED 

1. ESR of Cr-l, Mo-l, and MnO 

S.h.f.s. is observed (173) in solution for the species thought t o  be 
[bipyridyl Mo(C0)J. Forth-five lines are observed with separation of 
0.6 gauss. This splitting suggests well-defined spin density on the ligand 
and may usefully be compared with the largest proton splitting in the 
bipyridyl negative ion which is 4.7 1 gauss (683). 

Similar electrolytic reduction (174) is achieved and 55Mn h.f.s. 
observed in reduced [(C0)4MnS2CN(C2H5)2] and [(CO),(SPh)Mn-1,. In 
the latter case, the spectrum shows two equivalent manganese atoms 
with the remarkably small h.f.s. of 14 gauss showing that the additional 
electron is delocalized very considerably. The available data is given in 
Table XLV. There is evidence for [Cr(N0)(CN),l5- and [Mn(N0)(CN),l4- 

TABLE XLV 

ESR DATA FOR d7 SPIN-PAIRED Mo-1 AND MnO IONS 

Ion References 

ions in y-irradiated KC1 containing [Cr(N0)(CN),l3- and 
[Mn(NO)( CN) ,] 3- (93). 

2. ESR of Fe f  
Most ESR of Fe+ systems have been carried out on complexes of iron 

containing NO+ as one or more ligand (see Table XLVI). Most of these 
complexes have been prepared by passing NO gas through an aqueous 
solution of ferrous ions containing various anionic ligands. The solution 
then contains the paramagnetic species of the form Fe(NO), or zL,. 
McDonald, Phillips, and Mower (497) obtained well-resolved isotropic 
spectra with a variety of ligands, L. 57Fe-enriched material was used 



TABLE XLVI 

ESR DATA FOR d7 SPIN-PAIRED Fe+ IONS 

Ion 

(70,158, 
160,322, 
346,508, 
575,679)  

(577, 679)  
(278) 

(278)  
(278) 
(94,679)  

w 
P 

Ais0(14N)= 14.8 G, 
Al,=17.1G, 
AL=14.75G 

A(13C)=9-10.1 G 
Aiso(14N) = 2.18 G 
A('4N)=32,10,15G 

Agso(14N)= 15 G 
Arso(14N)=4.85 G 
A(I4N)=25.9 G, 

18.3 G, 8.5 G 
&,(1*N)= 12.7 G 

Al,(14N)=16G, 
A,(14N) = 13.2 G 

Ai~o(~*N)=4.85 G, 
A II =7.5G, 
A,=(3.6 G) 

- 

Aiso(14N)=2.2 G, 
2 = N  

Ai8,(31P)=2.6 G, 
2 r N & P  

Aiso(14N)=2.6 G, 

2.026 2.006 2.031 -7.21 G 9 G  -14.3 G 
0 
0 
0 

[Fe(CN)5N0]2- + SZO;~ excess 
[Fe(N0z)(CN)5l5- 

[Fe(CN)sN0]2- +NazS 

y-irrad. N ~ z F ~ ( C N ) ~ N O .  2H20 

2.0319 2.0215 2.041 
- 1.9993,1.9281, 

2.0080 
2.028 - 
2.023 - 

- 2.00,1.98,1.93 

- 2.0461,2.0397, 
2.0277 

2.035 
2.0368 2.025,2.039, 

2.021 2.049 2.01 

(265,281, 
286,492) 

(281) 

- 

8.6 G 

- 

14 G 

- (278,497) 

Fe2++NO+HzO,pH 7 
Fez+ +NO +OH-, pH 10 

Fe2++NO + pH 7 

2.033 - 
2.027 - - 

- (497) 
(497) 

- 
15.5 G 

- 2.033 - 14.5 G (497) 



- - - - - - Fez+ +NO + AisJ15N)=3 G, (497)  

FeZ++NO+(Pz07)4- 2.040 - - 12.9 G Ais,J31P)=5.5G, (497)  

(497)  

(497)  

Atso(75As)=3 G, 
2 _ N & A s  

2 ? N & P  
- ___ 

__ - - - - Fez+ +NO +AMP or ADP or 2.038 - 

ATP 

ethyl ester 
- - - - Aim(l5N) = 3  G, Fez++NO+cysteine or cysteine 2.032 - 

2 = N & S  F1 
FeZ++NO +@-mercaptoethanol - - __ A('H-CH2) = 1.5 G (497)  0 
Fez+ +NO + (MNT)z- 2.027 - 9.4 G - - A (14N) = 15.5 G (450 ,492 ,  0 

Fez+ +NO + (BDT)2- 2.028 - 9.3 G A(14N)=15.1 G (497)  G 
G 

( 4 9 7 )  z 
A(14N)=4.7 G (497)  z 

E 
2 

I(C0)3FeP(CH3)zI,+e 1.999 - 
[FePcI- in THF 2.01 - - - A(l4N) = 2.4 G ( 3 0 1 , 3 0 2 )  8 

A1(14N)=1.95G (594)  5 [Fe(CN)s(NC)S- in KC1 - 1.9998 2.0959 - - 
{ F ~ ( N ~ ) [ S ~ C Z ( C F ~ ) Z I Z ) ~ -  2.027 - A(14N)= 15.OG (492)  F 

C F ~ ( N O ) ( S Z C ~ C ~ ) Z I ~ -  2.027 - - - A(14N) = 16.4 G (492)  E 
(492)  F1 [Fe(NO )(SzCsH3CH3)zlZ- 2.028 - 

[Fe(NO)(SzCzPhz)z12- 2.026 - - - A(14N)=15.4G (492)  
(527)  (CHZCHCHZ)F~(CO)~ 2.0421 - 

(527)  (CH3(CHCHCHz)Fe(C0)3 2.0421 - 
(CH~COOCH-CHCHZ)F~(CO)~ 2.0447 - - - - - - (527)  
( C H Z C H C H ~ ) F ~ ( C O ) ~ ( P P ~ ~ )  2.0462 - A(31P)=17.1 G (527)  
(CHzCHCH2)Fe(CO)z(PBu3) 2.0423 - A(alP)=17.1 G (527) 
(CHzCHCHz)Fe(CO)(PBu3)2 2.0408 - A(31P)=23.7G (527) 

- - - 

- 
r 497)  

- __ - 

- - - 8.4 G A(14N)= 12.8 G ,CN 2 -  
Fez+ + NO + ( z > C = C ,  ) 2.041 - 

[Fe(CsMes)z]+ 

CN 
- - - - - Black Roussins salt, p H  11 - 

- 1.865, 1.966, - - - - (110) 

(174)  
(174)  

2.086 
- - - 

F 
- - [(CO)sFeAs(CHs)a]z + e  2.064 - 
- - - - - 

- - 

- 

- - - - 

- - 

- - - - A(14N)=13.1 G 
- - 

- - - - - 
- - - - - 

__ - - - 

__ - - - 

N 
W 
-4 

- - __ - 
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to obtain metal h.f.s. No h.f.s. was obtained in the system Fe2+-NO-Hz0 
a t  pH > (i.e., [FeNO(H,0)5]2+), but a t  pH > 10, the spectrum indicates 
a species containing two equivalent NO groups is present (see Fig. 25). 
I n  the presence of phosphate, pyrophosphate, arsenate, molybdate, 
carbonate, maleate, benzoate, cystein, cysteine ethyl ester, P-mercapto- 
ethanol, penicillamine, AMP, ADP, and ATP, the spectra indicated there 
were two equivalent NO groups and in many cases, two equivalent anion 
ligands. The structures proposed were of the type 

OaPO\ ,NO 

OsPO/Fe\NO 

The complex with the bidentate pyrophosphate has a lower 57Fe splitting 
and a higher 31P splitting compared with the monophosphate, indicating 
greater delocalization of the unpaired electron. With maleonitrile 
dithiolate (MNT) and benzene 1 :  2 dithiol (BDT), complexes of the type 
Fe(NO)(S,), are formed and have since been isolated (450).  It is note- 
worthy that when the chelate forms a five-membered ring, the 14N 
s.h.f.s. is about 15 gauss, but when the chelate forms a four-membered 
ring with 1 : 1 dicyanoethylene 2 : 2 dithiol and with dimethyldithio- 
carbamate (265, 281), the coupling to I4N is about 12.7 gauss and the 
g value much higher, suggesting less delocalization of the unpaired 
electron. 

Considerable attention has been paid to the species formed by reduc- 
tion of sodium nitroprusside (73, 160, 346, 508, 575, 679). Chemical 
reduction (pH 4), electrical reduction, or y- or X-irradiation appear t o  
produce the same species which has been assumed to be [Fe(CN)5N0]3-, 
although Van Voorst and Hemmerich (679) believe it to be protonated. 
Long irradiation of sodium nitroprusside with y-rays produces sufficient 
number of damaged ions that many are adjacent and the resultant pairs 
of radicals have been analyzed. The species was originally thought (525) 
to be the NzOz+, ion but has since been shown to be radical pairs (277, 
509). The directions of the pairs of ions in the crystal show (277) that  
the unpaired electron is mainly located on the Fe and confirms earlier 
proposals (508) that the unpaired electron was in an  al(d,) level, giving 
an electron configuration e4(d,z,uJ, b22(d,,), al1(dZz).  This cannot be 
reconciled with the order of energy levels suggested by Manoharan and 
Gray (289, 478) based on a study of the polarized visible and UV 
absorption spectrum of single crystals of d5  and d6 nitrosyl pentacyanides 
of V, Cr, Mn, and Fe. The proposed order of energy levels was e(dZz,J, 
bz(d,,), e(r*NO), b1(d22-u2), a,(&). The n-*(NO) level does not appear to  
be so deep as to become lower than the b1 or al levels in the d7 Fe+ 
case. An interesting further species in irradiated sodium nitroprusside 
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is one where the electron seems to be located on the NO group which 
is no longer colinear with the Fe atom (94, 667, 679). Hayes (322) has 
suggested that the large coupling to I4N in this species is due to  a large 
contribution from orbital angular momentum. The interaction of sodium 
nitroprusside or Fez+ + NO solutions with sulfides has caused con- 
siderable interest (65, 278, 497, 679) largely because of its biochemical 
implications. Reduction of certain nonheme proteins produces similar 
spectra (64) and hence the Fe+/NO+/S2- system may act as a suitable 
model. Most of this work is in a very confused state largely because the 
species involved have not been characterized at all well. 

The complex Fe(NO)(SzCNR.le2)z has been studied in detail (265,281, 
286). The interest initially revolved around whether the Fe-N-0 atoms 
were colinear. The ds diamagnetic Co(NO)(SZCNMez), has been shown 
to have a bent Co-N-0 group (21). Since this was only a two-dimensional 
X-ray determination, too much reliance cannot be placed upon this 
observation, but the Fe(NO)(S2CNEt2), compjex has an Fe-N-0 angle 
of 174' which may be taken as linear since there is a large thermal error 
in the position of the oxygen atom (142). The unpaired electron is in 
the a:(dZz) molecular orbital (Czv symmetry). 

The detection of ESR signals from [Fe(CGMe,),]+ illustrates some 
important principles (110). Since the electron is likely to be in the doubly 
degenerate E,, ligand nonbonding orbital ( 1 5 4 ,  this must be split by 
the Jahn-Teller effect. This is shown by the three g values which indicate 
that the hexamethylbenzene rings are oblique. Furthermore, signals were 
only detected between 25" and 80'K, the intensity decreasing rapidly 
with increase in temperature. This corresponds to increasing the popula- 
tion of a vibrational state where the Jahn-Teller distortion is dynamic. 

There is an apparent correlation between the value of Aiso( 57Fe) and 
the nature of the orbital containing the unpaired electron. When the 
electron is in orbitals other than of a ,  symmetry, the hyperfine coupling 
is about (-)14-15 gauss, a figure remarkably consistent with the theor- 
etical hyperfine coupling X ,  calculated by Freeman and Watson (220) 
(see Table V), but when the electron is known to be in al ,  the coupling 
is reduced to (-)8-9 gauss. This could arise from admixture of a small 
amount of 4s character to the orbital containing the unpaired electron 
which would make a positive contribution to Aiso. 

Dessy et al. (174) have electrically reduced [(CO),Fe(AsCH,),], and 
[(CO),FeP(CH,),], and obtained simple absorptions with g values just 
greater than 2, suggesting that this and related systems have nominally 
a d7 configuration. Murdoch and Lucken have shown (527) that  reduc- 
tive dehalogenation of C,H5Fe( CO),Cl yields a diamagnetic dimer 
[C3H,Fe(C0)3]z and a paramagnetic monomer. The paramagnetic species 
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yields a single line a t  g = 2.04, and in the case of phosphine-substituted 
complexes, 31P s.h.f.s. 

3. EXR of CoZi 

Assour and Kahn (38, 41) have shown from the absence of s.h.f.s. 
in cobalt phthalocyanine that the unpaired electron is in a d,, orbital. 
This is supported by the strong dependence of g, and A (5gC0) on 
solvent. Indeed, 14N s.h.f.s. are observed from pyridine and other solvent 
molecules weakly coordinating to the 5- and 6-coordination positions. 
The two crystallographic forms of cobalt phthalocyanine, M and p, have 
markedly different g and A(59Co) parameters. In  the p phase, the 
distance between nearest neighbor molecules must be less than in the 
a form. The low value of g, ,  (which should equal 2.0023) arises from 
admixture of 4s and 3d,, orbitals and interactions between cobalt and 
N atoms in molecules above and below the ring. Variations of g, with 
solvent arise as a result of the variation of AE(EdZz,Uz - EdZ2) in the 
equation 

6h 
AE 

g, = 2.0023 - ___ 

AE must be twice as large for the cc form than the form. The values 
of A ,, and A, change for similar reasons (see Table XLVII). 

The ion [Co(CN),I3- has attracted a lot of interest because of its 
action as a hydrogenation catalyst (431). It readily adds a sixth ligand 
including cyanide, and as such is very reactive. ESR and optical measure- 
ments by Alexander and Gray (23) have shown it to be of C4v symmetry 
with the unpaired electron in the a,(d,,) orbital. I n  the solid state the 
molecule is a dimer, e.g., K , C O ~ ( C N ) ~ ~ ~ ~ H , O .  Danon et al. (159) have 
electron-irradiated K3Co( CN) 6 and find unambiguous evidence for 
electron interaction with two equivalent nitrogen atoms attributed to 
reversal of two CN- groups to  form a complex of the type 
[Co(CN),(NC),I4-. This is similar to that found by Root and Symons 
(594) in irradiated [Fe(CN),I4- in alkali halide host lattices where the 
species [Fe(CN),NCI3- is postulated. A typical frozen solution spectrum 
of a cobalt complex is shown in Fig. 51. 

Various isonitrile (565) and phosphine (355,489) complexes have been 
studied and g values obtained, but without hyperfine structure. One 
phosphine complex is formulated as [ C O ( P ~ , P C , H ~ P P ~ ~ ) ~ X ] + X -  which 
is essentially a square based pyramid of CZu symmetry. ESR and optical 
spectra fit such a symmetry where the unpaired electron is thought to 
be in a d22--yZ orbital. Had the complex been hexacoordinate, the electron 
would be in a d,, orbital and the spectral results cannot then be accom- 
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FIG. 51. ESR of a frozen solution of an axially symmetric cobalt complex. 

modated on this model. The isonitrile complexes [CO(P~NC),H,O]~+ 
(blue) and [CO(P~NC)~]'+ (yellow) have been studied, but not properly 
characterized (469).  

The series of complexes (469) Co(CNR),X, where R = C2H5, C6Hll, 
p-tolyl, and X = I, Br, or C1 yield interesting spectra with h.f.s. attributed 
t o  two equivalent halogen atoms, and only in the case of the chloride 
is 5gC0 coupling observed. If this interpretation is right, this shows that 
there is significant covalency in the Co-X bond in disagreement with 
conductivity measurements in solution which indicated an ionic 
structure. Detailed work by Maher (469) and Kimball et al .  (389),  
however, have shown that there is a trend in g values for 4-, 5- ,  and 
6-coordination of the complexes as shown in Table XLVIII, where the 
electron is in dZ2. The absence of h.f.s. (59C0) in the 5-coordinate com- 
plexes in solution is possibly due to rapid change from a trigonal bi- 
pyramid to a square-based pyramid structure. Theory shows that for 
C4v symmetry, g, ,  = 2 ,  g, > 2 ,  whereas for D,,, g, ,  > 2. Signals are also 
detected for the square planar system trans-R,Co(PR,),, but no figures 
are given for Co h.f.s. which is said to be observed (489).  

Hyperfine structure was observed (601) in a series of octahedral 
complexes with various organic bases. These h.f.s. were not measured, 
but bulk susceptibility measurements were correlated with the g values 
obtained from the undiluted solid. 

Dessy et al. (174, 176) have obtained well-resolved spectra from the 
species thought to be 

r 



TABLE XLVII 

ESR DATA FOR d7 SPIN-PAIRED Co2+, Rh2+, AND Ir2+ IONS 
e3 
0 
t.3 

~ 

Ion  

cc-Co-phthalocyaniiie 
P-Co-phthalocyanine 
Co-phthalocyanine 

iii HzS04 
in pyridine 

2.007 2.422 
1.89 2.94 

116 
150 

66 
280 

- (41 )  
- ( 4 4  

w 
(38 )  * 

A Il (14N) = 11.4, (38 )  

A ll(14N) = 16.2 ( 3 8 )  U 

(38 )  H 
( 3 8 )  Z 

& ( 3 8 )  
A,1(14N) = 16.1 (38 )  U 

(38 )  4 
( 3 7 )  bJ 

- 

0 
0 
0 

A,(14N) = 12.8 

A,1(14N) = 13.3 
All(14N) = 15.2 
AlI ( l4N)  = 15.1 

A ,,(14N) = 16.1 
- 

E A(31P) = 9 G(2 P ) ,  (174)  

(174)  
(174)  

- (174 ,176)  
- (492)  
- (492)  
- (492)  

2 
- 0 

Y 

a(?) = 2 G 

- 

2.029 2.546 
2.029 2.268 

85 
78 

2.016 2.308 
2.018 2.336 
2.011 2.288 
2.013 2.326 
2.010 2.306 
2.007 2.317 
1.798 3.322 

78 
84 
79 
88 
84 
91 
315 

in pyridaziiie 
in isoquinoline 
in quinoline 
in 3-Me-pyridine 
in 4-Me-pyridine 
in 2-Me-quinoline 

HzTPP 
Co-tetrapheiiylporphrin in 

[CpCoPPhIz + e 

[CpCoSCH3]2 + e 
[CpCoSCH3]2 - e 
[CpCoSzCz(CF3)21 + e 
[Co (NO ) (MNT )21- 

{Co(NO)[SzCz(CF3)2lz}- 
[WNO)(SzC2Ph2)21- 
[Co(CNR)6I2+ 

R = CH3 
R = C2H5 
R = CsHll  
R = C6H5 

- 

197 

2.003 

2.120 
2.107 
2.454 
2.063 
2.059 
2.050 

41 G 
31.9 G 
32.9 G 
29.4 G 

2.025 2.092 
- 2.089 
- 2.155 
- 2.083 

24.6 G 
23.95 G 
25.4 C: 
28 G 

75 G 
72.1 C, 
70.7 G 
74 GI 

2.055 
2.067 
2.067 
2.059 



[Co(CNMe)s(MeOH)]z+ 
[Co(CNEt)5(MeOH)]Z+ 
[Co(CNPh)5(HzO)]Z+ 
[Co(CNEt)&5HbN]Z+ 
[CO(CNR)~]Z+ 

R = CH3 
R = CzH5 

R = CsH5 
R = C(iH11 

[Co(CN)5]2- in MeOH 

2.0715 2.00 2.044 
2.0765 2.00 2.058 
2.0796 2.00 2.0865 
2.062 2.00 2.093 

2.0981 2.000 2.1227 
2.093 2.0064 2.1275 
2.09 2.0061 2.1160 
2.081 2.004 2.118 
2.115 2.006 2.156 

[Co(CNR)4Xz 
R = CH3, X = Cl 2.118 
X = B r  2.097 
X = I  2.064 
R = CzH5, X = C1 2.104 
X = B r  2.100 
X = I  2.068 
R = C(iHll, X = c1 2.110 
X = B r  2.100 
X = I  2.069 
R = p-MeC(iH4, x = C1 2.094 
X = Br 2.075 
X = I  2.044 

[CO( CN)4(NC)zI2- - 

[ C O ( P ~ N C ) ~ I ( C ~ O ~ ) Z  - 
[CO( PhzPCzH4PPhz)zIClz - 

[ C O ( P ~ Z P C Z H ~ P P ~ Z ) Z ] B ~ Z  - 

[ C O ( P ~ N C ) ~ * H Z O ] ( C I O ~ ) Z *  iHzO - 

[Co(MNT)zlZ- 2.255 

2.005 2.090 
- - 

- 74 G 
75 G 

73 G 70 G 

- 
- - 
- 

- - 70.2 G 

77.2 G 59 G 
- 80.2 G 50.3 G 
- 78 G 54 G 
- 86 G 50 G 
- 87.4 G 28.6G 

- 

- - 

2.006 2.095 
2.12 
2.14 

2.257, 2.056, 
2.041 

2.258, 2.075, 
2.037 

1.977, 2.798, 
2.025 

- 
Ai,,(14N) = 17.5 G 

A(C1) = 13.2 G 

A(1) = 95.6 G 
A(Br) = 73.7 G 

- 
A(Br) = 74.7 G 
A(1) = 91.6 G 

- 
A(Rr) = 69.7 G 
A(1) = 89.6 G 

- 
A(Br) = 69.4 G 
A(1) = 92.9 G 
A(14N) = 3.4-4.4 G 

- 23, 50, 28 

(389 ,  469)  
(469)  
(469)  
(469)  
(23 ,  389, 
469) 

(165, 166, 
290 ,473)  

M 
rn 
0 

d 
0 

F 
M 
x 

6 
M 
CC 

w 
0 
w 



w 
0 
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TABLE XLVII-cont. 

ESR DATA FOR d7 SPIN-PAIRED CoZ+, RhZ+, AND Ir2+ IONS 

Ion 

- 2.04, 2.71, 2.04 
- 2.33 - 

2.042 - - 

__ 2.111, 2.130, 
2.375 

1.9855 - - 

- 1.936, 2.447, 
2.019 

- 2.033 2.003 
- __ - 

- 2.033 2.001 

- - 
7 G, 8 G, 12 G 

- - 
<4, <4, 7.5 

1 5.1 

No figures quoted, 
1 line 

(166) 
(710)  
(53 )  

(173)  

(668, 669, 
716)  

(81, 473) 

td 
P 

0 
0 
0 u 

E 
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and obtained a 59C0 splitting of 41 gauss. This seems anomalously high 
compared with other S = cobalt systems, although it is not known 
whether this compound really has S = 4. Other complexes (174) which 
have been electrolytically reduced are [CpCoPPh], and [CpCoSCH,],, 
the latter may also be oxidized and yields an ESR signal. Vitamin B,, 
may be photolyzed or reduced to a species containing Co2+ (350).  
Numerous substituted cobalamin compounds are known, many of which 
yield similar ESR signals. Schrauzer (610) has shown that cobalt(I1) 
dimethylglyoxime acts as a remarkably effective model for vitamin B,, 
derivatives, even to the extent of the methyl derivative being converted 

TABLE XLVIII 

g VALUES OF THE COMPLEXES [Co(CNPh),, 5,0r#+ 

[Co(CNPh),]Z+ 2.140 2.210 11,400 
[Co(CNPh)s]Z+ 2.081 2.118 20,400 
[Co(CNPh)6]2+ 2.059 2.083 28,900 

in the presence of hydrogen to methane by the bacterium Methano- 
bacillus omelmslcii with an efficiency nearly as great as the natural 
methylcobalamin. 

4. EXR of Rh2+ and Ir2+ 

Hardly any ESR work has been carried out on rhodium complexes 
(688, 669, 716) .  In  the host lattice ZnWO,, lo3Rh splittings are seen, and 
Dessy et al. (173) have observed resonance from a species thought to 
be [(n-C5H5)Rh(n-C,H,),]+ and also (174) from the one electron reduction 
product of [CpRhS,C,(CF,),] (see Table XLVII). The lo3Rh coupling 
(81, 473) in [Rh(MNT),I2- is about half that in the ZnW04 host lattice 
case, showing the significant delocalization of the electron in the di- 
thiolene complex. I n  RhCp,, Keller and Wawersik (384) consider the 
electron to be in the a,,(dZ2) orbital as expected. The only ESR experi- 
ment on Ir(I1) is that on Cp,Ir, where a small metal hyperfine coupling 
is detected (384).  

5 .  EXR of X i 3 + ,  Pd3+, and Pt3+ 
Resonance has been detected for Ni3+ in TiO, (259),  where the crystal 

field is large enough to  cause spin-pairing, and also in KTaO, (312) (see 
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Table XLIX). Pt3+ ions have been substituted in Al,03 (264) and 
BaTiO, (626), lg5Pt coupling being observed in the latter case. I n  all 
cases, g ii is >2 and g, - 2, indicating axial symmetry and suggesting the 
unpaired electron is in a d,, orbital. A single broad line ( A H  = 122 gauss) 
is observed in powdered samples of Ni[Ph,P(CH,),PPh,]Br, a t  77°K. 
The stereochemistry of the complex is not known. Dessy et al. (173,176) 
have polarographically reduced some Ni-S complexes and obtained a 
single ESR line in solution. The products are thought to be [CpNiSCH,]+ 
and CpNi[S,C,(CF,),]. [CpNiSCH,], may be both electrically oxidized 
and reduced, and [CpNi(PhC-CPh)NiCp] may be similarly reduced (174, 
175). Numerous dithiolene and related complexes of Ni, Pd, and Pt have 
been studied and are discussed in Section VIII,M,B. 

The crystal structure (419) and ESR (146, 419) of [trans- 
Ni(diars),Cl,]+ (where diars is o-phenylenebisdimethylarsine) have 
been determined. In  methanolic solution, hyperfine coupling to four 
equivalent arsenic atoms are seen, but no interaction with Ni or C1 is 
observed. The complex Ni(HBz),Br is thought to  be square pyramidal, 
where HzBz represents a-benzoyloxime. 14N s.h.f.s. are detected here 
(240).  In  the related complexes of Ni and Pd diphenylglyoxime with 
iodine and bromine, however, inclusion like molecular complexes 
stabilized by charge transfer interaction are thought to be formed rather 
than a square pyramidal halocomplex (217).  

ESR signals are detected on some Pd-SiOz-Al,O, catalysts (535) and 
in the complex Pt(NH,),(SCN),I (526),  prepared by oxidation of cis-  
Pt(NH,),(SCN), by I, in t-BuOH. This is one of the few paramagnetic 
Pt or Pd complexes. 

J. d8 IONS 

I n  octahedral fields, g and A values are close to isotropic. As the field 
becomes distorted, the zero-field splitting becomes larger and ESR 
signals are more difficult to observe. 

Most of the ESR of Ni2+ complexes have been carried out in host 
lattices. Since the spin of 5sNi and 60Ni is zero, and 61Ni (spin I = $) is 
present in only 1.25% natural abundance, metal h.f.s. have only rarely 
been observed (544, 716) .  McGarvey (504) lists many of the systems 
where g and zero-field parameters are known (see Table L for other data). 

Resonance has been observed in various nickel-cyanide-ammonia 
clathrate compounds (79) ,  but since these are not magnetically dilute, 
no hyperfine structure was observed. The pyridine clathrate is said to 
show fine structure, but no details are given. 

Cu h.f.s. are observed for Cu3+ in a A1,0, host lattice. 
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Owen and Thornley (547) have reviewed covalency in transition 
metal ions and, in particular, in nickel complexes. The NMR contact 
shift method has been used by Eaton et al. (195) to determine spin 
densities on organic ligands of paramagnetic molecules. I n  particular 
(194), a series of nickel aminotroponeiminates have been studied whereby 
conjugative and hyperconjugative effects within the molecule may be 
monitored. Similar studies of contact shifts have been carried out on 
CO" and NiII pyrromethenes and porphyrins (196) and on many transi- 
tion metal acetylacetonates (193) by Eaton et al. 

K. d9 IONS 

1. ESR of F e - l  

Dessy et al. (173, 176) have electrically reduced numerous iron 
carbonyl derivatives. It is noticeable how close the g values are to free 
spin for the iron tridarbonyl cyclooctatetraene anion. This implies much 
delocalization of the electron onto the ring system compared with 
[Fe(CO),]- itself. No proton coupling was observed due to the large 
linewidth. Others which Dessy (174,175) has electrolytically reduced are 
listed in Table LI. A curious result is the reduction of the compound 
[(NO)2FePPh2]2 where q = 1.937 (unusually low) and 31P h.f.s. are 
detected but no '*N. The solid compound Na[Fe(dipy),] gives a single 
narrow line (470),  A H  = 2.8 gauss, a t  q = 2.0031. This is very similar 
to that in Na(dipy) where g ,, = 2.0023 and g, = 2.0046 and suggests that  
the electron is almost entirely delocalized onto the dipyridyl ring 
systems. Under certain circumstances both spectra may be obtained 
simultaneously, showing that the spectrum due to the iron complex is 
not that due to sodium dipyridyl. These results should be compared with 
the phthalocyanine-type complexes described in Section VIII,L, 1.  

2. ESR of Coo and Rho 

Trimeric [T-C~H,CO(CO)]~ upon reduction (173) adds one electron 
and yield8 a complex ESR signal which has not been interpreted; this 
system is nominally dsdsdg. The square planar species Co(CO), is formed 
(383) by subliming C O ~ ( C O ) ~  onto a cold finger (77°K). Cobalt h.f.s. is 
observed and the authors predict that the electron is in the a,, anti- 
bonding molecular orbital. 

RhCl, in AgCl produces Rho in a lattice site with an environment 
of six C1 ions. The ESR spectrum (708) is interesting since three different 
spectra are observed as the temperature is raised. The vibrations of the 
surrounding C1 ions (ligands) causes mixing between the two possible 



TABLE XLIX 

ESR DATA FOR d7 SPIN-PAIRED Ni3+, Pd3+, AND Pt3+ IONS W 
0 
00 

A i S O  A I1 A, Aligands 
Ion gav  g I1 gL (104 cm-1) (104 cm-1) (104 cm-1) (104 em-1) References 

- 
[Ni(diars)zClz]CI 2.09 2.05, 2.09, 2.14 
Ni(HHz)zBr - 2.036 2.194 
Ni(Phzg1yoxime)zBr - 2.1118 2.0221 
Ni(Phzg1yoxime)zI - 2.0121 2.0222 
LCpNi-(PhC-CPh)-NiCp1 + e 2.0526 - - -~ 
[CpNiSCH3]2 - e 
Ni3+ in Ti02 
Ni[PhzP(CH2)3PPhz]Br3 
LCpNiSCH&+ 
ICpNiSzCz(CF3)zl 
[Ni(MNT)z]- 

[Ni(TDT)z]- 

- 2.007 - 

- 2.084, 2.085, 2.254 
- 2.218 

2.0267 - - 
2.0479 - __ 

2.063 1.198, 2.160, 2.042 

2.082 2.016, 2.183, 2.048 

2.0618 1.996, 2.137, 2.044 

2.0568’ 2.122, 2.041, 1.999 

2.055 2.006, 2.123, 2.030 

- 2.126, 2.039, 1.996 

2.031 1.990, 2.102, 2.006 

Aiso(A~) = 70 G (146, 419) 
A,(14N) = 19 G (240)  

( 2 1 7 )  
(217)  
(175)  
(174)  
(259)  
(672)  
(173)  
(176)  

-_ 
- 

- 

- 

- 

- 

- 

- 

A ll (33s) = 14.27 G, (163 ,  164, 
A,(33S) = 4.55 G 473, 602, 

642)  

642, 710)  

166, 602)  

602) 

A ll(33S) = 13.3 G 

A ,,(33S) = 14.5 G 

A l,(33S) = 13.7 G 

(287, 602, 

(163, 164, 

(163, 164, 

(54 ,  352, 
642)  

A ll(33S) = 13.9 C (602)  



2.083 2.017, 2.191, 2.036 I Ni(:D)z 1 
L _I 

{Ni[SezCz(CF3)zIz}- - 2.008, 2.193, 2.116 
[Ni(SzCzHz)21- 2.056 1.996, 2.126, 2.039 

2.0435 2.006, 2.094, 2.025 

[NiHzgmaI- 2.051 2.009, 2.119, 2.027 

IWMNT)zI-  2.0238 1.956, 2.065, 2.046 

Pt in YA1 Garnet 

2.022 
2.023 

2.006 

- 

- 

- 

__ 
- 

2.042 
2.031 
2.039 

1.988 

- 

- 

1.955, 2.065, 2,049 

1.946, 2.062, 2.008 

2.008 2.019 
2.0097 2.0177 
2.0088 2.0166 
2.328 2.011 
2.459 1.950 

1.825, 2.221, 2.067 
1.810, 2.229, 2.059 
1.823, 2.210, 2.074 

1.759, 2.217, 1.978 

1.962, 2.361, 2.424 

- 

- - 

0 135 
- - 

- - 

118 G, 7 G, 129 G 

145 G, 68 G, 200 G 

99 G, 88 G, 30 G 

= 69 G 
A ,, (33s) = 13.9 G 

(54 )  

(169)  
(602, 609)  

0 
0 

(348) W 
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Jahn-Teller distorted ground states, d,, or dX2+.  At >160"K, the g 
values show that the wave function is a combination of $$dx2-y2 + $4dz2. 
The large admixture of d,, indicates considerable thermal vibration. At 
temperatures >200"K there is an equal amount of $dX2+ and $d,, in 
the wave function and consequently, the spectrum is isotropic. This is 
the dynamic Jahn-Teller effect. Below 16O"K, the wave function is 
mostly dXz+ and the low level of thermal vibration does not produce 

TABLE LI 

ESR DATA FOR d9 Fe-1 IONS 

Ion 
Refer- 
ences 

2.038 
2.0073 
2.053 
2.0403 
2.0572 
2.0619 
2.0322 
2.0415 

2.0031 
2.0106 
2.0247 
2.0251 
2.0291 
2.0261 
1.937 
2.0031 
2.0030 

- 
2 lines sep. by 104 G 
2 lines sep. by 27 G 

2 lines sop. by 3.5 G 
2 lines sep. by 5.2 G 

Solid state g value 
A(31P) = 20 G, 2 E P 

much mixing with a,,. S.h.f.s. is observed in the latter case which is due 
to two equivalent C1 ions. The available data are given in Table LII. 

3. ESR of Ni+ 
Stable paramagnetic organometallic compounds are exceedingly rare 

and so the few that are known have been studied in detail. ESR has 
shown (455) that in ( ~ T - C ~ H ~ ) , N ~ ~ ( C O ) ~ ,  which has the structure shown 
in Fig. 52, this molecule has symmetry D,, and the unpaired electron 
is in the A," n--bonding moleculai. orbital linking the three nickel atoms 



TABLE LII 

E S R  DATA FOR d9, Coo, Rho, Ni+ IONS 

A I1 A ,  
Ion guv g I1 g1 (104 cm-1) (104 cm-1) Altgunds References m * 

- - 0 [CPCO(CO)I~ + e ~~ - - N o  results given 
0 
r Rho in AgCl 

% 

(173)  0 
- (383)  

(708)  

- F-i (259)  in Ti02 2.272, 2.237, 2.050 - 

19F s.h.f.s. seen (326)  
(173)  s Cp3NidCO)z 2.110 2.027 - 

[(CO)&iPPh2]2 4- e 1.979 - (174)  2 
[CpNiPPhzIz + e 2.060 - - 

[Nidtbhl- 1.9973 - __ - 
[Nigmal- 2.0042 1.978, 2.028, 2.006 - (352, 433, 

C O ( c 0 ) 4  2.02 2.134 67 G 56.6 G - 

- - <llO"K 2.015 2.417 -. A l,(Cl) = 25.6, A,(Cl) = 14.7 (708) 7 
s - - - 160-350°K 2.436 2.207 - 

200-430°K 2.287 2.287 - __ - 

u (708)  - 
Nif 

- - 

- - w in N a F  2.766 2.114 _- 

__ 2.1050 2.0225 - 
- - - 

- - 
(173)  5 
(174)  ; 

- - - - 

- - - 

- - - - - (352)  
(352)  

(302)  

[Ni (dbh)] - 2.0006 
- - 

___ - 

472) 
- __ __ - - NiPc + e 2.0026 
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as shown in Fig. 53. Modifications to the theory for g values predict this 
and it is supported by the experimental values of g, and g ,, . The system 
is nominally d8d8dg. A related complex (545) containing the (CpNi), ring 

system but with a quarternary t-BUN< group roughly centrally placed 
above the plane of the ring with the N atom acting as a multiple bridge 
to each nickel atom shows a g = 2.035 single line in the solid state. 

0 
C 

C 
V 

FIG. 5 2 .  (~-CgH5)3Ni3(C0)2. 

FIG. 53. The ground state molecular orbital of symmetry (ZZ” consisting of a 
linear combination ($ = c141 + c 2 4 2  + ~ 3 4 3 )  of 3d orbitals each centcred on one 
of the metal atoms. 

Irradiated Ni in TiO, (259), NaF (326, 328), and LiF (328) lattices 
yield spectra attributed to Ni+. lgF s.h.f.s. are observed in numerous 
species detected in the fluoride lattices. 

Dessy et al. (175) have electrolytically reduced [(CO),NiPPh,], and 
[CpNiPPh,],. I n  each case, one electron is added. 

4 .  EXR of Cu2+ 

a.  The Jahn-Teller Effect. The Jahn-Teller effect causes distortions 
from 0, symmetry in all 6-coordinate cupric compounds. I n  almost all 
cases, the distortion is large and can be treated as an elongation of the 
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charges along the z axis stabilizing the d,, orbital and leaving the unpaired 
electron in the dX2+ orbital for which the g values are given by 

thus making g II > g, > 2. 

electron is in the dzz orbital for which the g values are given by 
When the Jahn-Teller effect stabilizes the dx2--2/2 orbital, the unpaired 

gI1 = 2.0023 (143) 

thus making g, > g Il = 2. 
Examples of this are rare, but the effect is observed in Cu2+ in 

CdW0, (and ZnWO, and MgWO,) (635, 636) and in NH,Cl (727), 
although in this latter case the authors wrongly say the electron is in 
the dxa+ orbital. I n  cupric citrate solutions a t  pH 7-11 ( l a g ) ,  a dimeric 
form is postulated and the g values indicate that the electron is in the 
d,, orbital. I n  CuF, molecules trapped from the vapor state in an argon 
matrix, the ESR parameters show (379) that the molecules arelinear with 
the electron in the d,, orbital. The high isotropic coupling to 63Cu arises 
from mixing of the d,, orbital with the 4s orbital. The 19F s.h.f.s. indicate 
about 8% electron delocalization and significant covalency. 

The Jahn-Teller effect is usually static, i.e., the crystal environment 
is such as to force a distortion upon the degenerate eg orbitals (in 0, 
symmetry) causing them to split. 

I n  certain cases where the environment of the Cu2+ ion is almost truly 
octahedral, there is little difference in the stabilizing energy of the 
dx2--y2 or d,, orbitals and the electron may jump from one to  the other 
orbital. This is the dynamic Jahn-Teller effect and is recognized by 
isotropic A and g values, with values being the average of the anisotropic 
A and g values appropriate for a static distortion. Examples of this are 
Cu2+ in MgO (278), C ~ ( e n ) ~ S 0 , - 3 H , 0  (570), Cu2+ in MgC1, and CdC1, 
(nearly isotropic) (488), and for [CU(H,O)~]~+ in MgLa2(N03)12.24H20, 
Mg,Bi,(N03)12.24H20, and ZnSiF6.6Hz0 (90). I n  these latter cases, at 
20"K, the distortion is static, but at 90"K, the distortion is dynamic. 

A dynamic Jahn-Teller distortion occurs (402) in copper-doped zinc 
tris-o-phenanthralene nitrate. Since anisotropic nitrogen s.h.f.s. are ob- 
served, then the distortion must be tetragonal rather than trigonal, 
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where the six nitrogen atoms would be equivalent and give an isotropic 
splitting. At 77°K the distortion is static, but a t  room temperature, the 
distortion is dynamic and the spectrum isotropic. 

The Jahn-Teller effect has been reviewed by Mueller (522), and a 
detailed study of the dynamic aspects of it with particular reference to 
[CuC1,I4- has been made by Lohr (452).  

b. Square Planar Xtereochemistry. Major distortions to Cu2+ in an 
approximately octahedral environment cause the g values to.approach 2. 
Thus for a square planar molecule, AE(d,z-ya - a,,) and dE(dXa-,, - d,, ,2) 

become very large and so g II gnd g, become smaller. This is readily seen 
in the phthalocyanine-type complexes and in other essentially square 
planar molecules, which are tabulated in Table LIII.  

There have been numerous papers reporting results for the ESR of 
porphyrin-type complexes (see Table LIII). These complexes are of 
interest because of their rigid planar structure. The highly aromatic ring 
raises the question of the degree of in-plane and out-of-plane 7~ bonding. 
This has been the subject of much contronersy since measurement 
depends largely on the accuracy of the determination of the 14N coupling 
constants. A recent redetermination of the spectrum of copper phthalo- 
cyanine (304) using enriched “Cu isotope has shown that most of the 
earlier workers had misinterpreted their spectra. This work has shown 
that, since the unpaired electron is in a bl*(dx2-yz) molecular orbital and 
its interaction with the corresponding antibonding orbital on the pyrrole 
N atoms is spz,  then there are no N orbitals available for in-plane rr 
bonding between the metal d,, orbital and the N. Out-of-plane rr bonding 
is present, but the extent to which it is important depends on an accurate 
value for the dx2--u2 - dxz,,2 energy gap. This is not known with any 
certainty. In  the p-chloro derivative of copper tetraphenylporphrin, a 
large C1 s.h.f.s. splitting of about 100 gauss is observed (69,363) ,  showing 
that there is considerable unpaired spin density on the perifery of the 
ring system. 

I n  the solid state, or indeed in solution, it is frequently difficult to 
consider truly square planar complexes because of the possibility of weak 
axial intergctions. 

Deviations from planarity affect to a major extent the g tensor, the 
metal, and the ligand h.f.s. Rist et al. (583) have studied single crystals 
of cupric 8-hydroxyquinolinate in a series of organic host lattices. 

It is in the realm of cupric square planar complexes where the valence 
bond theory gives not only an inadequate, but an incorrect description 
of the bonding. Valence bond theory ignores the presence of antibonding 
orbitals and invokes the use of a linear combination of dx2-,2, px, py, and 
s orbitals to form the u bonds. For d9  ions, the ninth electron can only 



TABLE LIII 

ESR DATA FOR SQUARE PLANAR d9 C U ~ +  IONS 

A<,&u A l , C ~  A,(Cu) Aiso('4N) A ,,(14N) A,(14N) 
Ion gZao g II g, ( 1 0 4  em-1) (104 om-1) (104 cm-1) (104 cm-1) (104 em-1) (104 em-1) References 

W 

b 

63CuPc in HzPc 
CuPc 

in ZnPc 
in HzS04 
in HzS04 
in HzPc 

in HzPc 
in HzTPP 

in CHC13 

CuTPP 

Cu etioporphrin 
Cu p-chloro TPP 
Cu Na, chlorophyllin 
[CU(NH~)~P"C~~I  
(NH4)zCuC14 
(EtNH3)zCuC14 
[Cu(CN)4]2- in MeOH 

2.160 2.045 

- 2.162 2.047 
- 2.180 2.037 
- 2.1746 2.045 
- 2.179 2.050 

217 G 31.5 G 19.5 G 15.4 G (304)  

(68 ,  270) 
(589)  
(392,  532)  
(40 ,  324) 

$= z 
U 

215 

202 
202 

- 
2s 

32 
19 

- 
17.4 15.8 
13.6 G 15.4 G 

14.4 G 
14.5 17.8 

- 2.170 2.042 
- 2.193 2.071 

180 
202 

53.6 
29 

17.0 12.4 
14.5 16.1 

( 3 6 )  

( 3 7 )  
(588)  

(607)  

(709)  

(454)  

(382) 

(37 ,  272, 
363) 

(69,  363) 

(225,  576)  

(229,  709)  

2.1073 2.187 2.067 
2.0975 2.169 2.061 
- 2.17 2.05 

2.1077 2.2033 2.0518 
- 2.217 2.051 
__ 2.234 2.046 
- 2.234 2.046 

2.075 2.160 2.033 

97.7 
91.2 G 

21s 

250 
205.1 
211 

- 
39 

30 
30.1 
28 

- 
15.9 
14.6 G 

14.1 
- 

- 

14.5 16.5 
- - 

(35137C1 = 100 G) 
- 15.9 

17 G 10.2 G 
- - 

- 

21 
- 

143 

137.7 G 

58 

2.335 2.068 



( 4 ,  31, 261, 
266, 292, 
559, 624, 
632, 674)  

(578, 700)  

I ( A 3 3 S  = 11.2 G) Cu[SzCN(i-Pr)z]z 2.046 2.087 2.023 74 154 35 - 

Cu[SzP(OEt)z]z 2.047 2.03 2.02 73 111 42 - (A$ao3'P = 8 G) (243, 682) 
- - - (Cu: Zn)(SzCNEtz)z - 2.1085 2.023 - 142 22.4 

- 16 G - 
(32-35, 0 

513) 4 

2.075 - - 
-NHPh 

58.8 G 
3 (585)  

8 
(82,  473, 

\ Ph 
75.99 G 158.9 G 43.4 G 2.0458 2.086, 2.026, 

2.0427 2.083 2.024 
2.046 - 

2.118 2.233 2.058 
2.124 2.254 2.056 
2.109 2.230 2.048 
2.062 - 

2.023 

- 
- 2.046 - 

- 

81.26 G 
75.9 G 
77.6 G 
82 
79 
71.9 
81.8 

176 G 51 G 
- 

- 

205 
200 
168 
- 

- 

11.3 
13.8 
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go into the 4pz orbital. ESR results, however, show the unpaired electron 
to be in one of d52-2/2 symmetry. Since the dx2-y2 bonding orbital is filled, 
then the unpaired electron must be in the antibonding orbital with 
symmetry dx2-v2 (620).  

Electron diffraction measurements (443) of gaseous anhydrous cupric 
nitrate have suggested that the molecule is planar with the copper 
surrounded by four oxygen atoms in a square arrangement. This is 
confirmed by the ESR spectrum where the parameters are almost exactly 
that of cupric bisacetylacetonate (474).  I n  ethyl acetate solutions, the 
ESR parameters indicate a tetragonally distorted octahedral structure 
with much less delocalization of the electron (i.e., more ionic bonding) 
in support of the structure 

0 0  
‘N’ 

,O‘l 0 
CHs-C,, ,Cu’ h - C H ,  

0 I ‘0’ 
0 1  
I CzH5 

o”\o 
with weak bonding between the Cu2+ and NO3-. 

Certain halide complexes, notably (NR4)2CuC14 (709),  may be con- 
sidered as square planar. One compound which is truly square planar 
is [Cu(NH,),](PtCl,) (225),  where planarity is forced upon the system 
by the host lattice, Magnus’s salt [Pt(NH,),][PtCl,]. Analysis of the 
nitrogen tensor indirectly shows that the hybridization of the ammonia 
lone-pair electrons is sp5m1. This is not unexpected, and shows how 
in certain cases, ESR data can be used to monitor the electrons in bonding 
orbitals (576). 

c. Tetruhedrul Xtereochemistry. Cu2+ in a tetrahedral environment is 
rare, and distortions can be treated as perturbed square planar cases. 
Good approximations to td symmetry are found in CszCuC1, (613, 614), 
Cu cr,m’-dibromodipyrromethene (60) ,  [Cu(py),] -S208 (329),  Cu2+ in ZnO 
(178,181, 375), and Cu2+ in GeOe (622). I n  td symmetry, p orbitals have 
the same symmetry as the tzd d orbitals of the metal, and thus there 
can be a mixing of 4p and 3d orbitals. Sharnhoff (613) has estimated 
that the unpaired electron in tetrahedral [CUC~,]~- is in an orbital that  
is 70% 3d and 12% 4p on Cu and 17% 3p and 1.3% 3s on C1. Using 
the 14N coupling constants (329) in [Cu(py),]’+, the 2p character of N 
is deduced from 
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and the 2s character of N is 

Aieo 4.9 
550-550 - = 0.9% 

which are very close to the figures for C1 in [CUC~,]~-. In  the case of 
Cu2+ in ZnO, the u bonds are particularly strong and delocalization of 
the electron is as much as 40%. Certain salicylaldiminato complexes 
approximate closely to tetrahedral stereochemistry, particularly when 
the copper atom replaces a small proportion of zinc atoms in the dia- 
magnetic host lattice. A detailed single crystal study has been made by 
Fritz et al. (223) on one of these complexes. 

\ 
H 

0 ,o&y 
cH3-c\ 0 /4...,o/o I 

FIG. 54. Structure of cupric acetate, showing only one of the four bridging 
acetate groups. 

The purple species in methanolic cupric solutions containing excess 
cyanide has been shown to be the square planar species [CU(CN),]~- (454).  

d. Dimers : copper-copper Interactions. The crystal structure (675) of 
cupric acetate is unique in that pairs of Cu2+ ions are only 2.64 d apart. 
This is illustrated in Fig. 54. An exchange interaction between the two 
ions produces a singlet and a triplet state, with the singlet state lower 
in energy by 260 emp1. This manifests itself in the ESR spectrum (396) 
where the average Cu hyperfine coupling in CU~(CH,COO)~.~H,O is 
about half that in (CU/Z~)~(CH,COO)~. 2H20 where the diamagnetic 
diluent prevents the exchange interaction and a “normal” copper 
spectrum is observed (see Table LIV). The same effect is seen (689) in 
copper-doped zinc formate, where for t 0 . 5 %  Cu, Aiso( “Cu) = 100 gauss, 
but for 3.4% Cu, Aiso( 63Cu) = 49 gauss, and in several other organic salts 
(97, 99, 157, 189, 401, 446, 571, 721, 722). 

The importance of 6 bonding has been discussed, and refined values 
of the spin-spin coupling constant have been given by Jotham and 
Kettle (374).  Table LIV summarizes the available ESR data. An interest- 
ing molecule is cupric cyanoacetate, which forms a polymeric species 



W 
p3 
0 

TABLE LIV 

ESR DATA FOR DIMERIC AND RELATED SPECIES OF Cuz+ 
~ 

Aiso(Cu) A I,(CU) A,(Cu) 
Species Sav 911 g, (104cm-1) (104cm-1) (104cm-1) References 

(Cu: Zn)(CH3C00)4.2HzO - 2.344 2.052 - 147, 18, 23 - (396, 571) 

Cuz(CHzClC00)4.5H~o 2.40,2.06,2.09 (157)  
( C u : Z n ) ( H C 0 0 ) ~ - 2 H z 0  - 2.416 2.077 - 124 23 (63Cu) (10, 417, 

Cuz(CzHsC00)4 - 2.368,2.102,2,100 - 120 G 35 G - ( 7 ,  721)  
(Cu: Zn)(C3H&00)4 .HzO - 2.348 2.060 - 74 < l o  D = 0.327 cm-1, (401)  

Cu n-valerate - 2.29 2.03 115 G 39 G ( 721 ) 
140 G (189) Cu citrate, pH 2-7 - 2.37 2.07 - 

Cuz(NC *CHzC00)4 - 2.40 2.08 (693)  
D = 0.36 cm-1. (446) 

- 80 <10 (9 ,88 ,396)  Cuz(CH3C00)4. 2H20 - 2.344,2.052,2.093 - 
- - - - - 

571, 689) 

E < 0.001 cm-1 
- - 

- - 

- - - __ 

- Similar values for Cu acetylsalicylate - 2.36 2.07 80 

C U + C U ~ + ( C H ~ C O O ) ~  * S O ~ V .  2.17 2.37 2.08 42 G 
cu2+ 

18 related acids 
- 2 Cu in  solution (625)  

in [(CsH.=,NO)zZnC12]2 - 2.323,2.056,2.080 - 129 <10 A (35C1) = 25, (398)  

in [(CsHsNO)ZrrClz.HzO]z - 2.306,2.056,2.083 - 139 t 1 0  (398)  
in [(CsHsN0)zNiC1~]2 2.14,2.54,2.49 35 t 7  (398)  
in [ ( C ~ H ~ N O ) N ~ C ~ Z . H ~ O ] ~  - 2.15,2.61,2.50 40 <7 (398)  

Ai(3sC1) = 7 
- 

- - - 

- - 

w 
+ 
Q 
0 
0 
U 

Z 
F 
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containing a Cu-Cu cage structure like the acetate (174). This paper 
gives a useful review of the theory and a general method for obtaining 
the magnetic parameters of dimeric copper compounds. Another related 
system investigated by Sigwart et al. (625) is a mixed valence Cu(I), 
Cu(I1) acetate which exhibits seven lines with a spacing of 42 gauss and 
with appropriate relative intensities attributable to two equivalent 
copper atoms. The species so formed is considered to be a binuclear 
species with a pair of acetate bridges, the bridges being a single oxygen 
atom from the acetate. 

The pyridine AT-oxide complexes (398) of formula 

and the corresponding one with H,O replacing PyN 4 0 in the axial 
position have a Cu-Cu distance of 3.3 d and show superexchange like 
cupric acetate. This is proven in the Cu/Zn case where the Zn diluent 
prevents exchange processes, but in the Cu/Ni case, there is still exchange 
between the Cu2+ and Ni2+. This is because the Ni2+ is in a &coordinate 
position and has two unpaired electrons; this behaves like three coupled 
ions and the coupling to  copper is about one-third that in 
[(C5H5NO)2Cu/ZnC1,],, i.e., 35 x 
cm-l. This is the only known case where coupling between two different 
metals is found. It is interesting that superexchange does not seem to 
be dependent on Cu-Cu distance since in cupric acetate the Cu-Cu 
distance is 2.64 d compared with 3.3 d in the PyN + 0 complexes. I n  
CsCuCl,, however, the Cu-Cu distance is 3.06 %I, but no magnetic ex- 
change properties are observed. 

A detailed paper by Lohr (453) discusses and tabulates the theoretical 
g values for six-coordinated binuclear copper(I1) complexes for all com- 
binations of Jahn-Teller distortions along the axes x ,  y, and z.  Inter- 
actions of this type have also been reviewed by Kokoszka and Gordon 
(400).  

e .  Other Cupric Complexes. 33S s.h.f.s. have not been observed from 
Iigands of the type dithiodialkylcarbamate except in the case of Cu2+ 
and Ag2+ complexes. Here, direct overlap between the dZ2--yz orbital and 
the s orbitals places spin density on the sulfur atom. The reason why 

cm-l compared with 129 x 



322 B. A. GOODMAN AND J. B. RAYNOR 

it is difficult to  see 33S s.h.f.s. is not only because of its low natural 
abundance (0.74y0), but because there is usually little s character in the 
lone-pair hybrid orbital (unlike N where the lone-pair is usually sp, sp2, 
or sp3).  This arises because of the availability of 3d orbitals means that 
3s orbitals need not be used in hybridization. Pettersson and Vanngard 
(559) calculate that the p l d :  s ratio in Ag and Cu dithiocarbamates is 
about 4.4: 1.  From the bonding parameters it is deduced (559) that  the 
out-of-plane rr bond is almost ionic. 

A range of bisthiosemicarbazones and natural products with related 
groups have been studied by Blumberg and Peisach (96) .  The structurally 
related xanthates have also been investigated (633).  

H- 

FIG. 55. Fluid solution spectrum of Cu(acac)z in CHC13. 

The reaction (585, 707) of cupric dithizonate and diphenylcarbazate 
with alkali is interesting in that the color change and ESR signal indicate 
that a ligand radical species is formed in solution. The reaction is 
reversible with acid. 

Numerous copper complexes have been studied by Kivelson and 
Neiman (392) in great detail and this paper forms a good basis in under- 
standing the significance of ESR to the problem of elucidating the nature 
of the bonding in copper complexes. 

There has been a vast quantity of ESR work in the field of cupric 
complexes with organic bases. Much of this work is on poorly charac- 
terized species and the parameters obtained are usually incomplete and 
of little value. The series of complexes [CU(NH,),(H,O),-,]~+ yield (657) 
a trend in g and A values which could with interest be related to  the 
optical work of Jorgensen et u1. (86). Spin densities on the protons of 
the hexaamine have been determined from NMR Knight (Contact) 
shifts (699).  Shupack has correlated the g tensors of [CU(NH,),]~+ and 
[CU(NH,),]~+ with the molecular orbital energy level diagram (620).  

A series of papers by Hathaway et ul. (83-85, 203, 204, 315, 567, 
568, 627, 665, 666) have correlated the g tensors of a wide variety of 
cupric complexes with their optical spectra whose assignments are 
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I I 
1 I ' I  65cu I 

63CUl 

911 uT_u 
gL 

FIG. 56. Frozen solution spectrum of Cu(acac)z showing resolution of g Il into 
h.f.s. due t,o 63Cu (69.1%) and 65Cu (30.9%). The line X is a forbidden transition. 

based on polarized light single-crystal studies. Considerable attention 
has been paid to cupric acetylacetonate and substituted derivatives 
in various soIvents (see Figs. 55 and 56). It is concluded that the bond- 
ing is largely covalent (u and in-plane n-) and that there is virtually 
no out-of-plane n- bonding (474) .  The parameters (148) of the homolog 
Cu[(CH,)3CCOCHCOC(CH3)3]e are similar. The influence of solvents like 
chloroform and toluene on the ESR spectra of cupric acetylacetonate 
suggests that there is axial coordination of toluene, but in the case of 
chloroform, a combination of axial coordination and hydrogen bonding 
as shown in Fig. 57 (30) .  

CI H 

I ! 
I I 
I 

k \/ 
CI 

/ \  
CI 

FIG. 57. Possible nature of solvent interact>ion between Cu(acac)Z and chloroform. 
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Electron delocalization in a series of cupric salicylaldimines of the 
general formula 

have been studied. Proton splittings of about 5-7 gauss (equivalent to 
a spin density of 1%) arising from R1, which may be H or CH,, are 
observed (438, 440, 441, 475). These have been discussed by Kuska, 
Rogers, and Drullinger who have compared these proton splittings with 
that observed in cupric diphenylacetylacetonate (429) .  It is not clear yet 
whether the spin density arises from cr or n= delocalization of the unpaired 
electron. 

The complex tmns-CuI, (imidazole), exhibits both Cu and N h.f.s. 
I n  this molecule, one pair of opposite imidazole groups are in the xy plane 
and the other pair are in the xz plane (20 ) .  

Electron nuclear double resonance has been used by Rist and Hyde 
(584) to determine the magnitude of the proton coupling in cupric 
8-hydroxyquinolinate and also the signs of the I4N s.h.f.s. The use of 
NMR for the determination of proton couplings in similar complexes of 
Ni(I1) and Co(I1) has been reviewed by Eaton and Phillips (197) .  

The Hofmann clathrate compounds of general formula Cu(NH,), 
M(CN),.BG where M = Ni2+, Pd2+, or Pt2+ and G is an organic molecule 
have been studied (523) .  In  the case of the magnetically dilute Cu/Cd 
complex, h.f.s. are detected and the g values indicate a tetragonal comp- 
ression with the unpaired electron in the d,, orbital. 

Copper is often found in biochemical systems, usually in peptides and 
proteins. Extensive reviews may be found (66, 106, 557).  Semiquantita- 
tive discussion (112) of the significance of the results, which usually show 
that the copper environment has axial symmetry and with a distorted 
octahedral structure are numerous. The use of model compounds has 
been discussed by Malmstrom and Vanngard (477) .  In  many cases there 
appears to be dimeric species present (98 ) .  A system of importance which 
has been extensively studied is the series of complexes with glycine and 
triglycine (209,638,707,712) .  The ESR data are tabulated in Table LV. 

5. ESR of AgZi. and Au2+ 
a.  Ag2+ dg. Hyperfine structure is resolved (507) in frozen acid 

solutions of Ag+ oxidized with persulfate (see Fig. 58 and Table LVI). 
The species present is presumably [Ag(H,O),]". The complex with Agz+ 
and a-picolinic acid also shows s.h.f.s. and the much larger A ,, is indica- 
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tive of some 5s orbital mixing of the ground state. The dithiocarbamate 
complex Ag[S,CN(i-Pr),], shows 33S s.h.f.s. with sulfur in natural 
abundance (559).  The bonding parameters (559) show that the Ag-S 
cr bond is almost completely covalent, but that the in-plane and out- 
of-plane rr bonds have little covalent character. This lack of interaction 
between the metal and the rr-ligand system is surprising since the 
stability of the complexes is usually attributed to the rr bonding. y-Irradi- 
ation of frozen solutions of AgNO, in alcohols and water yield Ag2+ ions 
which exhibit very large h.f.s. and are interpreted in terms of some 45% 
atomic character (616). 

FIG. 58. ESR spectrum of a frozen solution of Ag2+ in nitric acid. 

Comparison between [Ag( C5H,N)J2+ and Ag porphrins is interesting 
because the anisotropic tensor for lo9Ag in the latter (394) is about three 
times larger than for the pyridine (113,330) complex. This is presumably 
due to the silver-nitrogen distance in silver porphrins being shorter than 
in the “free” pyridine complex. This is also reflected in the bonding 
parameters for Cu and Ag porphrins, where a2 = 0.74 and 0.58, respec- 
tively indicating that the bl ,  orbital is much more covalent for the silver 
complex (394).  A detailed study of solvent effects upon 14 different 
porphrins of Ag and Cu has been carried out by MacCragh et al. (467).  

I n  irradiated Agf in the alkali halides (624), the static (77°K) and 
dynamic (200°K) Jahn-Teller effects are observed. The g and A values 
for the dynamic distortion are found to be exactly the average of those 
for the static effect. 

b. Au2+ d9. The parameters obtained (466) from the ESR of gold 
phthalocyanine are ‘not sufficiently accurately known to deduce details 
of the bonding as has been done for the copper and silver complexes. 
The instability of Ag and Au phthalocyanines is attributed mainly to 
the large size of the ions relative to the space available in the chelate 
ring. The available data are given in Table LVI. 



Ion 

K&~(N03)5 ,  n 3 k  

Cu(N03)z 
in argon matrix 
in Et acetate 

CuFz in argon matrix (linear) 

Cu2’- 
in Re0  (CsV) 
inKHzPO4 
in MgO 
in ZnO(Td) 

in GeOz, amorphous 
in GeOz, tetragonal ( o h )  

in GeOz, hexagonal (Td) 

in CdW04 

in K, Na, tartrate 

in CdClz 

in CdClz 
in MgClz 

2.30 2.04 

- 2.2489 2.0522 
- 2.34 2.07 
__ 1.913 2.601 

- 1.709 2.379 
- 2.388 2.060 
- 2.19 
- 0.7383 1.5237 

2.143 2.318 2.056 
2.166 2.380,2.070, 

2.175 2.382,2.096, 

- 2.018,2.304, 

2.13 2.324,2.051, 

- 2.339 2.070 

2.049 

2.047 

2.494 

2.060 

- 2.162 2.144 
- 2.178 2.154 

- 2.470 2.097 
- 2.219 

183G 38G 

190 17 
121 40 
722G 574G 

50 108 
148.5 19.1 

198 224 
19 

164 21 
128,17,43 

83.22,21.6,56.4 

84.5, <20,0 

153,33,19 

113 0 

101 80 
92 75 

113,19, 12.3 
29 

- 

A ,, (19F) = 115 G, 
AL(19F)=56.7 G 

- 

- 

A ,, (CI) = 18.5, 
AL(C1)=5.0 

- 

- 



in ZnKz( SO& - 6 H z 0  
inMg3Bi(N03)1~.24H2O 

20°K 
90°K 

12°K 
90°K 

in NH4M 
in NH4Br 

in ZnSiFG 

Cut304 anhydrous 
CszCuCl4 (Td) 

CuZ+ in CszZnC14 ( T d )  

Cu ad-bromodipyrromethene (Td) 

CUCl2 
+tri-fi-propylamine 
+di-n-propylamine 
+n-propylamine 
+dibenzylamine 
fbenz ylamine 

Cu(N02)2 +n-propylamine 
CuFz + n-propylamine 
CuBrz + n-propylamine 
(CU,C~)(NH~)~N~(CN)~(C~HB)Z 
Cu( dimethylg1yoxime)s 

- 2.44 2.13 

- 2.454 2.096 
- 2.219 

- 2.46 2.10 
- 2.221 2.230 
- 2.00 2.225 
- 2.029 2.190 

- 2.15,2.2,2.14 
- 2.384,2.083, 

- 2.446,2.083, 

- 2.283,2.084, 

2.107 

2.101 

2.069 

2.112 2.213 2.062 
2.121 2.204 2.061 
2.128 2.236 2.074 
2.107 2.225 2.049 
2.136 2.235 2.086 
2.122 2.232 2.067 
2.125 2.232 2.072 
2.130 2.233 2.078 
- 2.027 2.257 

2.086 2.155 2.035 

2.09 2.20 2.04 
2.187 - 

2.16 - 

2.14 - 

2.122 - 

2.108 - 

2.118 2.24 2.06 

- 

- 

- 

- 

- 

- 

- 

- 

- 
- 

- 

- 

- 
- 

- 

- 

104.8 
77.1 
57.8 
75.5 
60.5 
72.7 
66.0 
61.7 

87.5 
- 

- 
33 G 
- 
- 

54 G 
79 G 
65 G 

103 34 

110 17 
27 

110 <30 
21 28 
240 70 
161 0 

25,51,46 

-202.4 -56.0 
-192.4 -19.4 
-182.1 4.3 
-180.8 22.9 
-178.4 1.5 
-181.3 18.4 

-182.4 1.3 
-179.2 9.4 

90.1 -60.7 
144G 14.6G 

158 135 
- - 

- - 
160G 50G 

- 

A ('4N) = 11.7 
- 

A('4N) = 12.2 

- 

Ai8,('4N)= 15.OG 

-3 
. .  
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TABLE LV--cont. r.a 

ESR DATA FOR d9 Cu2+ IONS 

c u t +  
+(en).,n>2 

+[NH(CHZCHZOH)Z],, n >  5 

+(NHzCHzCHzOH),, n> 4 

+N(CHzCHzOH)3 
+CH3NHCHzNHCH3 

n< 1 

n i 4  

n < 3  

+i-PrNHz 
+OH- 

[CU(Hzo)d2+ 
[Cu(en)(Hzo)4I2+ 
fCu(en)z(HzO)~l~+ 
Cu( en) 3 SO 4 

Cu(o-phen)3(N03)2 - 2Hz0 

[ C U ( P Y ) ~ I ( N ~ ~ ) Z  
Cu2+in [Cd(py)4]SzOs 

Cu(py)zClz 
Cu( 2-pico1ine)zClz 
Cu( 3-pico1ine)zClz 
Cu( 2,6)toluidine)zClz 
Cu( a-Br-pico1ine)zClz 

[Cu(4-picoline)4]2+ 
[Cu( 3-picoline)4]2+ 

fCU(PY)412+ 

- 2.103 - 
2.139 - - 

2.116 - 

2.126 - 

2.109 - 

2.112 - - 

2.124 - 

2.109 - 

2.130 - 

2.116 - 

2.200 2.400 2.099 
2.137 2.281 2.058 
2.102 2.209 2.047 
- 2.126 2.113 

2.273 2.064 

- 

- 

- 

- 

- 

- 

- 

- 

- 2.25 2.05 
- 2.264,2.071, 

2.034 
2.15 2.220 2.06 
2.14 2.246 2.06 
2.14 2.206 2.06 
2.14 2.163 2.05 
2.14 2.296 2.05 

2.22 - 
- 2.21 - 

- 2.21 - 

- 

90 G 
74 G 
83 G 
61 G 
87 G 
56 G 
74 G 
87 G 
61 G 
72 G 

-37 
-68.5 
-83.9 
- 
- 

- 

- 

- 

- 

- 

- 

- 

- 

- 
- 

- - 

-127.8 12.6 
-181.2 -24.0 
-202.7 -28.0 
- 

160 <7 

190G <15G 
169,15.6,13.9 

134G 20G 
127G 20G 
142G 20G 
198G 34G 
115G 20G 
174 G - 

174 G - 

177 G - 

- 
Ai8,('4N)= 11.0 

A ll(14N)= 12.5, 
- 

A1(14N)= 10.5 

A('4N)= 12.7,1, 1 
- 

- 

A1(14N)=14G 
A1('4N)=14G 
AL('4N)=15G 



[Cu( 2-picoline)4]2+ 
[Cu(2,3-lutidine)4]2+ 
[Cu( 2,4-lutidine)4]2+ 
[Cu( 2,5-lutidine)4]2+ 
[Cu( 2,6-lutidine)4]2' 
[Cu( 2,4,6-collidine)4]2+ 
Cu(8-OH quino1ine)z -2HzO 
CuC12-8-OH quinoline 
CuClz-NH3 
CuClz-morpholine 
CuClz-pyridine 
CuC12-o-phenanthroline 
CUCL-CH~NH~ 
CuClz-( CzH5)zNH 
CuClz-( CzH5)3N 

CU( CH3COCHCOCH3)z 
in Pd acac 

in CHC13 
in DMF 
in Py 

CU(CH&OC(CH~)COCH~)~ in CHC13 

Cu(PhCOCHCOCH3)z in CHC13 
Cu(PhC0CHCOPh)z in CHC13 
Cu(CF&OCHCOCH3)2 in CHC13 
Cu(CF3COCHCOCF3)z in CHC13 
Cu[(CH3)3CCOCHCOC(CH3)3]2 
~ T U ~ ~ - [ C U ( D C O ~ ) ~ ( D Z O ) ~ ] ~ -  
[Cu(DcOz)~j]~- 
~TCWZ~-[CU(DZO)~(DCO~)Z] 
Cu(acac)zen 

- 2.25' - 

2.25 - 

2.23 - 

2.25 - 

- 2.21 
- 2.21 __ 
- 2.287 2.066 
- 2.172 2.042 

2.13 2.228 2.056 
2.13 2.227 2.081 
2.14 2.241 2.079 
2.14 2.22 2.08 
2.13 - 

2.12 - 

2.13 - 

- 

- 

- 

- 

- 

- 

- 

- 2.24 2.04 

- 2.266,2.055, 

2.123 2.285 2.042 
- 2.293 2.061 
- 2.302 2.071 

2.121 2.269 2.047 

2.124 2.281 2.046 
2.124 - 

2.129 2.308 2.040 
2.136 2.306 2.051 

2.2438 2.0505 
2.391 2.079 

- 2.407 2.081 
- 2.420 2.066 
- 2.184 2.033 

2.052 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

66 
46 
60 

63 
67 
70 

- 

- 

- 

77.2 
- 

- 

78.5 

76.4 
75.3 
72.5 
84.0 
- 

- 

- 

- 

- 

146 G 
142 G 
153 G 
153 G 
174G 
176G 
171 
168 
160 
95 
160 
119 
- 

- 

- 

166 G 

160 

175 
172 
164 
186 

176 

167 
173 

130 
129 
134 
202 G 

- 

- 

- 

~- 

- 

- 
- 

- 
30 
25 
15 
31 

29 
-1 

- 
- 

- 

15 G 

19.5 

28.2 
13.1 
3.5 
25 

26.6 

25.2 
24.5 

20 
21 
26 
27 G 

- 

- 

A ,( '4N) = 15 G 
A1('4N)=15G 
A,(14N)= 15 G 
AL(14N)=15G 
A1('4N)=14G 
A,(14N)= 14 G 
Aiso('4N) = 9  
AiSo(l4N) = 10 
Ai,o('4N)= 13 

Aiso('4N)= 14 
- 

- 

- 

- 

- 

- 

W 
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TABLE LV-cont. 

ESR DATA FOR d9 Cu2+ IONS 

Ion 

Cu(bzac)zen 
Cu(salicylamide)2 
Cu( salicylaldimine)2 

Cu(N-i-Pr sa1icylaldimine)z 

Cu(salicyla1doxime)z 
cis-Cu( a-aminoacetate)z 
trans-Cu( a-aminoproprionate)z 
trans-Cu( /3-aminoproprionate)z 

- 2.215 2.027 
~ 2.14 2.08 
~ 2.200,2.040, 

2.124 2.287,2.014, 

- 2.171 2.020 
2.121 2.234 2.053 
2.116 2.226 2.051 
2.126 2.243 2.055 

2.055 

2.095 

2.11 2.18 2.06 

2.10 2.19 2.05 

- 

- 

- 

65 G 

- 

61 G 
65 G 
43 G 

75 G 

91 G 

196G 28G Aiso(14N)=13.5G (221) 
156 10.8 - (707)  
184 21 ~ ( 1 4 ~ ) = 1 1 . 1 ~ ,  (261 ,475)  F 

A ( 1H) = 5.5 G P 
117G 15G,30G - (222,224,  

581)  0 
183 41 A(14N) = 14 (261,707)  
153G 12.6G 
l6OG 13G - 
130G 8 G  - 

(515)  p 

b 

- 

# 

u 

(515)  
(515)  

4 

w 
0 
P * 
s 

- - Aiso(14N)=12.5G (438)  

z 



Aiso(14N) = 14.3 G (438)  

M rn 

trans-Cu( d!phenylcarbazide) 
cis-Cu( glyc ylglycylglycine) 

2.12 2.24 2.20 - 140 11.0 - (585,707)  8 
0 2.12 2.20 2.08 - 156 10.8 - 

(707)  kl 
HzC-CRz 

RI I I /R3 

w 
- - - - - ~ ( 1 4 ~ ) = 1 1  G, (440)  z 

Ei 
A(14N)=12.6G, (441)  H 

A ( l H ) = 6 . 3 G  L 

6 
E 

‘C=N, ,N=C 

RlRzR3 = H or CH3 

5,5’-dibromo derivative of above 2.095 - - 87.4 G 
A(1H)=6-7 G 

- - 

Q 
0 

t3 
M 

m 



TABLE LVI 

ESR DATA FOR d9 Ag2+ AND A u ~ +  IONS 

Ai*O A I1 A, Aligands 
Ion Saw g I1 gi (104 em-1) (104 em-1) (104 em-1) (104 cm-1) References 

y-irr AgNOs/EtOH 
[Ag(HaO)6]2+ in acid 
[Ag( cc-picolinate)z]( SzOs) 
[ W P Y  ) 4 1 ( s 2 0 8 )  

Ag2+ in LiCl 

AgzS and AgzSe in AgC1 
AuPc 
Au[SzCN(i-Pr)z]z 
[Au(MNT)~]~-  

- 
2.124 
- 
- 

- 

- 

- 

- 

- 

2.0194 

2.020 
2.040 
2.019 
2.054 

2.042 

- 

- 
2.065 
2.040 
2.009 

2.001 1.974 
2.265 2.065 

2.244, 2.044, 2.072 
2.148, 2.048, 2.098 

2.18 2.04 

2.168 2.046 
2.164 2.032 

2.176, 2.040, 2.056 
2.168, 2.037, 2.047 

2.035 2.011 

- - 

2.104 2.029 

2.093 2.014 

2.178 2.039 

2.163 2.040 
1.996 - 

- - 

- - 

848 MHz 
- 

- 
- 

- 

- 
- 

- 

- 

-28 

20.76 
20.76 
31.4 G 
- 

- 

- 

- 

- 

28 
41.7 G 

876 MHz 
48 G 
188 G 
- 

42.4 

- 

- 
- 

- 

-37 

- 
- 

- 

71 

- 

38 

35 G 
- 
- 

- 

834 MHz 
32.6 G 
30 G 
- 

19.2 

- 
- 
- 
- 

-24 

- 
- 

- 
31 

- 

30 

30 G 
61 
- 
- 

- 
A(14N) = 24 G 

AI l ( l4N)  = 17, 
A,(14N) = 22 

- 

- 

A(33S) = 11.9 G 

- 
A II (14N) = 20, 

A,(14N) = 23 
A (14N) = 21.4, 

A,(14N) = 23.2 

A,(Cl) = 30 
A (C1) = 5, 

- 
A,(14N) = 15.8 

- 

(616)  

(507) 
(248, 507) 

(248, 268, 

(113, 330) 

(103, 507) 

507) 

(507) 
(507) 
(507) 
(4 ,  559, 

674)  
(249) 
(249) 
(710)  
(394)  

(465) 

(624) 

(349) 
(466)  
(674)  
(696, 710)  

W 
W 
P.l 
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L. ESR OF BIOLOGICAL SYSTEMS 
Many of the important biochemical species found in natural biological 

systems contain transition metals, the most common being iron, copper, 
molybdenum, manganese, vanadium, and cobalt. These metals in com- 
plexes are also notable in being readily oxidized or reduced, and hence 
either naturally or under mild oxidative or reducing conditions are 
paramagnetic with the consequent possibility of detection by ESR. 

In general, spectra from natural biochemical species are poorly 
resolved and better resolved spectra are usually only obtained if a much 
simpler complex is studied. I n  natural systems, the symmetry is usually 
completely lost and each ligand is different. The additional s.h.f.s. from 
several different nitrogen-bonded ligands causes further line broadening. 
In addition, impurities pose a very serious problem particularly if the 
signal under investigation is usually weak. It is for these reasons that 
simpler systems are studied, and hence most of the recent advances have 
been made with suitable model systems which bear a close chemical 
relationship to the natural system but with a higher symmetry and 
having simple ligands. 

Model systems have the advantage that a reasonably accurate picture 
of electron delocalization, covalency, ordering of energy levels, structure, 
and bonding may be achieved. The more complicated natural system 
may then be compared if the general envelope of the spectrum is similar. 
The g value(s) and any hyperfine splittings can then be compared and 
some useful conclusions concerning the electronic structure of the natural 
system may then be deduced. 

In  this review, no attempt is made to survey in depth the enormous 
number of spectral measurements made on biological systems. The 
examples quoted are largely at  random, and are notable only in that 
reasonably clear spectra are observed. A number of useful reviews have 
been published (64, 66, 95, 106, 202, 299). 

1 .  Metal Phthalocyanines and Porphrins 

Metal phthalocyanines and porphrins are a group of complexes, many 
of which are found in biological systems. The structure of the molecules 
is also related to heme and vitamin BIZ. The molecules are characterized 
by a rigid-square fully aromatic ring system (Fig. 59) whose low-lying 
r*-molecular orbitals are close in energy to the metal iron bonding and 
antjbonding d orbitah. For this reason, it is relatively easy to  add elec- 
trons to the system and the orbital into which the electron goes depends 
on the relative energy of the metal and the ring orbitals. This differs 
from metal to metal and is also dependent on the porphrin and the 
solvent. Copper phthalocyanine has been well studied and the results 
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X 

\ 

Y 
i 

FIG. 59. Axis notation for phthalocyanine-type compounds. 

are discussed in Section VIII,K,4. Other systems have been reviewed 
and the results collated and systematized usii,g a qualitative energy-level 
scheme (Fig. 60) by Guzy et al. (302). Addition of one and three electrons 
t o  the d10 systems of both ZnPc and H,Pc yield, respectively, a single 
line and a multiplet of lines attributable to N and H s.h.f.s. (359). This 
is explained by the electrons going into b l ,  and eB orbitals, respectively. 
In  the latter case, spin density may reside on the inner nitrogen atoms 
and thus give rise to nitrogen coupling. Many ESR spectra have been 
recorded (137, 593). 

3 e  ,- 
/// b l u  '\\ \ b l u ( r )  ligand 
. - 

\ 

\\ 

FIG. 60. Generalized energy-level diagram for metal phthalocyanines. *, the 
alg is raised by strong u bonding from the solvent ; t, the 2e level is raised by strong 
T bonding from the solvent. 

M. UNPAIRED ELECTRONS LOCALIZED ON LIGANDS 

1. Binuclear Cobalt Complexes 
The family of binuclear paramagnetic complexes of cobalt of the 

type [L,COI~~O,CO~~L,] and [ L , C O ~ ~ * O ~ ( N H ~ ) C O ~ ~ L ~ ]  have been studied 
in detail by several workers (63, 71, 198, 199, 482, 510, 519, 603, 701). 
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Spectra in sulfuric acid solution show that there are two equivalent 
cobalt nuclei indicating that the electron is delocalized over the Co0,Co 
chromophore (see Fig. 61). This was confirmed by Weil and Kinnaird 
(701) who detected 1 7 0  s.h.f.s. in [(NH3)4Co(NH2)(02)Co(NH3)4]4+ using 
11.7% enriched I7O in the -0-0- group. A coupling of 22.5 gauss was 

FIG. 61. The ESR spectrum of a dicobalt peroxo complex 

,02. 

showing coupling to two equivalent 59Co nuclei (519). 

obtained. Since no 14N s.h.f.s. are observed in the p-amido complexes, 
from linewidths an upper limit of 0.5 gauss can be put on A(I4N). 
Unfortunately, frozen solution spectra give only a single broad line thus 
making it impossible to estimate non-s-electron densities a t  the cobalt 
nuclei. It is interesting that the red and green isomers have different 
types of peroxo bridging groups, as shown in Fig. 62. The bond distance 

r 

1.36 a 

Green, paramagnetic 

L 

Red , diarnugnetic 

FIG. 62. Structure of the green and the red forms of the p-amido dicobalti- 
peroxo complexes. 



w 
w 
a 

TABLE LVII 

ESR DATA FOR COBALT PEROXY COMPLEXES 
Y 

Complex 

(63 ,71 ,199 ,  8 
519,603)  

(63 ,71 ,199 ,  
407,519,603)  

- - - KS[(CN)&OOZCO(CN)~] .HzO 2.0200 - - 8.50 

[(NH~)~CO~ZC~(NH~)~](NO~)~ 2.0249 2.076 2.003 11.4 18 18 F 
- (63 ,71 ,199 ,  5 
- 

- - K~[(CN)~COO~(NHZ)CO(CN)~]- 2Hz0 2.0244 - - 10.2 
519,603)  u 

10.2 

10.2 

10.2 

12.43 

13.4 

(63 ,71 ,199 ,  4 

(63 ,71 ,199 ,  . 
519,603)  

(63 ,71 ,199 ,  
519,603)  2 

(63 ,71 ,199 ,  LC 
519,603,701)  

519,603)  w 

Ei 

(407)  
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(482) in the green complex is closer to that usually found in superoxides 
than in peroxides (1.28 and 1.48& respectively). The planarity of the 

-co AN\ co- 
'0-0' 

ring supports a superoxo configuration with the unpaired electron 
located mainly on the -0-0- group, with the cobalt atoms nominally 
3+. The available data are given in Table LVII. The oxidation of the 
p-amido-p-peroxo complex by ceric ions has been followed by ESR 
(518). 

2. Dithiolenes and Related Compounds 
Complexes of the general type 

where X and Y are usually S, but may be Se, N-R, or 0, and Z is usually 
C, but sometimes N-R, undergo reversible electron transfer reactions. 
Many of the complexes, in apparently unusual valency states have been 
isolated and characterized, and the paramagnetic ones have been ex- 
tensively studied by ESR. The presence of a five-membered delocalized 
chelate ring appears to be a requirement for the reaction. The para- 
magnetic complexes are usually square planar for the Co, Ni, and cu 
groups of elements and distorted octahedral or trigonal prismatic for the 
V, Cr, and Mn groups. Considerable controversy has occurred in the 
formulation of these complexes, since, for example, Ni(MNT),- could 
be formulated as [Ni3+(MNT"),]- or [Ni2+(MNT)g-]-. That is, is the 
unpaired electron localized on the Ni or localized over the ligands? 
Agreement now seems to have been reached that the best formulation 
is somewhere between these extremes and the best description of the 
electron configuration of the molecule is in terms of molecular orbital 
theory. The lack of hyperfine structure in the ESR of most of these 
complexes has hindered calculations of electron delocalization. Where 
h.f.s. or s.h.f.s. are observed, the low values of metal h.f.s. and high 
values of ligand s.h.f.s. are consistent with much electron delocalization 
over the ligands. The g values are all close to  2, again suggesting 
delocalization and little metal spin-orbit coupling contribution to g. A 
satisfactory energy level scheme which is applicable for many of the 
square planar complexes is given in Figs. 63 and 64. This is applicable 
in particular to [Ni(MNT)2]2-. An extensive review by McCleverty has 
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Y 
I 

I 
I 

I 

FIG. 63. The coordinate system for metal dithiolenes. 

been published but the value of much of the extensive tabulated data 
is diminished by the absence of references (491) .  

In  the survey of ESR results, the nomenclature for electron con- 
figuration used has been, for convenience, to take the unpaired electron 
to be nominully on the metal. I n  practice, this means that, e.g., 
[Ni(MNT)2]- has its unpaired electron in the 4a,-molecular orbital which 

( y z )  
363, I 

(XI) 
362, 

2% 

I b 2 u ,  163" 
( .2-Y2 1 

L (u) 

FIG. 64. Ordering of molecular orbitals for Ni(MNT)IJ.-. For n = 2, the 4a, 
level is filled. 
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is partly metal d52--lle, but, in practice, largely (-75%) delocalized over 
the ligand 4a,-antibonding molecular orbital. The Ni[Se2C2(CFE13)2]2- 
complex (169) has 9 values deviating from free spin to a greater extent 
than the S analog. This is because of larger spin-orbit coupling with the 

TABLE LVIII 

DITHIOLENE LIGAND FORMULAS 

Abbreviation Compound Structure 

MNT Maleonitriledithiolate 

TDT Toluene-3.4-dithiolate 

SzCzRz where R = CF3, H, Ph 

dbh 

dtbh 

0 

*-S 'sDCH3 Q 

H H  

8-s a:: ::n Glyoxalbis(o-mercaptoanil) 

0 8 

HzC-CHz 

Dihydroglyoxalbis( o-mercaptoanil) 

0 8 

,CH3 
\ 

CH3 

?-I 
Bisacetylbis( benzoylhydrazone) N/"% k " \ N  

I I  II 
Ph/'\gZ F'OHC+Ph 

0 

Bisacetyl(thiobenzoy1hydrazone) as above but S instead of 0 
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TABLE LVIII-cont. 

DITRIOLZNE LIGAND FORMULAS 

Abbreviation Compound Structure 

0 
i-MNT Isomaleonitriledithiolate (not a 9, ,CN 

species which undergoes electron +#--,\CN 
transfer reactions) 0 

0 

BDT o-Benzene dithiolate csD 
“S 
e 

DTC Dithiocarbamata 

Se atoms of the ligand. The square planar complexes have also been 
reviewed by Gray (283, 284). Table LVIII lists some of the ligands and 
their trivial formulas. 

Some of the tris-chelate complexes have proved unique in that they 
have a trigonal prismatic coordination of ligands around the metal, with 
D3h symmetry. The Mo, W, and Re tris-dithiolenes seem to have this 
structure, together with V(S2C2Ph2),. The Ti, V, and Cr complexes are 
isomorphous and thought to have a distorted octahedral structure (285, 
639). The trigonal prismatic structure is maintained in solution since, 
for Re(TDT), the magnetic moment, g value and electronic absorption 
spectrum is the same for the solid and its solution in benzene (641).  
Steifel, Dori, and Gray (639) have proposed that the tendency is for the 
highly reduced species to be octahedral and for the oxidized species to 
be trigonal prismatic. 

The order of the M.O. energy levels (285) for trigonal prismatic 
Re(S2C2Ph2), is (4e’)4, (2ah)2 (3a;) l .  The unpaired electron is in a 
molecular orbital formed by interaction of the metal dzz orbital and sp2- 
hybrid orbitals in the plane of the chelate ring. The limiting formulations 
[ReV1(L3)6-]o, where the ligand is in a classical dianionic form and the 
metal is d l ,  and [Re11(L3)2-]o, where the three dianionjc ligands have 
four electrons removed, represent extreme configurations. The complex 
V(S2C2Ph2),0 is intriguing in that the unpaired electron is in the 2ai 
orbital which is ligand-based and non-bonding with the metal. This 
complex is known to have D3h symmetry compared with [V(S2C2Ph2),l2- 
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which is distorted 0, ( D 3 ) .  This latter complex would not be expected 
to have an electron in an Al  orbital and so the sign of the metal anisotropic 
hyperfine coupling constant will be reversed (see Section III,B, 1) .  

[VO(MNT),]’- and the binuclear (116) [Mo2(TDT),] have also been 
prepared. The former (42 )  is much more like a typical V02+ complex, 
showing the dominance of the V=O system. A simpler method of 
preparing MNT complexes has been reported (42 )  which involves direct 
reaction of a metal salt with sodium dithiocyanoformate and elimina.tes 
the troublesome synthesis of Na,MNT. 

Certain reduced zinc and cadmium (gma) and (dtbh) complexes yield 
ESR signals with g close to free spin and no h.f.s. (352, 472). 
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