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Electron Nuclear Double Resonance 
of Transition Metal Complexes 
with Organic Ligands 

Arthur Schweiger 

Laboratory for Physical Chemistry, Swiss Federal Institute of Technology, 
CH-8092 Ztirich, Switzerland 

Electron nuclear double resonance (ENDOR) of transition metal complexes with organic ligands is 
considered from an experimental and theoretical point of view. In the experimental sections, instru- 
mentations used in conventional ENDOR and multiple resonance spectroscopy and in some new 
double resonance methods are discussed. Particular emphasis is placed on various experimental 
techniques which supplement the conventional ENDOR experiment. The different methods are 
illustrated by a number of applications on transition metal complexes t. In the theoretical sections, 
the analysis of ENDOR spectra of complex spin systems is described including second order effects, 
transitions probabilities and determination of signs of the magnetic parameters. Some of the ap- 
proaches used in ENDOR to interpret ligand hyperfine and quadrupole data are outlined. 

Finally, a review of the ENDOR literature on transition metal complexes with organic ligands is 
presented. 
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1 Introduction 

Since the first observation of ligand hyperfine (hf) interactions in the EPR z spectrum of a 
transition metal compound by Owen and Stevens in 19531), a great amount of EPR work 
has been reported on this subject. In the last three decades this method has proved to be 
particularly sensitive for probing the details of the environment of paramagnetic transi- 
tion metal ions 2). From the electron g tensors, the zero-field splittings and the hf interac- 
tions of central ions and ligands, precise information about the geometric and electronic 
structure could be evaluated for a large variety of compounds. 

One disadvantage of the EPR spectroscopy lies in the fact that in rigid media the EPR 
lines are inhomogeneously broadened by the large number of nuclei which interact with 
the unpaired electron(s). As a consequence, ligand hf couplings are often not resolved in 
the EPR display. In addition, the specific selection rules which characterize the EPR 
spectrum generally prevent the detection of nuclear quadrupole interactions z). 

To resolve hf and nuclear quadrupole interactions which are not accessible in the 
EPR spectra, George Feher introduced in 1956 a double resonance technique, in which 
the spin system is simultaneously irradiated by a microwave (MW) and a radio frequency 
(if) field 3). This electron nuclear double resonance (ENDOR) spectroscopy has widely 
been applied in physics, chemistry and biology during the last 25 years. Several mono- 
graphs 2, 4-6) and review articles 7-n) dealing with experimental and theoretical aspects of 
ENDOR have been published. 

The principle of the ENDOR method is illustrated in Fig. 1. It refers to the most 
simple spin system with an electron spin S = 1/2 and a nuclear spin I = 1/2 for which an 
isotropic hf interaction, also, is considered. In a steady state ENDOR experiment 4), an 
EPR transition (A, D), called the observer, is partly saturated by microwave radiation of 
amplitude B1 while a driving rf field of amplitude B2, called the pump, induces nuclear 
transitions. At frequencies Vl and 1'2, the rf field tends to equalize the populations within 
the ms-states. This alters the degree of saturation of the observer so that, in the display of 
the EPR signal height versus the radio frequency, two ENDOR lines at transition fre- 
quencies Vl = ]ai~o/2 - v,[ (A, B) and v2 = lai~o/2 + v,[ (C, D) will be observed (v, = 
/~r~gnB0 denotes the nuclear Zeeman frequency for a static field B0). 

One requirement for successful ENDOR is the partial saturation of both the EPR and 
the NMR transitions defined by 

~BI~T,~T2¢ I> 1 (I.I) 

and 

2 Abbreviations used throughout the text will be given in Appendix A 
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Fig. 1. Energy level diagram for an S = 1/2, I -- 1/2 spin system with an isotropic hfs a~so > 2gsg.B0 
> 0. The steady state populations shown are for the case where the (A, D) (EPR observer) and the 
(A, B) (rf pump) transitions are saturated 

~B2TInT2n I> 1 , (1.2) 

respectively. These conditions can often be fulfilled by appropriately chosen experimen- 
tal parameters. In transition metal complexes, the spin-lattice relaxation times, Tzn and 
Tie, are usually too short at room temperature to fulfill (Eq. 1.1) and (Eq. 1.2) so that 
E N D O R  experiments for this type of compounds have to be performed almost exclu- 
sively at temperatures below 30 K. Since the E N D O R  signal is only a small fraction, A 
(ENDOR enhancement), of the EPR signal intensity (typically 1% for transition metal 
complexes) a further requirement for E N D O R  is that the EPR signal-to-noise ratio 
should be greater than 1/A. In this work we shall only be concerned with E N D O R  
frequencies and relative E N D O R  intensities, so that a detailed theory of the E N D O R  
enhancement will be omitted. For spin dynamics associated with E N D O R  observations, 
the reader should consult the literature on the subject 4' 5). 

For more complicated spin systems than the one presented in Fig. 1, the number of 
EPR lines becomes much greater than the number of ENDOR lines. This is due to the 
different selection rules for EPR and E N D O R  transitions. In an EPR spectrum (Ams = 
+ 1, Aml = 0) the number of lines increases multiplicatively with the number of nonequi- 
valent nuclei, whereas in E N D O R  (Ams = 0, Ami = + 1) the corresponding increase is 
only additive 7). Since on the other hand the total spectral widths in EPR and E N D O R  are 
of the same order of magnitude (expressed in units of energy), the average spectral 
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density is much smaller in the E N D O R  than in the EPR display. Thus, hf couplings 
which can not be observed in a single crystal EPR spectrum, because of inhomogeneous 
line broadening, may very frequently be resolved with ENDOR. 

For compounds containing nuclei with I >I 1, the E N D O R  spectrum is characterized 
byfirst order splittings due to nuclear quadrupole interactions. In EPR this coupling gives 
rise to small and usually not detectable second order shifts. Information on nuclear 
quadrupole interactions is normally obtained from NQR. In paramagnetic compounds, 
however, this spectroscopy suffers from the short relaxation times and from poor sen- 
sitivity (considerably lower than in ENDOR).  Thus, E N D O R  represents an alternative 
and very sensitive method to study quadrupole couplings of ligands and central ions in 
paramagnetic transition metal complexes. 

a) 

I0 rnT 

/ 
S 

b) 

IZ, N 13 C 

t 
v 

5{ 1(]1 1 H ~ MHz 

Fig. 2a, b. EPR and ENDOR spectrum of the low-spin Co(II) Schiff base complex Co(acacen) 
diluted into a Ni(acacen) • 1/2H20 single crystal, temperature 8 K. a) EPR spectrum; the two 
magnetically nonequivalent sites coincide for this particular orientation (EPR observer is marked by 
an arrow); b) ENDOR spectrum of 1H, 13C (enriched) and 14N ligand nuclei; Vp: free proton 
frequency; * denote the AmN = + 2 nitrogen ENDOR transitions. (From Ref. 12) 
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A typical example of resolution enhancement by ENDOR is given in Fig. 2. It com- 
pares the EPR spectrum of the cobalt(II) low-spin Schiff base complex Co(acacen) with 
its corresponding ENDOR spectrum x2). In the EPR spectrum (Fig. 2a) the observed 
splittings are due to magnetic interactions of the cobalt nucleus (Ico = 7/2, "allowed" 
Amco = 0 and "forbidden" Amco = + 1, 2 transitions). No ligand hf couplings, either 
from nitrogens directly coordinated to the Co(II) ion or from the surrounding protons, 
are resolved. 

In the ENDOR spectrum (Fig. 2b), however, the resolution is greatly improved so 
that transitions of the two nitrogens, of four carbons (13C enriched), and of a large 
number of protons with linewidths between 10 and 50 kHz can be detected. 

This example impressively demonstrates the great superiority of ENDOR compared 
to EPR in providing detailed information about the distribution of spin densities (hf 
couplings) and about local charge densities (quadrupole couplings) in extended ligand 
systems. Moreover, ENDOR yields additional information, such as identification of nu- 
clei (from the nuclear Zeeman frequency) and evaluation of relative signs of hf and 
quadrupole splittings. The range of applications of the ENDOR technique on transition 
metal complexes will be elucidated in detail in this monograph. 

The first ENDOR spectrum of a transition metal compound was published in 1963 by 
Deal, Ingram and Srinivasan 13), who studied Cu-phthalocyanine diluted into a single 
crystal of the corresponding zinc compound. In 1967 Eisenberger and Pershan 14) pub- 
lished some preliminary results on myoglobin azide crystals, but no detailed study of the 
angular dependence of the ENDOR spectra has been reported. The first complete single 
crystal ENDOR analysis of a transition metal complex has been presented by Rist and 
Hyde 15) in 1969, who studied the magnetic interactions of nitrogen and proton ligand 
nuclei in the planar complex Cu(Ox)2. One year later Hyde's group introduced the idea 
of orientation selection in ENDOR spectroscopy ~6) and published the first ENDOR 
spectra of a copper protein 17). Since that time, ENDOR on transition metal complexes 
has been receiving great attention in inorganic and bioinorganic chemistry. Much work 
has been done on copper(II) complexes, comprising of Cu(II)-doped ferroelectric crys- 
tals and amino acid crystals, complexes with Schiff bases and sulfur containing ligands, 
Cu(II)-porphyrins and corrins as well as copper proteins. Several papers deal with heine 
compounds and iron-sulfur proteins. Recently, ENDOR studies have been extended to 
cobalt low-spin Schiff base complexes, vitamin Bin, vanadyl complexes and vanadium 
and titanium sandwich compounds. Most of these compounds have been studied in single 
crystals, powders or frozen solutions. Recently, the first ENDOR results were reported 
on transition metal compounds oriented in nematic glasses and on a metal complex in 
liquid solution. 

During the last few years the versatility of ENDOR spectroscopy has been improved 
by a number of new techniques which make use either of special types of pumping fields 
(CP-ENDOR, PM-ENDOR), of more than one rf field (DOUBLE ENDOR, multiple 
quantum transitions, nuclear spin decoupling) or a different display of the spectrum (EI- 
EPR). In addition to these techniques, alternative methods have been developed (elec- 
tron spin echo and electron spin echo ENDOR) which are able to supplement or to 
replace the ENDOR experiment under certain conditions. The utility of all these various 
advanced techniques, particularly in studies of transition metal compounds, has recently 
been demonstrated. 
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The present monograph will be arranged as follows. In Sect. 2 an outline of the 
instrumentation will be given, specifically for ENDOR experiments in the solid state. 
Section 3 deals with the analysis of ENDOR spectra based on a perturbation approach. 
Higher order contributions to ENDOR frequencies and intensities as well as the determi- 
nation of the signs of the coupling parameters will be discussed. In Sect. 4 we will 
describe several special ENDOR techniques and illustrate them by examples. The inter- 
pretation of hf and quadrupole coupling constants will be outlined in Sect. 5. Finally, in 
Sect. 6 the ENDOR literature concerning transition metal complexes with organic 
ligands will be reviewed. 



2 ENDOR-Instrumentation 

The experimental methods in ENDOR spectroscopy have been extensively described by 
Kevan and Kispert 4) in their monograph, Electron spin double resonance spectroscopy, 
and by Leniart is) in a recent paper. In this section we shall briefly review the instrumenta- 
tion used in solid state ENDOR and describe the technical details of some new experi- 
mental methods. 

A large number of X-band ENDOR spectrometers have been discussed in the litera- 
ture. Instruments operating in the less common  K -19), Q_20. 21) and V -22) frequency bands 
have also been described. Most of the ENDOR spectrometers are so-called low-power 
systems which produce rf fields ~< 0.1 mTrot (rot: rotating frame). These field strengths 
are often sufficient to achieve nuclear saturation in transition metal complexes, i.e. to 
meet the condition (1.2). 

For nuclei with a small gyromagnetic ratio ~'n (e.g. 14N, 13C, 2D), the condition (1.2) 
may be hard to achieve. If this type of nuclei is strongly coupled to the unpaired elec- 
tron(s), however, the applied oscillating rf field, B2, is enhanced by the presence of the 
electron spin (Sect. 3.3). For small hf couplings, ENDOR intensities may also be 
increased by lowering the temperature, which corresponds to an increase in T~. High- 
power ENDOR spectrometers 23-3°) which produce rf fields up to 2 mTrot were originally 
developed so study liquid phase systems 28). The commercially available instruments from 
Bruker 24), Jeo129) and Varian Instrument Division 3°) are of this type. In solid state 
ENDOR, high rf fields have to be applied in multiple quantum transition and nuclear 
spin decoupling experiments, as well as in studies of the temperature dependence of 
ENDOR spectra, e.g. in compounds with intramolecular motions. 

2.1 Radio Frequency Range 

For ENDOR investigations of ligand and central ion nuclei in transition metal com- 
plexes, a large rf range has to be available. For compounds discussed in this work, the 
transition frequencies of ligand nuclei lie between 1 and 60 MHz. Since hf interactions of 
central nuclei are often large and strongly anisotropic, their ENDOR transitions may 
range from the typical ligand ENDOR region mentioned above up to several hundred 
megacycles. 

To cover such a large frequency range, different experimental arrangements are 
normally used. At frequencies > 50 MHz the mismatch between the power amplifier and 
the coil arrangement in the cavity often produces serious instability problems due to rf 
radiation. Consequently a high-frequency broadband ENDOR system has been designed 
by Berchten 31) to avoid a high voltage standing wave ratio (VSWR) between the power 
amplifier and the load. The block diagram of this set-up which makes use of a 50-100 Q 
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Fig. 3. rf part of the high-frequency ENDOR spectrometer (50-220 MHz). (From Ref. 31) 

stepped transmission line transformer (TR2) with a frequency range 40-220 MHz is 
shown in Fig. 3. The rf power is fed from this broadband transformer through a symmet- 
rical 100 Q cable to the coil in a modified E 235 Varian large sample cavity and from the 
latter to two 50 f2 loads, The four rods in the cavity are connected to form a Lecher type 
cable with a line impedance Zw - 100 Q. With this arrangement a VSWR of 1/1.2 
between the rf transmitter and the loop in the cavity is achieved in the frequency range 
70-220 MHz. The rf field at the sample position was measured to be 0.03 mTrot. 

2.2 Modulation Schemes 

To reduce spurious signals due to drifts of the EPR line setting arising from mechanical 
and thermal instabilities, double coding of the ENDOR information is often employed 23). 
Normally a low-frequency Zeeman modulation (30-300 Hz) is applied while the rf field is 
frequency or amplitude modulated at frequencies of about 1-30 kHz. This modulation 
scheme, however, has two major disadvantages: 
1) For maximum ENDOR enhancement, the Zeeman modulation amplitude has to be 

about one half of the width of the EPR line which is saturated at an extremum of its 
first derivative. However, in an EPR spectrum with line widths of typically 1 mT this 
Zeeman modulation contributes 20 kHz to the width of a proton ENDOR line. It 
turns out that in many cases a remarkably better resolution of the spectra may be 
obtained with a single coding in which only the rf field is modulated. 

2) In powder samples with broad EPR lines, large Zeeman modulation amplitudes have 
to be applied to improve the sensitivity. Such amplitudes often produce microphonic 
noise in the cavity and cause an uncertainty in the orientation selection in single 
crystaMike ENDOR spectra (Sect. 4.1). A modulation technique which avoids these 
problems in powder ENDOR studies has been proposedby Hyde et al. 32). In this 
scheme the Zeeman modulation is replaced by a 180 ° modulation of the phase of the 
microwave signal. 

2.3 Field Stability 

As mentioned above, in an ENDOR experiment the rf field is swept while the static 
magnetic field is held at a constant position in the EPR spectrum. For slow sweep rates 
and narrow EPR lines a device would be desirable which is able to stabilize the ratio of 
the microwave frequency to the static magnetic field. The applicaiton of a commercially 
available field/frequency lock system is restricted to a region of + 6 mT about the DPPH 
resonance field 33). In metal complexes with strongly anisotropic EPR spectra, however, 
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this locking-field range is usually not sufficient. For such compounds a stabilization of the 
field/frequency ratio at any static field position between 0.08-1.2 T may be achieved with 
the MIMARS (microwave frequency to magnetic field ratio stabilization) system 
developed by Andrist et alY ). In this system a digital feedback allows a stabilization of 
the field/frequency ratio to one part in 1 0  6 . 

2.4 ENDOR-Induced EPR (EI-EPR) 

In an EI-EPR spectrum (Sect. 4.2) the intensity of a single ENDOR transition is dis- 
played as a function of B0. Proton-EI-EPR spectra of metal complexes with a width 
> 10 mT cannot usually be recorded without correcting the offset between the applied 
radio frequency and the ENDOR resonance condition. Up to now this offset, which is 
approximately proportional to the change of B0, was corrected by using digital 
devices3L 36). A low cost analog set-up which allows an automatic tracking of the observed 
proton ENDOR line during the B0 field sweep has been described by Schweiger et al. 37) 
(Fig. 4). The signal of a self-locking proton magnetometer ~s'39) with a frequency output 
vp = ~NgpB0 is mixed with a frequency or amplitude modulated signal Av, so that vp + 
Av corresponds to the observed ENDOR resonance. The difference frequency Vp - Av 
is suppressed by a high pass filter. While B0 is swept through the EPR spectrum, the 
magnetometer frequency follows automatically the Zeeman frequency vp of the proton, 
i.e. the proton ENDOR resonance condition remains approximately fulfilled over the 
whole B0 range of the EI-EPR spectrum. 

ENDOR 
Cavity~! 

ENDOR 
Spectrometer I 

rf (AM,F'M) 
Oscillo~or 

Proton Reson. I 
Magnetometer I 

Iv' 
Mixer 

vp ÷AV 

High Pass J Fitter Array 
Fig. 4. Block diagram of the EI-EPR spectrometer. (From Ref. 37) 
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2.5 DOUBLE ENDOR 

In DOUBLE ENDOR (Sect. 4.3) the spin system is simultaneously irradiated with two 
rf fields. The frequencies of both fields have to be set independently from each other. 
Generation of rf fields by broadband DOUBLE ENDOR instruments are often strong 
enough for solid state studies at low temperature. In spin decoupling experiments 4°) 
(Sect. 4.4), however, the amplitude of one of the two fields (namely the decoupling field) 
should be as large as possible, whereas in studies of multiple quantum transitions 41) 
(Sect. 4.5) two strong rf fields have to be applied. 

An X-band high-power DOUBLE ENDOR instrument with two independently tun- 
able resonance circuits has been described by Forrer et al. 42). The fields RFI  and RFII  
are oriented perpendicular to each other and may be swept between 3-39 MHz and 
6-31 MHz, respectively. RF I is generated in a coil which also forms the wall of a TE 011 
microwave cavity. Up to 1 kW of rf power may be fed into the impedance matching 
network consisting of two variable capacitors and the RFI coil. Typically, fields of 
2 mTro t (10-20 MHz range) have been achieved in this way 27). In the RFII  coil, which 
consists of a two-turn loop, an rf power of 150W generates up to 1 mTrot. The actual 
design of the DOUBLE ENDOR cavity is shown schematically in Fig. 5. 

Helium 
Dewar , / 

RF 2 
Four capillary tubes 

{stainless steel) I 1 ' 1 1  
........ .Nllh.   RF2 col, 

re.Do II 

/ ~ M I  ] [g d l ~ " C ° u p t i n g  

Gordon il ~ II RF shield 
coopler IIT.U 

V He 4"2-300 K 

I 
Fig. 5. Schematic diagram of the DOUBLE ENDOR cavity system (X-band). (From Ref. 42) 

2.6 ENDOR with Circularly Polarized rf Fields (CP-ENDOR) 

The application of circularly polarized rf fields in ENDOR spectroscopy (CP-ENDOR) 
will be described in Sect. 4.6. Circularly polarized rf fields may be obtained by the vector 
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Fig. 6. CP-ENDOR cavity (X-band), operating in the TE 112 mode. Bo: static field, BI: microwave 
field, B2: circularly polarized rf field. (From Ref. 43) 
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Fig. 7. Block diagram of the CP-ENDOR spectrometer. Frequency range of automatic phase and 
level control: 2-50 MI-Iz, rf fields 0.08 mT~t. (Adapted from Ref. 43) 
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sum of two linearly polarized fields Bx (t) = iBx0 costot and By (t) = jBy0 cos (tot + qo), 
with Bxo = Byo = B2 and ~o = + 90 ° for a left hand (1.h.) rotating or qo = - 90 ° for a right 
hand (r.h.) rotating field 43). Thus 

B:p (1.h.) = B 2 (icostot + jcos (tot + 90°)) 

Bop (r.h.) = B 2 (icostot + jcos (tot - 90°)) . 
(2.1) 

The two linearly polarized fields are generated by rf currents in two pairs of wires 
oriented parallel to B0 and connected to form two half-loops which cross each other 
perpendicularly. A cylindrical cavity operating in the TE 112 mode was considered to be 
most suitable for this purpose. A schematic diagram of the cavity is shown in Fig. 6. 

For geometrical reasons the degree of circular polarization of the rf field is 100% only 
along the cylinder axis of the cavity. However, it has been shown that for samples with 
diameters < 6 mm the contribution of the counter-rotating component to the nuclear 
transition probability is less than 1% 43) . 

The block diagram of the ff part of the CP-ENDOR spectrometer is shown in Fig. 7. 
To generate ff fields of about 0.08 mTrot, two rf amplifiers with an output power up to 
600 W are used. The rf power for each channel is fed through 50 g2 coaxial cables of 
equal length to the half-loops, and to the 50 Q loads. A VSWR of about 1/1.2 is achieved 
with this set-up. The automatic level (ALC) and phase control (APC) units stabilize the 
two rf amplitudes and hold the phase shift q0 = + 90 ° constant during the sweep of the 
radio frequency. Both  the phase and the amplitude are measured with high precision 
current-to-voltage converters (CVC). The output from the CVC's is limited and fed into 
a broadband phase sensitive detector, allowing a precise phase measurement over the full 
power and frequency range. A level stability within 1% and a phase tracking error < _+. 1 ° 
has been achieved in the range 2 to 50 MHz. 

Recently the two techniques DOUBLE E N D O R  and CP-ENDOR have been com- 
bined (CP-DOUBLE ENDOR) by introducing into the cavity a third half-loop which 
produces an additional linearly polarized rf field 44). 

2.7 Polarization Modulated ENDOR (PM-ENDOR) 

In polarization modulated E N D O R  spectroscopy (PM-ENDOR) 45), discussed in 
Sect. 4.7, the linearly polarized ff field B 2 rotates in the laboratory xy-plane at a fre- 
quency fr < <  fr,, where fm denotes the modulation frequency of the ff carrier. In a PM- 
E N D O R  experiment the same type of cavity, with two rf fields perpendicular to each 
other, and the same rf level and phase control units used in CP-ENDOR can be utilized. 
To obtain a rotating, linearly polarized rf field with a constant magnitude BE and a 
constant angular velocity f~ = 2 :fir (fr typically 30-100 Hz), double sideband modulation 
with a suppressed carrier is applied to both rf signals. With this kind of modulation the 
phase of the carrier in each channel is switched by 180 ° for sin~t = 0. In addition, the 
phases of the two low-frequency envelopes have to be shifted by 90 ° with respect to each 
other. The coding of the two rf signals is shown in Fig. 8. 
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3 Analysis of ENDOR Spectra 

In this section analytical expressions for ENDOR transition frequencies and intensities 
will be given, which allow an adequate description of ENDOR spectra of transition metal 
complexes. The formalism is based on operator transforms of the spin Hamiltonian under 
the most general symmetry conditions. The transparent first and second order formulae 
are expressed as compact quadratic and bilinear forms of simple equations. Second order 
contributions, and in particular cross-terms between hf interactions of different nuclei, 
will be discussed for spin systems possessing different symmetries. Finally, methods to 
determine relative and absolute signs of hf and quadrupole coupling constants will be 
summarized. 

3.1 Spin Hamiltonian 

Paramagnetic resonance spectra are usually described by the spin Hamilton operator 
introduced by Abragam and Pryce 46). For metal complexes with an effective electron spin 
S = 1/2, the spin Hamiltonian may be expressed as 

~/~ ---- ,uBBoI~.3gS + SAMIM -- ~tNgMB01~.3IM + iMOMIM "4- 

+ Y~ (SAkFk-/~NgkBoR.3Fk + 57 Ik~Qklk~) • 
k x 

(3.1) 

In the first row of (3.1) the terms denote the electron Zeeman (~EZ), the hf (g~hfs), the 
nuclear Zeeman (~NZ) and the nuclear quadrupole interaction (~(~) of the central 
(metal) ion. The second row represents the hf, the nuclear Zeeman and the nuclear 
quadrupole interactions for sets of magnetically equivalent ligand nuclei. Each particular 
set is denoted by the index k, the individual nuclei of set k by k~. 

In (3.1) not all tensors are necessarily coaxial or diagonal. If the principal axes system 
of the g tensor is chosen as the molecular coordinate system (~M}, g has diagonal form. 
The laboratory frame (~L) is then related to (~M} by the rotation matrix R according to 

(~M} = (~L} A. (3.2) 

1~ 3 in (3.1) is the transpose of the third column of R, and represents a unit vector directed 
along the static field B0. More generally R. i  , i = 1, 2, 3, denotes the ith column of R. This 
notation proved to be convenient in the description of ENDOR spectra, especially in 
more complex cases, e.g. in CP ENDOR, PM-ENDOR, DOUBLE ENDOR as well as 
in spin decoupling experiments (Sect. 4). 
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3.2 ENDOR Transition Frequencies 

For spin Hamiltonians of systems with low symmetry, expressions for E N D O R  transition 
frequencies to second order have been given by several authors 47-55). In most of these 
papers the spin Hamilton operator chosen is not general enough to describe the observed 
E N D O R  spectra of transition metal complexes. For instance, some authors consider only 
one single nucleus 47' 49-52.54) make use of the assumption ~hfs "> ~Nz 48) or even neglect 
the term ~Nz 51, 52, 54). 

For the evaluation of energy levels, E N D O R  frequencies and nuclear transition 
probabilities from the spin Hamiltonian (3.1), we apply the generalized operator trans- 
form method, published by Schweiger et al. 55), which is only based on the assumptions 
~Ez "> ~hfs and ~hf~ "> ~O. No restrictions are made on the relative magnitudes of ~hf~ 
and ~Nz. 

3.2.1 First Order Frequencies 

The E N D O R  frequencies to first order for a single nucleus with spin I and arbitrary 
orientation of B0 are given by 3 

AE0)(ms, mi + 1 ~ mz) = 

with 

c(ms) = [(l~.3C(ms)C(ms)R.3)v2[ 

C(ms) = g-lmsgA -/~NgnB01 

g = [(P,.3g~tR.3)Ic2 I 

and 

Q33(ms) = l~.3C(ms)OC(ms)R.dc2(ms) • 

3 
c(ms) + ~- Qa3(ms)(2mi + 1) (3.3) 

(3.4) 

(3.4') 

(3.5) 

(3.6) 

For each I = 1/2 nucleus, t w o  first order E N D O R  frequencies, c(1/2) and c(-1/2),  are 
observed. If the g tensor and the hfs tensor A are i s o t r o p i c ,  c(ms) reduces to 

Imsai~o - v~l , (3.7) 

i.e., the two ENDOR lines are symmetrically placed about aisd2 or about the nuclear 
Zeeman frequency v, =/~NgnB0, depending on whether aiso/2 > V n or also]2 < Vn. In the 

3 It should be noted that in this approach c(ms) in (3.4) is chosen to be positive. The numbering of 
the energy levels is therefore the s a m e  in both ms-states: increasing mrvalues for increasing 
energies. Depending on the sign and the magnitude of the tensor elements of A, the saturated 
'allowed' EPR transition connects energy levels described by the magnetic quantum numbers 
(ms = - 1/2, mi ~ ms = 1/2, mz) or  (ms = - 1/2, - ml ~ ms = 1/2, mz) 
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case of an anisotropic hfs tensor with principal values smaller than vn, the two E N D O R  
frequencies are not, in general, located symmetrically to vn, but are shifted to higher 
frequencies, independent of the sign of the principal values of A. The tensor elements of 
A may be determined by a non-linear fit of the E N D O R  frequencies c(1/2) or c ( -  1/2), 
measured at different static field orientations I~.3. The g tensor in the expressions for 
c(ms) has to be evaluated from the orientation dependence of the EPR spectra. If both 
transitions c(1/2) and c ( -  1/2) are observed in the E N D O R  spectrum, the determination 
of A may be simplified using the formula 

c ( -  1/2) 2 - c(1/2) 2 = v~g-lf~3(gA + A~)R.3 (3.8) 

which is linear in A. 
For a nucleus with I = 1, the first order E N D O R  spectrum consists of four transitions 

at frequencies 

3 
c(1/2) + ~Q33 (1/2) 

3 
c(-1/2) _+ ~- Q33 ( -  1/2) 

(3.9) 

According to (3.3), 4. I ENDOR transitions will be observed for a nucleus with arbitrary 
spin I and with an unresolved hf structure in the EPR display. If the hf structure is 
resolved, however, each mi-state can be saturated individually and either a four-line 
E N D O R  spectrum (EPR observer: - I < mx < I) or only a two-line ENDOR spectrum 
(EPR observer: mi = + I) will be observed. 

For B0 oriented parallel to one of the principal axes of coaxial g, A and Q tensors, the 
first order transition frequencies in (3.3) reduce to 

I 1 A i 
= - - :  - - _ _ . V  n 2 2 

A i 3 
I = 1 : - ' ~ - +  vn - + ~ Q i  

A i + vn + 3 
I > 1  : ~ _  - ~ - Q i ( 2 m z +  1), 

(3.1o) 

where Ai and Qi denote the principal values of the tensors A and Q along the axis i 4. 
A further contribution to the first order E N D O R  frequencies arises from the nuclear 

dipole-dipole interaction ~D = IDK between the two nuclei I and K. The shifts of the 
E N D O R  lines of nucleus I due to ~D are described by mrD33(ms), with Da3(ms) = 
f~.3CI(ms)D~,K(ms)R3/cI(ms)cK(ms). In transition metal complexes this interaction is 

4 Throughout this paper the principal values of magnetic coupling tensors are denoted by lower 
indices x, y, z if the corresponding principal axes coincide with the g tensor axes. In all other 
cases, indices 1, 2, 3 are used 



16 Analysis of ENDOR Spectra 

often observed between the adjacent protons of water molecules, methyl-, or methylene- 
groups, and may be very helpful for the assignment of hfs tensors to their corresponding 
nuclei 56-6°). The tensor element D33 depends on ms and on the internal fields Be caused by 
the electron at the nuclei I and K. As a consequence, the direction of the maximum 
dipolar splitting will not, in general, be parallel to the internuclear direction. In order to 
get geometrical information from nuclear dipole-dipole splittings observed in E N D O R  
spectra, knowledge of the electron 9 tensor and the hfs tensors of the two coupled nuclei 
is required. The direct nuclear dipole-dipole interaction will be discussed in Sect. 4.4 in 
more detail. 

3.2.2 Second Order Frequencies 

First order E N D O R  frequencies of nonequivalent nuclei or of pairs of magnetically 
equivalent nuclei are given by Eq. (3.3) which is derived from the direct product spin 
base. To obtain correct second order shifts and splittings, however, adequate base func- 
tions have to be used. We start the discussion of second order contributions with the most 
simple case of a single nucleus and will then proceed to more complex nuclear spin 
systems. 

A Sing le  N u c l e u s  

The second order contribution to the transition frequency of a single nucleus (central ion 
or ligand) with spin I is given by 

AE(2)( +,  ml + 1 ~ mi) = -T-fl(al(2ml + 1) • 2a2 - 2 a3(2ml + 1)) + q' ,  (3.11) 

with fl = (8pBgBo) -1 , 

al = A121 + A12e + A221 "[" A22 

a2 = A12A21 - AriA22 (3.12) 

a3 = ~ 3  + ~g, 
= A(ms) = RSAgll(ms) , 

and the second order quadrupole term 

1 
q'  = {Q22 + 0--~13 + ~ 3  + ~- (QlI - Q22)2}/2c(ms) (3.13) 

with O = RX(ms)Qgll(ms) . 

Explicit expressions for the transformation matrices R s and RI(ms) determined by 

l~.3gR s = (001)g (3.14) 
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and [i.3C(ms)lrlI(ms) = (001)c(ms), respectively, 
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(3.15) 

are given in Appendix B, Eqs. (B2) and (B3). It is convenient to split (3.11) into 
different contributions described by the quantities ai, i = 1, 2, 3 (3.12) which produce 
shifts or splittings directly observable in the E N D O R  spectrum. The same type of expres- 
sions as given in (3.12) also occur for spin systems with magnetically and geometrically 
equivalent nuclei. 

In many cases the hfs tensor of the central ion is coaxial with the g tensor, thus (3.12) 
reduces to 

al = ~1 + A22, a2 = -ALIA22 , a3 = A23. (3.16) 

For axial g and A tensors and B o parallel to gll or g±, AE (2) is given by (Ai/2 > vn > 0) 

AE (2) (_+, m I + 1 ~ m 0 = ¥ 4flA 2 (mI + 1) (3.17) 

o r  

AE (2) (-+, mx+ 1 +~mi) = ~3{(A~ + A~)2 mr + (Air + A±) 2) , (3.17') 

respectively. 
In transition metal complexes, proton hfs are normally < 20 MHz so that the corres- 

ponding second order contributions, which amount to < 10 kHz, may usually be ne- 
glected. For nitrogen ligands, however, the second order corrections produce frequency 
shifts up to 200 kHz. Since hf interactions of central ions can amount to several hundred 
megacycles, the terms in AE (2) become very important for a correct description of the 
E N D O R  spectra. 

In some compounds the assumption ~Ez >> ~hfs or ~h~ >> ~0  is not fulfilled. In these 
cases, the second order perturbation approach is no longer accurate enough for the 
determination of the magnetic parameters. Such a situation has been found, for example, 
in cobalt and nitrogen E N D O R  spectra of Schiffbase complexes with a large cobalt hfs 61) 
and with nitrogen hf coupling constants comparable to the 14N nuclear quadrupole in- 
teractionsl2, 59). 

Nonequivalent Nuclei 

If two magnetically nonequivalent nuclei I and K are present in the spin system, the 
transition frequency of nucleus I is shifted by an additional second order term 48' 55) 

4flb3mK = 4fl(~113~113 + AI23~223)mK , (3.18) 

where b3 has an analogous form to the definition of a3 in (3.12). K denotes any nucleus 
(central ion or ligand) in the spin state mE. 

The cross-term described by (3.18) produces shifts or splittings in the E N D O R  spec- 
trum. Shifts are observed if the hfs of nucleus K is resolved in the EPR spectrum, i.e, if 
EPR transitions with different m K m a y  be used as observers. This is often the case in 



18 Analysis of ENDOR Spectra 

transition metal complexes with a large hfs of the central nucleus. The shift of nitrogen 
ENDOR transitions caused by the nitrogen-metal cross-term may amount to more than 
1 MHz in copper complexes 62'63). Splittings or line broadening effects are observed if 
several hf lines of nucleus K are simultaneously saturated in the EPR spectrum. Such 
splittings have been observed, for example, in proton ENDOR spectra of y-irradiated 
glycine 64) . 

Since the shifts produced by the cross-terms between ligand and central ion nuclei are 
often significant, the strikingly broad ENDOR lines (< 1 MHz) observed for transition 
metal ions 61' 62) may be traced back, at least in part, to unresolved splittings due to second 
order interactions of numerous ligands with the central ion. ENDOR frequencies up to 
second order for an I = 1 nucleus in the presence of a second ligand nucleus with a spin 
K = 1 are tabulated in Appendix B, Eqs; (B4). 

Two Magnetically Equivalent Nuclei 

Many types of transition metal complexes have a center of symmetry, i.e. they contain 
ligand nuclei which are inversion-related and therefore magnetically equivalent in pairs. 
For such a complex Schweiger et al. 6s) observed a nitrogen ENDOR pattern (Fig. 9) 
which could not be explained using the second order formulae obtained in the direct 
product base (B 4). For the description of the observed spectra, a coupled nuclear spin 
base with F = Ia + Ib, Ia = 1, Ib = 1 and F = 0, 1, 2 has been introduced 55'62). In this 
coupling scheme, the quadrupole operator has nonvanishing elements in the off-diagonal 
block F = (0, 2) of the spin Hamiltonian matrix. Since one of these elements is compar- 
able in magnitude to the difference of the corresponding diagonal elements, the near 
degeneracy in the second order formula has to be removed by an unitary transforma- 
tion 62). The first order ENDOR frequencies are again described by the four transitions 
given in (3.9), i.e. in this approximation the two magnetically equivalent nuclei may be 
considered as independent from each other. 

In second order, however, eight ENDOR frequencies are obtained for each ms-state. 
The transition frequencies tabulated in Appendix B, Eqs. (B 5) are again described by a~, 
a2 and a3 defined in (3.12). If the hfs is resolved in the EPR spectrum, the number of 
induced transitions depends on the mr-value of the saturated line in the EPR quintet. For 
mr = 0 six transitions, for ImFI -- I four transitions, and for ImFI -- 2 one transition are 
observed in the ENDOR spectrum of each ms-state 62). 

A typical nitrogen ENDOR spectrum of a copper complex (Cu(sal)2) with two mag- 
netically equivalent 14N nuclei and with the EPR observer at mF = 0 (two sets of six 
ENDOR lines) is shown in Fig. 9. The pronounced splitting of the lines into a doublet 
structure is described by the term 4fla~. The splitting of the more intense lines by 4fla3 is 
not resolved (see B 5). 

Recently similar doublet structures have been observed in other systems with inver- 
sion symmetr)P 8' 66). Fujimoto et al. 5s) used a somewhat different perturbation approach 
for the explanation of the I4N-ENDOR spectra in copper-doped a-glycine, whereas 
Brown and Hoffman 66) determined the nitrogen ENDOR frequencies of Cu(TPP) and 
Ag(TPP) by numerical diagonalization of the spin Hamiltonian matrix for an electron 
interacting with a single pair of equivalent 14N nuclei. 
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Fig. 9. Second order splittings in spin systems with two magnetically equivalent I = 1 nuclei: Single 
crystal nitrogen ENDOR spectrum of Cu(sal)2 diluted into Ni(sal)2. (Ref. 62) 

Geometrically Equivalent Nuclei 

The hfs (or quadrupole) tensors of geometrically (chemically) equivalent nuclei can be 
transformed into each other by symmetry operations of the point group of the para- 
magnetic metal complex. For an arbitrary orientation of Bo these nuclei may be consid- 
ered as nonequivalent and the ENDOR spectra are described by the simple expressions 
in (B 4). If Bo is oriented in such a way that the corresponding symmetry group of the spin 
Hamiltonian is not the trivial one (Ct symmetry), symmetry adapted base functions have 
to be used in the second order treatment for an accurate description of ENDOR spectra. 
We discuss the C2v and D4h covering symmetry in more detail. 

C2v(e~3) covering symmetry 67). For orientations of Bo in the mirror plane Sxz, the sym- 
metry group of the spin Hamiltonian is <~ {~e} = C2h(e2M). The direct product base of the 
nuclear spin functions of two geometrically equivalent nuclei reduces to two classes, 
containing six A-type and three B-type functions, respectively. Second order perturba- 
tion theory applied to H = UtHU, where U symmetrizes the base functions of the Hamil- 
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tonian matrix H yields eight ENDOR transitions for each ms-state (B 6). In these expres- 
sions a new cross-term appears, in addition to b3, namely 

b I = ~ii~iii + ~i12~12 + ~21~221 + '~22~22 , (3.19) 

which has an analogous structure to al in (3.12). 

D4h covering symmetry. The symmetry of the MN4 unit of Cu(TPP) and Ag(TPP) diluted 
into (H20)Zn(TPP) was found to be essentially D4h 66). When B0 is directed along the 
molecular x or y axis (between the M-N bonds), all four nitrogens are equivalent. For 
these field orientations, Brown and Hoffman 66) observed a broad 14N-ENDOR pattern 
with only partially resolved structure. An analytical calculation of the ENDOR frequen- 
cies and transition probabilities for these B0 field orientations is straightforward, but very 
tedious 6s). To get a better insight into the complexity of the ENDOR spectrum for B0 
oriented along a molecular axis e~ a, a numerical diagonalization of the full Hamiltonian 
matrix (four I = 1 nuclei) with Bo normal to the porphyfin plane has been performed 6s). 
In Fig. 10 the calculated transition frequencies and intensities for this particular B0 field 
orientation are compared with the observed spectrum. 

a 

IItJ, J 
I I I 

20 22 24 MHz 

Fig. 10 a--e. Higher order splittings in symmetry planes: Single crystal nitrogen ENDOR spectrum 
of Cu(TPP) diluted into (H20)Zn(TPP) with B0 normal to the porphyrin plane: B0 = 327.7 mT. 
a) Observed spectrum. (Adapted from Ref. 66); b) Transition frequencies obtained by numerical 
diagonalization of the full spin Hamiltonian matrix (Four nitrogen nuclei). (Ref. 68); c) First order 
frequencies, (Eq. (3.10)) 
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Noncrossing of Energy Levels 

21 

The effects of level noncrossing in E N D O R  spectra have been extensively discussed by 
Schweiger et al. 67). Two types of noncrossing points have to be distinguished: 
1) proper noncrossing points, where two levels of the same symmetry would nevertheless 

be allowed to cross according to analytical expressions of the second order and 
2) improper noncrossing points where crossing is allowed by symmetry, but in an 

infinitesimal neighborhood is symmetry-forbidden. Improper noncrossing points 
occur, for example, at particular B0 field orientations for which two (or more) nuclei 
are equivalent. It is this type of noncrossing point which is responsible for the complex 
E N D O R  spectrum depicted in Fig. 10. 
Proper noncrossing points may be observed, for example, near Q33 = 0. In systems 

with two magnetically equivalent nitrogens the typical eight-line pattern (Fig. 9) changes 
remarkably when the quadrupole coupling changes sign. An experimental example for 
such a noncrossing region in Cu(sal)2 is given in Fig. 11. The corresponding stick spec- 
trum is obtained by a numerical diagonalization of the full spin Hamiltonian matrix 
(including the Cu nucleus). 

It  should be noted that for geometrically equivalent nuclei a complicated E N D O R  
spectrum may be observed for arbitrary orientations of B0, if the hfs tensors are nearly 
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Fig. 11 a, b. Higher order splittings near Q33 = 0 due to noncrossing effects of energy levels: Single 
crystal nitrogen ENDOR spectrum (ms = 1/2) of Cu(sal)2 diluted into Ni(sal)z as a function of the 
orientation of B0; EPR observer: mr = 0. a) Experimental spectrum. At 9 -- 140", the beginning of 
the repulsion of the energy levels is marked by the splitting of the usual four-fine spectrum into a 
sextet, b) Stick spectrum, from numerical diagonalization of the full spin Hamiltonian matrix. 
(From Ref. 67) 
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isotropic 67). In such cases second order expressions in both the direct product and the 
symmetrized spin base are not suitable for a description of the details of the E N D O R  
spectrum. 

3.3 Transition Probabilities 

Nuclear transitions induced by an rf field B2(t) = B2cos a~t applied along the x(~ = 1) or 
the y(~ = 2) direction in the laboratory frame {~L} are described by the coupling 
operator 

~1 = B2(t)R.a(,uBgS - /~NgMIM -- /~S ~ gkFk) • (3.20) 

Application of the generalized operator transform yields for a single nucleus the follow- 
ing nuclear transition probability for zeroth-order base functions45): 

W (°) oc B22A 2 (I, ml) (1 - (R~C:(ms)R.3)2/c(ms) 2} (3.21) 

with 

A2(I,ml) = I(I + 1) - m i ( m i -  1) . 

The first term in (3.20) describes the interaction of the oscillating rf field with the 
electron spin, and contributes only in a first (or higher) order spin base to the nuclear 
transition probability. For a single nucleus, the first order transition probability is given 45) 
by 

W (1) o¢ B22A 2 (I,mt) (~,e(ms) e (ms)R~ - (fi,C(ms)R.3) 2 

+ (l~.aC(ms)R 3 - R.ag~R.3vn/g2) 2 (3.22) 

- (f%,C(ms) C (ms)S.3 - R.uggR.3R.3C(ms)R.3va/g2)2/c(ms)2}/~. 

Analogous formulae are valid for magnetically equivalent nuclei. 
The change of the nuclear transition probability due to the electron spin is usually 

called hyperfine enhancement 2) and has first been discussed by Abragam 69). The hyper- 
fine enhancement may be considered classically as originating from the modulation of the 
magnetic field Be produced by the electron at the nucleus. The size of Be is determined by 
the hf interaction between the electron and the corresponding nucleus. The field B~ f~ 
which induces nuclear transitions, is then given by the vector sum of B 2 and the compo- 
nent of Be which oscillates with the same frequency as the applied field. 

For an isotropic hf interaction aiso, B~ ff is oriented parallel or antiparallel to B2 and can 
be written as B~ ~ = EB2 with the enhancement factor 

E o (1 m so/v. ,  323, 
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For the general case of an anisotropic system the enhancement factor 

/ W(1) '~I/2 
E = kW-~-0y] (3.24) 

may easily be calculated from the expressions W (°) and W (t) in (3.21) and (3.22), respec- 
tively. 

Significant hyperfine enhancements in transition metal complexes are found for cen- 
tral ions with large hf couplings, and for ligand nuclei with small gyromagnetic ratios yn. 
For nitrogen hfs of 40-50 MHz, enhancement factors of E - 20 are found at X-band 
frequencies. In complexes with small 14N hfs (e.g. cobalt and iron compounds), the 
enhancement factor is near to zero, so that nitrogen ENDOR transitions are often 
difficult to detect. This is particularly true for one of the two ms-states. In Co(acacen), 
for example, the transition probabilities of the low- and high-frequency 14N-ENDOR 
lines differ by a factor > 10 for most orientations of the field B0, so that only the high- 
frequency transitions could be observed 12' 59). E N D O R  intensities of protons which have 
a large gyromagnetic ratio are not strongly influenced by the hyperfine enhancement. 
The field Be, however, plays an important role in proton CP-ENDOR and PM-ENDOR 
spectra as well as inspin decoupling experiments (Sect. 4). 

Nuclear transition probabilities are also influenced by the quadrupole interaction, 
e.g. for ~hfs ~--- ~t~Q transitions with [Amll > 1 may be induced. Nitrogen E N D O R  spectra 
with Am1 = + 2 transitions have been observed in several metal complexes with small 1aN 
hf couplings 59' 70, 71). 

3.4 Signs of Hyperfine and Quadrupole Coupling Constants 

To compare measured magnetic coupling constants with values obtained from theoretical 
calculations, the signs of the magnetic parameters should be known. In the following, 
different approaches for the determination of absolute and relative signs of the principal 
values of hf and quadrupole tensors will be discussed. 

Signs of the hyperfine principal values of a single nucleus. According to (3.3) and (3.4) 
the first order E N D O R  frequencies of a single nucleus with spin I = 1/2 are given by 

c(ms) = l(l~.3C(ms)C(ms)R.3)u:l 

: - - msvn R.3(gA + At~)R.3 + ~ I • (3.25) = [ R.3gAA~R.3 g 

The signs of the three hf principal values Ai,  i = 1, 2, 3, are only determined by the 
second term in (3.25) which is linear in A. The magnitudes and signs of all Ai can 
therefore be found by a least square fit of the E N D O R  data obtained from different 
orientations of B0. Since a change of the signs of A and ms does not alter (3.25), only 
relative signs of A i can  be obtained. 

The absolute sign of the isotropic part of the hf coupling can be determined if the 
dipolar interaction of a ligand nucleus with the electron in the metal orbitals dominates 
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the other dipolar couplings. In this case the largest principal value of the dipolar part of A 
is positive (gk > 0). This technique has frequently been applied to determine absolute 
signs of isotropic proton couplings 57' 5s, 62). 

For nuclei with Ai ~> Vn, the first term in (3.25) is the dominant one, so that the 
observed ENDOR frequencies c(ms) are rather insensitive to the signs of A i. Since the 
second order term 2 a2fl in (3.11) is dependent on the signs of Aii and thus of A i (3.12), 
the relative signs of the latter may be found by including higher order contributions in the 
fitting process. 

As mentioned earlier, such a treatment often fails for large hf couplings with second 
order contributions of several megacycles. Hence, the hf data has to be evaluated by 
numerical diagonalizations of the spin Hamiltonian matrices. This method has been 
applied to determine the magnitudes and relative signs of the A c° principal values in 
Co(acacen) 61). Since the sign of the largest coupling constant is often known unambigu- 
ously from theoretical arguments, the absolute signs of all three principal values may be 
determined. 

Relative signs of the hyperfine splittings of two nuclei. In single crystal ENDOR studies 
the relative signs between hfs constants of different nuclei may sometimes be determined 
from the cross-term 4flb3mK (3.18). If this second order term between nuclei I and K is 
larger than the ENDOR linewidth, a splitting or shift which is equal for both nuclei 
within the same ms-state will be observed in the ENDOR spectrum. This cross-term has 
been used, for example, in proton ENDOR spectra of AsO 4- radicals in KH2AsO 4 to 
determine the relative signs of the 75As and of the different proton hf coupling con- 
stants 72). 

Relative signs of hyperfine and quadrupole coupling constants. In an EPR spectrum 
with resolved hfs the relative signs of hf and quadrupole coupling constants may be 
determined from the dependence of the ENDOR intensities on the nuclear quantum 
number mi of the saturated EPR line 2°'63'73). For two magnetically equivalent I = 1 
nuclei, the signs can be obtained from similar, though more complex, intensity pat- 
ternslS, 5s, 62). 

If the hfs of the nucleus under consideration is not resolved in the EPR spectrum, all 
nuclear spin states are simultaneously saturated and a sign determination using ENDOR 
line intensities is not possible. In this case the relative signs may sometimes be deter- 
mined from second order hf contributions. This method has been applied by DuVarney 
and Spaeth TM to determine the sign of the 41K electric quadrupole moment using F 
centres in KCI. 

Sign determinations with the aid of more sophisticated ENDOR techniques will be 
discussed in the following section. 



4 Advanced ENDOR Techniques 

In this section we will be concerned with various techniques which supplement the 
conventional ENDOR experiment. The principles of the different methods as well as 
their advantages, limitations and applications will be discussed. 

Orientation selection in polycrystalline samples and in frozen solutions allows the 
determination of magnetic coupling parameters along well defined directions of ran- 
domly oriented molecules (Sect. 4.1). An improvement in orientation selectivity is 
obtained by orienting planar paramagnetic compounds in nematic glasses (Sect. 4.1). 
Overlapping EPR or ENDOR spectra of transition metal complexes may be separated by 
using wide range ENDOR-induced EPR (Sect. 4.2) and DOUBLE ENDOR (Sect. 4.3), 
respectively. The technique of selective decoupling of nuclear dipole-dipole interactions 
(Sect. 4.4) and the generation of multiple quantum coherence by high rf fields (Sect. 4.5) 
facilitate the interpretation of ENDOR spectra in many cases. The recent development 
of ENDOR with circularly polarized rf fields (Sect. 4.6) and of polarization modulated 
ENDOR spectroscopy (Sect. 4.7) has been introduced either to reduce the number of the 
observed ENDOR transitions or to characterize each ENDOR line by additional param- 
eters. Finally, the envelope modulation of electron spin echoes and the related electron 
spin echo ENDOR spectroscopy (Sect. 4.8) will be discussed as alternative methods to 
the conventional ENDOR technique. The different techniques and their applications are 
summarized in Table 1. 

4.1 Orientation Selection in Powders, Frozen Solutions and 
Nematic Glasses 

In ENDOR studies, maximum spectroscopic information is obtained, if the paramagnetic 
compounds are diluted into diamagnetic single crystal hosts. However, it is often not 
possible to find suitable host compounds or to grow sufficiently large crystals. This is 
particularly true with biological systems, e.g. copper or iron proteins. Crystalline pow- 
ders or frozen solution samples, on the other hand, can normally be prepared more 
easily. For such randomly oriented compounds, Rist and Hyde 7' 16, 75, 76) have shown that 
single crystal-like ENDOR spectra can be obtained by setting the field Bo at socalled 
turning points in the EPR spectrum. Turning points are defined by those magnetic field 
regions in the powder EPR spectrum which correspond to specific orientations of the 
molecules with respect to Bo. If only a small portion of the EPR spectrum around a 
turning point is saturated, an ENDOR signal is observed which corresponds to the single 
crystal spectrum of this particular orientation. 

The applicability of this selection technique depends on the anisotropy and the rela- 
tive orientation of the various interaction tensors. Frequently occurring situations in 
transition metal complexes suitable for treatment by this technique are 16' 76); 
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1) The anisotropy of the g tensor dominates the anisotropies of all the other magnetic 
interactions. In this case the turning points at the low- and high-field extremes of the 
EPR spectrum correspond to molecules oriented such that the magnetic field lies 
along one of the principal axes of g. Many iron complexes, e.g. low- and high-spin 
ferrimyoglobin, belong to this group. 

2) The anisotropy of the g and the hfs tensor of the central ion are of the same order of 
magnitude, but the principal axes of each tensor with the largest anisotropy coincide. 
Examples are planar cobalt and copper complexes. 
Furthermore, the method of orientation selection can only be applied to systems with 

an electron spin-spin cross relaxation time Tx much larger than the electron spin-lattice 
relaxation t ime Tie 77). In this case, energy exchange between the spin packets of the 
polycrystalline EPR spectrum by spin-spin interaction cannot take place. If on the other 
hand Tx ~ Tie, the spin packets are coupled by cross relaxation, and a powder-like 
ENDOR signal will be observed 77). Since Ti-~ 1 is normally the dominant relaxation rate in 
transition metal complexes, the orientation selection technique could widely be applied 
in polycrystalline and frozen solution samples of such systems (Sect. 6). 

Proper single crystal-like ENDOR spectra can best be obtained by saturating the low- 
and high-field flanks of an EPR spectrum. At these field positions the resolution of the 
ENDOR spectrum is increased and distortions of the ENDOR lines are minimized TM 79). 

A typical example is illustrated by the five-coordinated cobalt complex Co(salen)py 
diluted into the corresponding Zn host. For this compound, hf and quadrupole splittings 
of the pyridine nitrogen have been determined from single crystal-like ENDOR spectra 
for B0 alonggx and gz s°). Figure 12 shows the EPR powder spectrum and the correspond- 
ing 14N-ENDOR spectrum for B0 along gx. The well resolved four-line ENDOR pattern 
in Fig. 12b can be interpreted using the first order formula (3.10) for a nucleus with 
I = 1 .  

Powder-like ENDOR spectra obtained with arbitrary B0 orientations show a much 
less pronounced structure and are usually difficult to interpret 16). For systems with nearly 
axial g and metal hfs tensors, however, there often exist turning points in the EPR 
spectrum which correspond to all the B0 orientations in the complex plane. Thus, a setting 
of the magnetic field at such a turning point results in a powder ENDOR spectrum which 
is a superposition of the ENDOR spectra arising from all these B0 orientations. We call it 
therefore a two-dimensional ENDOR spectrum. For a ligand nucleus with I = 1/2, the 
two extreme values of the hfs in the complex plane can immediately be found 7s). For a 
nucleus with I ~> 1, however, the evaluation of the two extreme coupling constants of 
both the hf and the quadrupole interaction, which are not necessarily principal values of 
A and Q, requires more sophisticated ENDOR techniques (Sect. 4.3). 

In many planar metal complexes it is not possible to record an ENDOR spectrum 
which only contains contributions from B0 orientations in the complex plane. This is due 
to the fact that in the powder EPR spectrum the high- or low-field turning points may 
arise from extra absorption peaks 81), which do not correspond to directions of the princi- 
pal axes. ENDOR spectra observed near the in-plane region of such a powder EPR 
spectrum are due to molecules oriented along a large number of B0 directions (in- and 
out-of-plane), so that the orientation selection technique is no longer effective. 

For cylindrical or disk-like shaped metal complexes the orientation selection may be 
improved using nematic glasses as host compounds. It is well established that the 
molecules of a liquid crystal in the nematic phase temperature region are oriented in a 
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Fig. 12a, h. Orientation selection in ENDOR. a) Powder EPR spectrum of Co(salen)py. Arrow 
indicates EPR observer; b) Single crystal-like ENDOR spectrum of the pyridine nitrogen with 130 
along gx. (From Ref. 80) 

strong external field B0 along the magnetic field vector s2). As a consequence, planar 
paramagnetic solutes are aligned parallel to the solvent molecules. This orientation of the 
solute molecules can be preserved upon rapidly freezing of the liquid crystal s3). Thus, in 
the frozen nematic glass a two-dimensionaIpowder EPR spectrum is obtained, consisting 
of contributions from B0 only oriented in the complex plane. The out-of-plane directions, 
and in particular the extra absorption peaks, are often wholly suppressed. This is shown 
in Fig. 13, which compares the EPR spectra of a planar copper compound in an 
unoriented (Fig. 13 a) and an oriented (Fig. 13 bc) nematic glass. If the sample is rotated 
after freezing by 90 ° (Fig. 13 c), the EPR signal shows features from B0 oriented perpen- 
dicular to the molecular plane which are enhanced in intensity compared to the ordinary 
powder EPR spectrum (improved ENDOR sensitivity along gll!). 
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.s/LJ 
a 

Fig. 13a-¢. EPR spectra of Cu(TPP) 
diluted into a frozen nematic glass at 
10 K (Merck Phase 5). a) Unoriented 
sample, b) Frozen nematic glass, 
oriented along B0 (B0 in the complex 
plane), c) Frozen nematic glass, ro- 
tated by 90 °. (Ref. [84]) 

ENDOR-Induced EPR (EI-EPR) 

b 

f 

Since many planar metal complexes have nearly axially symmetric g and A M tensors, 
two-dimensional powder ENDOR spectra can easily be obtained from such compounds 
oriented in nematic glasses s4). As mentioned, interpretation of this type of spectra will be 
discussed in Sect. 4.3. 

4.2 ENDOR-Induced EPR (EI-EPR) 

EI-EPR spectroscopy is a convenient method to separate overlapping EPR spectra 
originating from different radicals, molecular conformations or magnetic sites. The 
technique, first demonstrated by Hyde 2a), has been applied by several authors, in solu- 
tionsaS. 86), and in solids 2°' 87). Recently, applications of EI-EPR in single crystal studies 
have extensively been discussed by Niklas and Spaeth 35). 
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In an EI-EPR spectrum the variations in the amplitude of an E N D O R  line of one 
particular paramagnetic species is displayed as a function of the static field B0. Thus, the 
resulting EI-EPR spectrum corresponds to the EPR signal of one species only. 

Experimentally, EI-EPR spectra may be obtained in two ways: 
1) As the difference spectrum between the conventional EPR signal and the spectrum 

recorded in the presence of the rf field which induces a nuclear transition in one 
species. The difference spectrum may be obtained electronically 23' 87) or by computer. 

2) A simpler way is to use a frequency modulated rf field and to switch off the Zeeman 
modulation. With this single coding of the E N D O R  line, the EI -EPR spectrum is 
directly displayed as an absorption signal 2°' 35) 
Since the nuclear Zeeman frequency vn varies as the magnetic field B0 is swept, a 

fixed radio frequency cannot match the nuclear resonance condition throughout the 
whole EPR spectrum. For radicals with EPR signals in a field range of about 10 mT and 
with sufficiently broad E N D O R  lines (=  100 kHz), this mismatch results only in inten- 
sity variations across the EI -EPR spectrum sT). However, if the width of the EPR spec- 
trurn exceeds 10 mT and if transitions of nuclei with large magnetic moments (1H, 19F) 
are used to detect the EI-EPR spectrum, it is necessary to adjust the applied radio 
frequency according to (3.4). It should be noted that the first order E N D O R  frequency 
c(ms, 9, A) is only linear in B0 if 9 is isotropic and B0 is oriented along one of the 
principal axes of the Iris tensor A 37). In this case, correction of c(ms) by ~Ng, AB0 during 
the sweep AB0 is accurate. However,  this correction, although approximate, is usually 
sufficient also for many other cases. 

AA 

I I .! | I t i I ,! I 
..~t~F -.~.i,~ , 
"~ . . . . . . .  F 

0.30 

I I IJ I  l .I J 

I 
0.32 %etl 

Fig. 14 a, b. EPR and EI-EPR spectra of Cu(acacen) diluted into a Ni(acacen) • 1/2 H20 single 
crystal, a) EPR spectrum with two overlapping sites (I, II). b) EI-EPR spectrum of site II; (hfs of 
Cu and two 14N nuclei are resolved). (From Ref. 37) 
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Cu(acacen) diluted into Ni(acacen) • 1/2 H20 has been chosen as a typical example to 
demonstrate the separation of magnetically nonequivalent sites in a single crystal by 
proton EI-EPR. For the specific orientation shown in Fig. 14, the ordinary EPR spec- 
trum of site II is difficult to analyze (Fig. 14 a). In the corresponding EI-EPR spectrum 
(Fig. 14b), a high-frequency proton E N D O R  line of this site has been used as an 
observer. Since site I is completely suppressed in the EI-EPR spectrum, the analysis of 
the hf data of site II becomes straightforward. 

a )  

b) 

Fig. 15 a--e. Single crystal-like d) 
EI-EPR spectra from powder 
samples, a) Powder EPR spec- 
trum of V(bz)2 diluted into fer- 
rocene, b-e) Sequence of EI- e) 
EPR spectra for different Av 
near A~/2. (From Ref. 37) 

EPR 

El - EPR 

c) , 8 . 7 0  
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0.30 1135 Bo[T] 
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EI-EPR has also been applied in powder samples, where single crystal-like EPR 
spectra can be obtained for B0 observer fields which correspond to the orientations of 
principal values of ligand hfs tensors 37). This is illustrated in Fig. 15 for a powder sample 
of dibenzene vanadium diluted into polycrystalline ferrocene. The hfs tensors of the 
twelve geometrically equivalent benzene protons are not coaxial with the g and the 
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vanadium hfs tensors. Thus, it is not possible to determine all the principal values of the 
proton hf interaction using the orientation selection technique described in Sect. 4.1. 

Amax(A 3 ), which lies approximately along the V-H With EI-EPR, the largest hf value H H 
direction, can be measured by recording a set of EI-EPR spectra as a function of 
Av (v = Vp + Av). For Av < AHmafl2 a powder type proton EI-EPR spectrum is observed 
which originates from a large number of orientations (Fig. 15 b). For Av near AmH~/2, 
however, only orientations of the molecules for which B0 is approximately parallel to the 
principal axis A ~  contribute to the spectrum, and a well resolved single crystal-like EI- 
EPR signal is recorded as shown in Fig. 15 c. By further increasing Av the intensity of the 
EI-EPR spectrum drops rapidly (Fig. 15d, e), indicating that Av crosses the value 
A~/2.  If a single crystal linewidth of about 100 kHz is assumed, a principal value of AmH~ 
= A3 H = 17.5 MHz is estimated from the sequence of EI-EPR spectra shown in 
Fig. 15 c--e 37). The angle between the principal axis A~ and the axis normal to the ben- 
zene rings has been calculated as 57* from the vanadium hf coupling constant of the single 
crystal-like EI-EPR spectrum. 

Analogous considerations hold for the smallest principal value AmHi, = A~. 
In metal complexes with a large hf interaction of the central ion, the second order 

shifts due to cross-terms between ligand nuclei and central ion, described by 4flb3mM 
(3.18), may not, in general, be neglected. Since these terms are linear in the magnetic 
quantum number of the central ion, mM, the ENDOR resonance condition changes 
discontinuously as B0 is swept from one central ion hf group to the next 37). The width of 
the observable EI-EPR spectrum is thus limited and the radio frequency has to be 
readjusted for each mM-state. Such second order shifts have to be considered, for exam- 
ple, in nitrogen EI-EPR spectra of copper complexes. Because of the small magnetic 
moment of X4N, a correction of the mismatch between the pumping frequency and the 
first order ENDOR frequency c(ms) is usually not necessary for this type of nuclei. 

Disregarding incorrect matching of the ENDOR resonance condition, the line shape 
of the EI-EPR spectrum is only identical to that of the EPR spectrum if35): (a) the 
induced ENDOR transition belongs to an I = 1/2 nucleus, (b) only cross relaxation 
processes of the type (ms, ml) ~ (ms - 1, mx --+ 1) occur, (c) no relaxation takes place 
between different mrstates within a given ms-manifold. 

For nuclei with I >/1, the two ENDOR transitions c(+ 1/2) are split by the quadrupole 
interaction. As a consequence, only those EPR transitions which have a level in common 
with the induced ENDOR transition are observed in the EI-EPR spectrum. This selec- 
tion of the nuclear spin states reduces the number of lines in the EI-EPR spectrum and 
allows the determination of the relative signs of hf and quadrupole interactions 2°'35). 

4.3 DOUBLE ENDOR 

In electron-nuclear-nuclear resonance (DOUBLE ENDOR) the change in signal inten- 
sity of a single ENDOR transition is observed (RF I) while a second rf field (RF II) is 
swept through the ENDOR spectrum. Initially, DOUBLE ENDOR (or TRIPLE reso- 
nance) was introduced by Cook and Whiffen as) to determine relative signs of hf coupling 
constants in single crystals. However, the technique can also be applied to separate 
overlapping ENDOR signals of magnetically distinct molecules 87). 
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Investigation of radicals in solutions with DOUBLE ENDOR was proposed by 
Freed 89) and was first performed by Mfbius and coworkers 9°-92). This field was recently 
covered by a review article 93). 

The determination of relative signs of hf coupling constants is illustrated by the 
energy level diagram in Fig. 16 for a spin system with S = 1/2 and two nonequivalent 
nuclei with Ia = Ib = 1/2. Associated with each EPR line, two low- and two high- 
frequency ENDOR transitions are observed. The level populations which correspond to 
saturation of the electron transition (4--8) and the nuclear transition (3--4) are shown in 
Fig. 16 a. In the ENDOR experiment the signal intensity is roughly proportional to the 
population difference e between the two levels 3 and 4. In DOUBLE E N D O R  this 
difference is decreased to 2 e/3 for transition (2--4) and increased to 4 e/3 for transition 
(7-8), i.e. the intensity of the observed E N D O R  transition is reduced or enhanced, 
depending on whether the transition induced by the second rf field corresponds to the 
same or to a different ms-state. This change in intensity can therefore be used to deter- 
mine the relative signs of the two hyperfine coupling constants Aa and Ab. 

Both the site separation and the determination of the relative signs of nitrogen 
E N D O R  transitions are demonstrated on the copper complex Cu(acacen) diluted into a 
Ni(acacen) • 1/2 H20 single crystal 6a). In the 14N-ENDOR spectrum shown in Fig. 17 a, 
the EPR transitions of both sites (Sect. 4.2) have been saturated simultaneously. If the 
intensity change of a proton E N D O R  line of one site is recorded during the sweep of the 
second rf field, the DOUBLE ENDOR spectrum shown in Fig. 17 b is observed. This 
spectrum consists of the eight nitrogen E N D O R  transitions from only one site (two 
nitrogen nuclei), and yields immediately the relative signs of the nitrogen hf coupling 
constants with respect to the sign of the coupling constant of the pumped proton transi- 
tion. 

Fig. 16a, b. Energy level diagram for an 
S = 1/2, Ia = 1/2, Ib = 1/2 spin system with 
IvoI>IA./21,1A.I>IA~I. a) A ,  > 0, Ab > 0. 
Level populations when the (4-8) electron 
transition and the (3--4) nuclear transition 
ca(l/2), (double lines) are saturated. Full line: 
c=(- 1/2), dashed lines: cb(+ 1/2). b) Aa > 0, 
Ab < 0. (Adapted from Ref. 4) 
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Fig. 17a, b. Nitrogen DOUBLE ENDOR spectrum of Cu(acacen) diluted into a Ni(acacen) • 1/2 
H20 single crystal, a) ENDOR spectrum with two overlapping sites (two sets of eight nitrogen 
lines). Arrows indicate transitions of the site observed in h). h) DOUBLE ENDOR spectrum of 
one site; ENDOR observer: proton ENDOR line at 16 MHz. (From Ref. 68) 

As mentioned in Sect. 4.1, the ordering of planar metal complexes in nematic glasses 
is a convenient method to obtain two-dimensional powder ENDOR spectra. In the 
following example, the determination of the two principal values of the nitrogen hf and 
quadrupole coupling constants in the complex plane of Cu(TPP) oriented in a nematic 
glass will be illustrated. The EPR spectrum of Cu(TPP) with B0 parallel to the complex 
plane is shown in Fig. 13b. The corresponding two-dimensional powder nitrogen 
ENDOR spectrum in Fig. 18 ranges from 19 to 28 MHz and is only poorly resolved. 
Obviously, it does not allow the determination of the principal values of A r~ and QN in the 
complex plane. The low- and high-frequency ends of this spectrum are described by A~/2 
- 3/2 Q~ - vr~ and AN/2 + 3/2 Q~ + vN, respectively (A~ < A~). If the low-frequency . 
end at 19 MHz is observed with the field RF I, only orientations with Bo parallel A~ (and 
A~ s4~) will contribute to the DOUBLE ENDOR spectrum shown in Fig. 18 b. The three 
hidden transitions A~/2 + 3/2 Q1N - vr~ (same ms-state as the observed transition) and 
AN/2 --+ 3/2 Q~ + vr~ (opposite ms-state) are recorded with reduced and enhanced inten- 
sities, respectively. The principal values of A1N and Q1 ~ are in good agreement with the 
single crystal data (marked by arrows) reported by Brown and Hoffman 66~. A N and QN 
may be found in a similar way by observing the high-frequency end of the nitrogen 
ENDOR spectrum. For details the reader is referred to s4). 
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Fig. 18a, b. DOUBLE ENDOR spectrum of Cu(TPP) in a frozen nematic glass (Merck Phase 5). 
a) Two-dimensional nitrogen ENDOR spectrum with B0 in the complex plane. ENDOR observer 
frequency (v = 19 MHz) used in b) is marked by an arrow, b) DOUBLE ENDOR spectrum; the 
corresponding ENDOR frequencies cry(+ 1/2) = A~/2 + 3/2 Q~ + vr~ obtained from single crystal 
work ~) are marked by arrows. (Ref. 84) 

This example demonstrates that the data AN, N N Q1, A2, Q2 N, evaluated from the nema- 
tic glass, together with the values AN, QN, obtained from the single crystal-like E N D O R  
spectrum, allow the determination of the full nitrogen hfs and quadrupole tensors of 
Cu(TPP) without the use of a single crystal. 

As mentioned by Baker and Blake 94' as), DOUBLE E N D O R  can be applied for sign 
determination only if the E N D O R  signal is transient or effectively transient 4). Normally 
the signals contain transient as well as steady state components. Each modulation cycle 
freshly excites the E N D O R  transition and produces a transient signal which decays to the 
steady state value. The steady state E N D O R  intensity depends on the change of the 
electron relaxation rate ATI~ produced by the rf field. A second rf field provides an 
additional relaxation path between the two levels of the saturated EPR transition and 
reduces the value of ATle for either ms-state. This effect is observed, for example, in 
single crystal spectra of Co(acacen) at 8 K where all proton and nitrogen transitions of 
the DOUBLE E N D O R  spectrum are detected as negative peaks 12), indicating that in this 
compound Tie is shorter than in the copper complex discussed in Fig. 17 and that the 
E N D O R  signal in Co(acacen) is essentially a steady state one at this temperature. Thus, 
in such a case, determination of relative signs is no longer possible. However, both the 
transient and the steady state components cause a change of the E N D O R  line intensity, 
so that separation of ENDOR spectra arising from different species can still be achieved 
using D O U B L E  ENDOR,  irrespective of the relaxation mechanism. 
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Another type of DOUBLE ENDOR, called "special TRIPLE", has been introduced 
by Dinse et al. 9°) to study proton hf interactions of free radicals in solution. In a "special 
TRIPLE" experiment two rf fields with frequencies vp + Av and Vp - Av are swept 
simultaneously. For systems with Tin '~ Txl this leads to a considerable signal-to-noise 
improvement and to TRIPLE line intensities which are directly proportional to the 
number of nuclei with the same hf coupling constant. It should be remembered, however, 
that in transition metal complexes in the solid state the resonance frequencies are not, in 
general, symmetrically placed about the free proton frequency Vp and that the condition 
Tin < Txl is not always fulfilled. 

4.4 Nuclear Spin Decoupling in ENDOR Spectroscopy 

Nuclear spin decoupling has been widely applied in NMR to simplify complicated spectra 
in liquid 96) and solid phases 97). Recently, similar decoupling effects have been observed in 
single crystal ENDOR spectra with resolved nuclear dipole-dipole couplings between 
neighboring protons 4°). This interaction can be partially decoupled by a strong second rf 
field. 

We consider the most simple case of a spin system with one electron and two nuclei 
with spin I = 1/2 and K = 1/2 in a static field B0 along the laboratory z-axis. A strong 
pumping rf field with magnitude 2 B2 and frequency v2 is applied along the x-axis and 
induces transitions of the nucleus K. A weak observing field of magnitude 2BI and 
frequency vl applied along y causes transitions of the nucleus I. 

The spin Hamiltonian for an anisotropic system is then given by 

~ = ~ Z ' * + ~ '  (4.1) 

with 

----/tBBoI~.3gS + SAII -/.tNgIBoR.3I 

+ SAzK - ~sgKBoR.3K + iDK 

and 

(4.1a) 

~ '  = - 2 B2cos(2 ~rv2t)R.l~NglI + #rqgzK -/.tBflS) . (4.1b) 

The terms in (4.1 a) and (4.1 b) have their usual meaning (Sect. 3). 
With the assumptions B0 "> B2, ~BgB0 "> v2, [ci(ms) - cx(ms)l "> maxlSi~l and 

Icx(ms) - v21 ">/~rqglB2, the four ENDOR transitions obtained with the observing fre- 
quency vl near ci(ms) are given by 

1 
Ca,b(ms) = ci(ms) + ~- {C(+) - C( - )}  

1 
Cc,d(mS) = cx(ms) + y (C(+) + C( - )}  (4.2) 

with 
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{( 1), }1,, 
C(_)  = CK(ms) -- v2 -T- -~ D33 + Q-tNgKB~ff) 2 , 

where B~ n denotes the net pumping field introduced in Sect. 3.3. The corresponding 
E N D O R  intensities of these transitions are described by 

La,b oc 1 + cos ¢ 

Lc,d oc 1 - cos ~0 (4.3) 

with 

(p = tan - t  ~NgKB~ ff _ tan-1 /XNgKB~ fr 
(CK(mS) -- V2 + D33/2) (CK(mS) -- V2 -- D33/2) 

For a derivation of these expressions, the reader is referred to 4°). Equations (4.2) and 
(4.3) are a generalization of the formulae given by Anderson and Freeman 9s) for an 
isotropic AX nuclear spin system. In contrast to NMR, the applied external decoupling 
field B2 in E N D O R  is influenced by the internal field Be at the nucleus. Be, which in 
general does not coincide with the direction of the static field B0, affects the transition 
probability induced by the strong rf field B2 (hyperfine enhancement), and thus influ- 
ences the decoupling effect. Independent of whether the two involved nuclei are of the 
same type or not, nuclear dipole-dipole interactions in E N D O R  spectra have to be 
described as a heteronuclear coupling. Only for Iq(ms) - )'21 typically smaller than 
100 kHz the interactions are described as a homonuclear coupling and (4.2) and (4.3) 
have to be revised. 

For v2 = CK(mS), Eqs. (4.2) reduce to the three transition frequencies 

ca.b(ms) = ci(ms) 

C¢,d(ms) = q(ms) 
1 

+ -~ (D323 + (2~NgKB~ff)2) 1/2 . 
(4.4) 

Figure 19 illustrates the decoupling of the two adjacent amino protons H 2 and H 3 in 
Cu(gly)24°). The spectral changes of the high-frequency doublet of proton H 2  are 
observed while the transition of proton H 3 within the same ms-state is pumped with the 
frequency v2 = cl¢(ms) and various B~ff(B2) field strengths. 

Nuclear spin decoupling in E N D O R  may be used to facilitate the analysis of compli- 
cated E N D O R  spectra. Some of the applications are4°): 
1) Assignment of E N D O R  lines to the corresponding pair of nuclei which are coupled by 

a direct nuclear dipole-dipole interaction. 
2) Determination of transition frequencies of hidden lines. 
3) Discrimination between splittings which originate from nuclear dipole-dipole coupl- 

ings and splittings produced by slight deviations from magnetic equivalence. 
4) Determination of relative signs of hyperfine interactions. In contrast to the sign deter- 

mination by DOUBLE ENDOR,  spin decoupling can also be applied if the E N D O R  
signals have no significant transient components (Sect. 4.3). 
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Fig. 19a, b. Nuclear spin decoupling in ENDOR. a) ENDOR spectrum of Cu(gly)z in a-glycine; 
vp: free proton frequency, b) Decoupling sequence of the doublet structure of the proton H2 
(I nucleus) for various pumping fields B2 =n at H 3 (K nucleus). (Ref. 40) 

4.5 Multiple Quantum Transitions in ENDOR 

Multiple quantum transitions (MQT) in E N D O R  spectra may be observed for nuclei 
with I ~ 1 if two or more (rf) photons of the same or of different frequencies combine to 
produce an ENDOR transition 41' 62, 99-101). In a MQT the magnetic quantum number mi 
changes by Amx = + n. The MQT should therefore be clearly distinguished from corres- 
ponding 'forbidden' single quantum transitions (SQT) with IAm,I > 0 discussed in 
Sect. 3.3. 

O n e  r f f i e l d .  T h e  transition probability for a double quantum transition (DQT) between 
energy levels Ek and Em generated by one single pumping field of frequency v is given 
by 41) 

WDOT oc B 4 ](klLle>l~l(elI+lm>]2 
(Veto - 1/2 Ykm) 2 6(Vkr n -- 2 v) (4.5) 

with veto = (Era - Ee)/h (Ee: intermediate level, Fig. 20 a). WDOT is proportional to the 
fourth power of the rf field amplitude B2 and to (Veto - 1/2 Vkm) -2 = A-2. TO observe a 
D Q T  with sufficient intensity, either the amplitude of the pumping field has to be large or 
the value of A small. 

Time-dependent perturbation theory shows that the linewidth of an n-quantumtran- 
sition, generated by a single pumping frequency, should be 1/n of the corresponding 
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Fig. 20 a, b. Energy level diagram 
with single (SQT) and double quan- 
tum transitions (DQT); a) one rf 
field; b) two rf fields 
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SQT. This is in agreement with the observed linewidth in DQT spectra which are approx- 
imately one half (or even less) of the corresponding linewidth of the SQT. 

In order to enhance the intensity of a DQT, a possibility varying the parameters B2 or 
A should be at hand. The field amplitude B2 is usually limited to B2 < 8 mT for experi- 
mental reasons, whereas A is determined by the energy level scheme which can only be 
affected by changing the microwave frequency or the Bo field orientation. For central 
ions, the difference in the spacing of three consecutive energy levels is usually deter- 
mined by both the strong second order hf shifts, and the quadrupole coupling. In this 
case, it is not always possible to attain sufficiently small A-values. In contrast, ligand 
nuclei have small second order contributions, so that DQT may easily be observed near 

Q33(ms) = 0. 
A typical example for the generation of DQT at high B 2 fields in a spin system with 

two magnetically equivalent I = 1 nuclei (Cu(sal)2) is shown in Fig. 2141). The E N D O R  
spectrum in Fig. 21a has been recorded with a weak pumping field B 2. Since for this 
orientation the quadrupole splitting 3 Q33(ms) is only 500 kHz, all six SQT belonging to 
ms = 1/2 (B 5) can be detected with an EPR observer at mE - -  062). For higher pumping 
fields (Fig. 21 b), four DQT (marked by arrows) are observed. Their positions and 
intensities are in good agreement with theory 41). The linewidth of the DQT is only about 
1/3 (20 kHz) of the linewidth of the corresponding SQT measured with low B2 fields. The 
splitting into doublets of each of the six SQT at high B2 fields is due to coherence 
effectsE5,102, I03) 

a 

Fig. 21 a, b. DQT in a spin system with two magnetically 13 
equivalent I = 1 nuclei (Cu(sal)2, Ref. 62); EPR ob- / 
server: mr = 0. a) Weak pumping field B 2 (0.02 mT,ot). J 
Only SQT are observed, b) Strong pumping field B 2 
(0.5 mT,ot). Four DQT (marked by arrows) are ob- 
served. SQT are split by coherence effects 2'2 2'3 MHz 
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DQT generated by a single rf field may be helpful, for example, to elucidate compli- 
cated energy level schemes or to assign ENDOR transitions to the corresponding nu- 
cleus41). 

Two rffields ~1). The restriction Ee --" (Era + Ek)/2 for the intermediate energy level Ee 
may be dropped if photons of two different frequencies generate a DQT. The correspond- 
ing transition probability is then given by 

WDOT ~ (B~B2) 2 I<klLle>lZl<elI+lm>12 (Vkt - v2) 2 ~(Vkm -- Vl -- V2), (4.6) 

where B) and B~ denote the amplitudes of the two pumping fields with frequencies vl 
and v2. 

To observe a DQT with sufficient intensity,mvl and v2, with h(vl + v2) =Em - Ek, may 
be chosen such that A is small for any value of Ee (Fig. 20 b). With two pumping fields 
and by using appropriate modulation schemes, the SQT can be suppressed and selective 
detection of the DQT is possible 41). 

4 . 6  E N D O R  w i t h  C i r c u l a r l y  P o l a r i z e d  r f  F i e l d s  ( C P - E N D O R )  

CP-ENDOR has been introduced by Schweiger and Giinthard 1°4) to reduce the density of 
ENDOR lines of complicated paramagnetic systems with a large number of interacting 
nuclei. ENDOR spectra of solutions (liquid or frozen), polycrystalline powders and 
single crystals can often be simplified remarkably using this technique. 

In a spin system, each nuclear spin precesses around its individual effective static field 
Bar = B0 + Be(ms), (Sect. 3.3). Since the resonance frequency of a nuclear transition is 
proportional to B,n, ENDOR lines for different types of nuclei may be observed in the 
same frequency range. 

The ENDOR transitions induced by rf fields rotating in the right hand (r.h.) or left 
hand (1.h.) sense depend on the orientation of Beef with respect to B0. For an isotropic 
spin system the effect of a circularly polarized rf field is readily illustrated in Fig. 22. Two 
cases (where also > 0, g, > 0, ge = 2, S = 1/2) have to be distinguished: 
1) aiJ2 < ~tNgnB0 (Fig. 22 a): For both quantum numbers ms = + 1/2, Ben lies parallel to 

B0 so that ENDOR transitions are only induced by a 1.h. rotating field. 
2) aisJ2 > ~UNgnB 0 (Fig. 22 b): For ms = - 1/2, ENDOR transitions are again induced by 

a 1.h. rotating field. For ms = 1/2, however, the orientation of B,~ is reversed and 
ENDOR transitions will be induced by a r.h. rotating field. 

Thus, for a r.h. rotating field, only nuclei which belong to molecules with an electron spin 
state ms = 1/2 and which have a hf coupling a ~  > 2/~NgnB0 will contribute to the ENDOR 
spectrum. 

In a spin system with anisotropic g and A tensors, the transition probability Wba 
between two nuclear spin states 9b and qh with energy levels Eb and Ea may be calculated 
from the coupling operator given in (3.20). For a circularly polarized rf field, B2(t)R.a in 
(3.20) has to be replaced by ll~p(t)n with the l.h. or r.h. rotating field Bop(t) defined in 
(2.1). The nuclear transition probability is then given by 
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Fig. 22 a, b. Orientation of the effective 
field Be, and sense of rotation of the cir- 
cularly polarized driving field for induc- 
tion of nuclear transitions. S = 1/2, 
I = 1/2, isotropic hf coupling ai,o > 0, 
g, > O. Solid lines: external field B0; 
dashed lines: internal field Be; double 
lines: effective field Ben = B0 + Be. 
a) ai,o < 2,uNg.Bo. b) ai,,, > 2,u~g.Bo. 
(From Ref. 104) 

1 ms:- ~ il + 
ca b 

w~, o~ ~(~, - v)l< ¢~{B~IL0,~gS - ~,~gJ){~o~ > 

i ( 0% IB2R.2~BgS -- ~tNgnl)itPa >12 
(4.7) 

where Vba and v denote the resonance frequency and the applied radiation frequency, 
respectively. 

As mentioned in Sect. 3.3, the electron Zeeman term contributes to Wba if tpb and 9a 
are approximated by first order base functions. Explicit first order expressions of Wba for 
1.h. and r.h. rotating fields, I --- 1/2 and an isotropic or purely dipolar hfs tensor are given 
in Table 2. 

In the most simple case of an isotropic hfs (Table 2. I) Wba is described by 

ai,o ~2 
Wba ~ E 2 = l-T- 2v , , /  " 

The inversion of Beff for the low-frequency line takes place at ai~ = 2 vn = 2/~NgnB0. AS a 
consequence the nuclear spin states belonging to ms = 1/2 change their precession direc- 
tion from 1.h. (aiso< a ~  to r.h. (a~o > aisn~. For ms = - 1/2, E N D O R  transitions are 
only observed with a 1.h. rotating field. 

A different situation is found for a dipolar hfs tensor. The relative nuclear transition 
probabilities for B0 parallel to All or A~ are given in Table 2.2 and 2.3. As in the case of 
an isotropic hfs tensor, again Ben is oriented parallel or antiparallel to Bo. Since the 
enhancement factor E is isotropic for B0 parallel to All, the net circularly polarized field 
rotates in the same sense as the applied field. In the case of B0 parallel to A±, however, 
the enhancement factor E is anisotropic. This anisotropy of E is responsible for the 
generation of counter rotating fields which induce residual lines. 
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Table 2. Relative transition probabilities for circularly polarized fields. S = 1/2, I = 1/2 
1) isotropic hyperfine tensor; aiso> 0; 2) dipolar hyperfine tensor; B01JAtl; 3) dipolar hyperfine 
tensor; B0JlAl 

1 1 
ms = -  ms = --- 

2 2 

1) aiso< 2v n aiso> 2*,. 

also ] 2 
r.hfl 0 1 -  2v.J  0 

l.h. b) 1 - ~ 0 i + 2v, J 

2) All < 2 v, All > 2 v, 

All 12 
r.h. 0 1 + "~v~ _] 0 

[ [ Arl] 0 1 -  4v . j  l.h. 1 + 4v.J  

3) All < 4 v n All > 4 v n 

F A,,1 [ A"I  
r.h. L 8v. J L 8v, J -1 + 8v, J 

[3A,]2 [1 
a r.h.: right hand 
b l.h.: left hand rotating applied rf field 

For an arbitrary orientation of B0, Ben will no longer be parallel or antiparallel to B0. 
The intensity ratio of transitions induced by 1.h. and r.h. rotating fields is then not only 
determined by the anisotropic enhancement factor but also by the noncoincidence of Bdf 
and B0. For proton hfs with A M < 15 MHz the residual lines induced by a r.h. rotating 
field will be small, i.e. again an E N D O R  spectrum with a reduced number of lines will be 
observed. In most metal complexes the dipolar part of the proton hfs tensors have been 
found to be below 15 MHz. 

The hfs tensors of ligand nuclei in the first coordination sphere of a metal complex are 
usually dominated by the isotropic interaction, i.e. the transition probabilities may be 
approximated by the formulae given in Table 2.1 for aiso > 2 v.. 

The following example should illustrate the utility of CP-ENDOR in studies of transi- 
tion metal complexes. For these compounds the E N D O R  frequencies of different types 
of nuclei often overlap. Moreover, metal complexes frequently contain numerous nuclei 
of the same type with A i > 2/zNgnB0 and I ~> 1, so that suppression of the transitions in 
one of the two ms-states simplifies the assignment considerably. 

The copper complex Cu(bipyam)2(C104)2 diluted into the corresponding Z n  host 
crystal 1°5) shows an ENDOR spectrum which is due to four magnetically nonequivalent 
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Fig. 23a, b. ENDOR with circularly polarized rf fields (CP-ENDOR). Single crystal ENDOR 
spectra of Cu(bipyam)2 (C104)2 diluted into Zn(bipyam)2(CIO4)2; arbitrary orientation, tempera- 
ture 20 K. a) Conventional ENDOR spectrum (linearly polarized rf field), b) CP-ENDOR spec- 
trum: applied rf field right hand rotating. The spectrum is dominated by the eight nitrogen transi- 
tions with msA N > 0. (From Ref. 104) 

14N nuclei (4 sets of 4 transitions) and a large number of proton interactions (Fig. 23 a). It 
is not possible to discriminate the nitrogen from the proton transitions by their intensities 
or their linewidths. The corresponding CP-ENDOR spectrum with an rf field rotating in 
the right hand sense is shown in Fig. 23b. For this polarization only the eight nitrogen 
transitions with msA r~ > 0 and some weak residual lines are observed. Nevertheless, the 
spectrum contains all the information about the hf and quadrupole splittings of  the four 
nitrogen nuclei. It is evident from Fig. 23 b that CP-ENDOR drastically simplifies the 
interpretation of single crystal spectra of this type of compounds. As mentioned, the 
technique can also be applied to the other states like powders 1°4) and frozen and liquid 
solutions. 

The combined technique CP-DOUBLE E N D O R  44) derives benefit from both CP- 
E N D O R  and DOUBLE E N D O R  methods. It can be applied, for example, to disen- 
tangle complicated single crystal E N D O R  spectra which are a superposition of several 
magnetically nonequivalent sites. This is demonstrated in Fig. 24 for the copper complex 
[Cu(dien)(bipyam)][NO3]~ diluted into the corresponding Zn compound. Figure 24a 
shows a typical E N D O R  spectrum which consists of transitions of two overlapping sites. 
In the CP-ENDOR spectrum, recorded with a r.h. rotating rf field (Fig. 24b), 16 nitro- 
gen transitions are observed in the frequency range from 6 to 25 MHz (one half of the 
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Fig. 24a-e. DOUBLE ENDOR with a circularly and a linearly polarized rf field. Single crystal 
spectra of [Cu(dien) (bipyam)][NO3]~ diluted into [Zn(dien) (bipyam)] [NO312. Arbitrary orienta- 
tion; temperature 20K. a) Conventional ENDOR spectrum with two overlapping sites, b) CP- 
ENDOR spectrum for a right hand rotating circularly polarized rf field; two overlapping sites. Only 
nitrogen transitions with msAr~> 0 are observed. (1) and (2) denote transitions belonging to site I 
and H, respectively, c)CP-DOUBLE ENDOR spectrum of site II (swept field: circularly 
polarized). ENDOR observer (linearly polarized rf field): nitrogen transition at 6,4 MHz of s i te / /  
(arrow). Small arrow marks a weak CP-DOUBLE ENDOR line which could be observed with 
higher intensity using other ENDOR observers. (Ref. 44) 
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transitions of two sets of four strongly coupled 14N nuclei). To assign each of these 16 
lines to either of the magnetically nonequivalent sites, the intensity change of the transi- 
tion at 6.4 MHz (say site II) has been observed with a linearly polarized rf field, while the 
r.h. rotating rf field was swept through the E N D O R  spectrum. The corresponding CP- 
D O U B L E E N D O R  spectrum (Fig. 24 c) consists only of the eigth nitrogen transitions of 
site II with msA N > 0, so that an unambiguous assignment of all the 16 lines in the CP- 
E N D O R  spectrum is possible. 

4.7 Polarization Modulated ENDOR Spectroscopy (PM-ENDOR) 

PM-ENDOR,  introduced by Schweiger et al. 45), again makes use of the vector property 
of the effective static field Bar, but in a more selective way than in CP-ENDOR. 
Figure 25 shows a typical arrangement of the magnetic field vectors B0, Bar, B2 and B$ n 
(net pumping field, Sect. 3.3) in the laboratory frame with B0 along z and the linearly 
polarized external rf field B2 at arbitrary direction in the xy-plane. The effective static 
field vector Ben = B0 + Be(ms) is described by [Bed and the polar angles tp and 0. 

In ordinary ENDOR,  a nuclear transition is characterized by its frequency 
v = vr~gnBeff and its intensity I. Thus, only one of three parameters which define the 
vector Bell, namely IBeffl, is used to distinguish different E N D O R  transitions from each 
other. Since the orientation of Bar is different for each nuclear transition, the E N D O R  
lines can be labelled by two new, hitherto not utilized, parameters which are functions of 
tp and 0. In PM-ENDOR these parameters are determined by using the fact that nuclear 
transition probabilities are proportional to sin2a, a denotes the angle between Beff  and 
B~ ff (Fig. 25) and is a function of tp, 0 and the polarization direction of B2. Thus, a 
rotation of B2 which is restrained to the xy-plane with an angular frequency £2 = 2 :fir 
(Sect. 2.7) causes a modulation of  the E N D O R  line intensity/which is proportional to the 
transition probability for weak pumping fields. This intensity modulation, observed at 
2 g245), is described by AI = AI0cos(2 g2t + tpm) with AI0 = (Imax - I m i n ) / 2 -  Each nuclear 
transition may therefore be characterized by the two new parameters q0 m and AI0/i (i = 
(Imax + Imin)/2), which are independent of relaxation mechanisms. For a general discus- 
sion of E N D O R  with two coherent fields and for explicit expressions of tpm and AIo/i, the 
reader is referred to 1°6). It should be noted that the hyperfine enhancement E essentially 

Fig. 25. Magnetic field arrangement of Bo, Bell, B2 and B~ ~f 
in the laboratory frame {~L}. BE rotates in the xy-plane with 
an angular frequency fL (From Ref. 45) 

z 
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influences the PM-ENDOR spectrum. For a dipolar A tensor, for example, AI0 is max- 
imum (and not zero) for B0 parallel to A±, although 0 = 0. In this case the modulation 
amplitude AIo and the phase q0m are fully determined by the anisotropy of E. For strongly 
coupled nuclei with anisotropic hfs tensors, the angles 0 and thus AI0 will, in general, be 
large. Weak PM-ENDOR signals are expected for nuclei with (nearly) isotropic (0 small, 
E isotropic) or small hfs (0 and E small). 

Since AIo/I, 9m and the E N D O R  frequency v of a particular nucleus are functions of 
all the elements of the tensor A, the full hf information can in principle be determined 
from the PM-ENDOR data obtained by rotating the single crystal around only one 
arbitrary axis. However, the main benefit from PM-ENDOR compared to conventional 
E N D O R  is its ability to disentangle complicated single crystal E N D O R  spectra. The 
ordinary one-dimensional E N D O R  display I = f(v) is supplemented by two-dimensional 
displays of the form AIpsD(gVSD, V) = AI0(v)COS(tPPSD -- 9m) or AI0(gPsD, v) = AIo(v) • 
6(1 -- cos(tPpsD -- tpm)), where q~PSO denotes the phase of the phase sensitive detector. In 
the latter representations of the data, it is obviously much easier to follow the angular 
variations of the ENDOR transitions. 

The efficiency of the PM-ENDOR technique is illustrated in Fig. 26 by a simple 
experimental example. Figure 26 a shows part of a conventional single crystal proton 
E N D O R  spectrum of Cu(II) diluted into Mg(NH4)2(SO4)2 • 6 (H20). Figures 26 b, c, 
which depict the two types of displays mentioned above, show that the parameters ~0rn 
and AI0 are significantly different for each E N D O R  transition. 

/~Ips 0 a 

/ ,/ 
t 

~V t . V  

b c 

Fig. 26a--e. Polarization modulated ENDOR. a) Part of the conventional ENDOR spectrum of 
Cu(II)-doped Mg(NH4)2(SO4)2 • 6I-I20 (14--16 MHz). b, c) PM-ENDOR spectra. Two dimensional 
displays of AIpsD (gPsD, v) = AI0(v)cos(gps D - tpm) (b) and AI0 (q~Pso, v) = AI0(v) • 6(1 -- cos(gpsD 
- -  tpm)) (c). (Ref. 45) 
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4.8 Electron Spin Echoes and Electron Spin Echo ENDOR 

Electron spin echoes (ESE) were first observed in 1958 by Blume 1°7). In the last few years 
this time domain technique has found several interesting applications. For comprehen- 
sive summaries on the subject, the reader is referred to the review articles of Mires l°s) 
and Norris et al. 1°9) and to the monograph of Kevan and Schwartz 11°). 

ESE envelope modulation. In the context of the present paper the nuclear modulation 
effect in ESE is of particular interest 11°'111). Rowan et al. m) have shown that the 
amplitude of the two- and three-pulse echoes l°s) does not always decay smoothly as a 
function of the pulse time interval r. Instead, an oscillation in the envelope of the echo 
associated with the hf frequencies of nuclei near the unpaired electron is observed. In 
systems with a large number of interacting nuclei the analysis of this modulated envelope 
by computer simulation has proved to be difficult in the time domain. However, it has 
been shown by Mims 112) that the Fourier transform of the modulation data of a three- 
pulse echo into the frequency domain yields a spectrum similar to that of an ENDOR 
spectrum. Merks and de Beer n3) have demonstrated that the display in the frequency 
domain has many advantages over the parameter estimation procedure in the time do- 
main. 

The two techniques, ENDOR and ESE envelope modulation, supplement each 
other. ESE envelope modulation seems to be more sensitive in detecting nuclear transi- 
tions at very low frequencies but is limited in the frequency range by 7~B1, where 7~ 
denotes the gyromagnetic ratio of the electron and B1 the microwave pulse amplitude. 
ENDOR, whose sensitivity increases with frequency, suffers on the other hand from the 
small transition probability at low frequencies. 

As a typical example for the ESE technique, an envelope modulation pattern of 
Co(acacen) with the corresponding Fourier transform is shown in Figs. 27 a, b 114). The 
ESE frequencies are in good agreement with those calculated from the high frequency 
ENDOR data (A N < 0, ms = 1/2) for this particular orientation (Fig. 27 c). As mentioned 
in Sect. 3.3, the weak low-frequency nitrogen lines (ms = - 1/2) of Co(acacen) could not 
be observed in ENDOR 59). In the Fourier transform of the ESE envelope modulation 
pattern, however, the transitions in the two ms-states are found to be comparable in 
intensity. The additional peaks in Fig. 27 b are due to sum- and difference-frequencies 114~ 
and possibly to transitions of nitrogen nuclei of the Ni(acacen) host compounds. 

The applicability of the ESE envelope modulation technique has been extended by 
two recent publications 115' 116). Merks and de Beer 115) introduced a two-dimensional 
Fourier transform technique which is able to circumvent blind spots in the one-dimen- 
sional Fourier transformed display of ESE envelope modulation spectra, whereas van 
Ormondt and Nederveen 116) could enhance the resolution of ESE spectroscopy by apply- 
ing the maximum entropy method for the spectral analysis of the time domain data. 

ESE envelope modulation studies of a number of Cu(II) compounds have been 
reviewed by Peisach 117~. The aim of these investigations was to characterize the chemical 
environment of the metal binding site in Cu(II) proteins by comparison of the nuclear 
modulation pattern with those for Cu(II) complexes of known composition. 

ESE-ENDOR. In ESE-ENDOR, introduced by Mims 118), a rf pulse in a three-pulse 
electron spin echo experiment is applied during the time interval between the second and 
third microwave pulse. The 'ENDOR' spectrum is obtained by monitoring the decrease 



48 

0 
a , 

Advanced ENDOR Techniques 

10 20 
l I 

3-pulse time in ps 

b ° , 
2 /, 6 MHz 

I I I I I 

: ' ' i i '  ;[ 1 0 : ' 1 , : 2 ! :  
• i I I 

MHz 

Fig. 27 a--c. Electron spin echo envelope modulation of Co(acacen), temperature 4 K. a) Nuclear 
modulation pattern of Co(acacen) diluted into a Ni(acacen) - 1/2 H20 single crystal. Crystal setting: 
rotation axis I, tp = 20* 59) (From R. de Beer114)). b) Fourier transform of the nuclear modulation 
pattern (From R. de Beer 114)) c) Stick spectrum: ENDOR frequencies (Ams = _+ 1, + 2) calculated 
from the hfs and quadrupole tensors in Ref. 59 dashed lines: ms = - 1/2, full lines: ms = I/2 

in echo intensity as a function of the radio frequency. For  protons, this E N D O R  response 
is modulated with cos(2 :rA vr), where r denotes the time between the first and the second 
microwave pulse and Av the difference between the low- and high-frequency E N D O R  
lines. 

The most important advantage of ESE-ENDOR lies in the fact that it does not 
critically depend on spin relaxation rates like the conventional cw-ENDOR technique, 
i .e. ESE-ENDOR might be more sensitive than the latter one. In ESE-ENDOR changes 
in the echo intensities up to 100% have been reported ]°9). 

It has recently been demonstrated by de Beer et a1.119) that the interpretation of ESE- 
E N D O R  spectra may be simplified by measuring the spectrum at successive fixed values 
of r and taking the Fourier transform of the data in the r-dimension. 



5 Interpretation of Hyperfine and 
Quadrupole Data 

The interpretation of magnetic parameters of transition metal complexes has been exten- 
sively discussed in the hterature. Since a comprehensive summary of the subject is out of 
the scope of this paper, the reader is referred to a number of textbooks and review 
articles 2,120-124). In this section we shall restrict ourselves to a brief outline of some of the 
approaches commonly used to interpret hf and quadrupole data obtained from ENDOR 
spectra. 

5.1 Ligand Hyperfine Interactions 

The following terms in the Hamilton operator ~ give relevant contributions to the hfs 
tensor of a ligand nucleus N with spin I which interacts with one unpaired electron: 

= ~DD "}" ~F "~ ~LS q" ~LI (5.1) 

with 

~I:)D = P{[(3 ~S)(H)/r 5] - SI/r 3} (5.1 a) 

8~ Pfi(r~)SI (5.1b) ~eF =--5-- 

~us = IE ~(rk)LkS (5.1c) 
k 

~gLI = -- P(I x r)p/r 3 , (5.1 d) 

where p is the momentum of the electron, r the radius vector from the electron to the 
nucleus N, and P =/~Bg,ur~gn. The first two terms of (5.1) are the electron-nuclear dipole- 
dipole operator ~DD described by (5.1 a), and the Fermi contact operator ~F described 
by (5.1b). Both terms contribute to the hf spin Hamiltonian SAI in first order. The 
operators ~ t s  and ~LI, defined by (5.1 c) and (5.1 d), describe the spin-orbit coupling 
(with the one-electron spin-orbit coupling constant ~(rk) at the nucleus k) and the interac- 
tion of the ligand nucleus with the unquenched part of the orbital magnetic moment, 
respectively. These two terms contribute in second order to the hf spin Hamilto- 
nianlZS, 126). 
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First Order Contributions 

Interpretation of Hyperfine and Quadrupole Data 

Electron-nuclear dipole-dipole coupling. The electron-nuclear dipole-dipole coupling 
(5.1 a) of the ligand nucleus N is described by 

AD D = P (~o Ihij Iw0), (5.2) 

with hi/= (3rir i - ~ijr2)/r5 (5.2a) 

and ~P0 being the MO of the unpaired electron in a molecule with K nuclei. The spin-only 
coupling tensor A DD is traceless and symmetric. Expansion of W0 as a linear combination 
of atomic orbitals 9~, (k = 1, . . . ,  K) yields 

ADD = P(~ ~ ck~tPk~IhiJl ~k ZCk~tpk~) 

= (ADD)I + :ADD, DD v-,ij j2,1 + (Aii)2,2 + (ADD)3 • 

(5.3) 

In (5.3), (ADD)I and (ADD)3 denote the one- and three-center contributions, respectively. 
In the two-center contribution DD (mi/)2,1, both atomic orbitals are centered on the same 
nucleus (~ N), whereas in DD (Aij)2,2 one of the atomic orbitals is centered on nucleus 
N 127) Contributions (A D D ) l  , DD DO (Aii)2,1 are • ( A i j ) 2 , 2  and also called "local", "nonlocal" 
and "distant", respectively 12s). 

In the ENDOR literature, the tensor A DD has been treated at several levels of approx- 
imation. For ligand nuclei other than protons, the largest coupling generally arises from 
the one-centre contribution 

(AffD)I = PZ ~_ ((PN,~ Ihifl ~oN.)c~.c~. (5.4) 
x x 

For protons (ADD)I = 0, SO that the dipolar coupling is determined by the two- and 
three-center contributions. Recently, Keijzers and Snaathorsd 27) have shown that the 
three-center contributions (ADD)3 should not, in general, be neglected in the computation 
of anisotropic proton hf coupling constants. In most ENDOR work, however, only the 
two-center contribution (ADD)2 a ("distant" term) has been considered. 

For small distances R fk) (_< 2A) between the nuclei N and k the two-center integrals 
in (ADD)2,1 can be approximated by expanding (5.1 a) in powers of r(k)/R (k), where r (k) 
denotes the distance of the electron from the nucleus k 125). For R (k) > 2.5/~,, the unpaired 
electron can be considered to be concentrated at the nuclei k, so that the "distant" 
contribution may be approximated by the classical electron-nuclear point-dipole formula 

(ADD)2,1 = A DD = P Z Ok(3n(k)fi (k) -- I)/R (k)3 , 
k~N 

(5.5) 

where 0k is the spin density on the kth atom. The components of the unit vector n (k) 
denote the direction cosines of R (k) in the molecular frame{~M}. The two-center con- 
tribution (ADD)2,2 is sometimes taken into account to some extent by replacing Ok by 
Mulliken populations 129). 
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Since the unpaired electron in transition metal complexes is generally localized near 
the central ion and the ligand atoms in the first coordination sphere, summation in (5.5) 
over these nuclei is often sufficient. In this approximated form, the point-dipole model 
has frequently been applied in E N D O R  studies of transition metal complexes to deter- 
mine the proton positions from their hfs tensors (Sect. 6). In some cases the accuracy of 
this method has turned out to be significantly higher than that of an X-ray diffraction 
analysis62,130,131) 

Owing to the large spin density QM at the central ion M, the dipolar coupling (5.5) of 
the proton is usually dominated by the term 

A DD = PQM(3 n(M)fi (M) -- I)/R (M)3 • (5.6) 

Although (5.6) yields only a rough approximation for the dipolar coupling, it can often be 
applied to get estimates of R (M) and n (M) and thus to assign the hfs tensors to the 
corresponding protons. 

The dipolar splitting is described by the simple first order expression 

PpM(3 cos20 - 1)/R ~M)3 , (5.7) 

where 0 is the angle between B0 and the line connecting the central nucleus with the 
proton. 

Fermi contact interaction. The coupling constant of the Fermi contact term for the nu- 
cleus N has the form 127) 

R'rr a F 
: - ~  P(~016(rN)l~P0) 

: a~ + a~,1 + a[,2 + a~.  

If only the one-center contribution a~ is considered, (5.8) reduces to 

8zr 
a F - a~ = also = " 7 -  PO(rN = 0) , 

(5.8) 

(5.9) 

where O(rN = 0) = f~ k0N,s(rN = 0)12 denotes the unpaired electron density at the nucleus 
N (in electrons/angstrom3). 

Second Order Contributions 

In transition metal complexes there may be a substantial orbital magnetic moment 
(reflected by deviations of the g-values from ge) which leads to an isotropic as well as an 
anisotropic contribution to the hf interaction 125' 132). These contributions arise from a 
second order term of the form (~P0 I~eLII Wm> (Win IXLS[ W0), where ~m denotes the MO of 
the unpaired electron in the excited state m. We consider only the interaction of the 
ligand nucleus N with the unquenched orbital momentum on the central ion. Expansion 
of r -1 in (5.1 d) in powers of (r(M)n/R(M)n+1)125) yields, for the leading term 
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~LI =/zBgnuN(3 toLo - IL)/R (M)3 , (5.10) 

where a refers to the metal-ligand direction. The orbital contribution to the spin Hamil- 
tonian of nucleus N is described by SALI where the coupling matrix A L is given by 

A L = (AL)2,1 ---- 2 ~AT d . (5.11) 

In (5.11), A and "1 "a are defined by 

V <V:o [Lil ~,m> (~m ILjl ~'0) ^ (5.11 a) 
m E 0  - Em 

and 

_ /AB/'/Ngn (5.11 b) 

and ~ is the effective one-electron spin-orbit coupling parameter. Since only the orbital 
momentum of the central ion is considered, the MO's V,00, ~ ,  in (5.11 a) consist solely of 
atomic orbitals of this ion. Replacement of 2 ~A by Ag = g - gel 133) yields 

A L = Ag'l "d (5.12) 

which in the molecular frame (g diagonal) writes 

'Ul~Ngn (3n(M)fi (M) --  l) A L = AgT = Ag ~ (5.12a) 

Since (5.12 a) is the product of a diagonal matrix Ag with a full, traceless and symmetric 
matrix (3 n(M)fi (M) -- I), A L will, in general, be asymmetric. 

The phenomenon of asymmetric hfs tensors was first discussed by McConnell t34). 
Later, Kneubiihl I35' 136) proved the existence of asymmetric g and A tensors in para- 
magnetic systems with low symmetry. Evaluation of the asymmetry of A using EPR and 
ENDOR spectroscopy has been treated by several authors 132'137-141). Recently, low- 
symmetry effects in EPR have been covered in a comprehensive review article by Pilbrow 
and Lowrey 142). 

Summing the first and second order contributions (5.9), (5.5) and (5.12 a), the total 
lff matrix for a proton (ligand atom N) in the point-dipole approximation is given by 

A {..~. ~QM n(M)fi(M) _ = aFl + A DD + A L = /zB:tNgp g~0(rN = 0)I + (3 I) 

+ 
( 3  n (k ) f i  (k) - -  I) 

g ¢ E  O k  R(k)3 
k#M 
k#N 

+ R--~(3nCM)fi(M)--I)}. 
(5.13) 
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Due to the inclusion of A L, A then becomes asymmetric. Since the expression (3.25) for 
the first order ENDOR transition frequencies contains the term 1~ 3(gA + Ag)R.3 , which 
is linear in A, all nine matrix elements of the hfs tensor A can, in principle, be determined 
by ENDOR.  If, in the third term of (5.13), the spin densities Qu (k ~: N) can be neglected 
(ionic model,Qk --- 0, QM = I),  the hfs tensor A is described by 

A = aFI + g T .  (5.14) 

Equation (5.14) amounts to a description of the anisotropic coupling A Do + A L originat- 
ing from the interaction of an electron spin magnetic moment tt =/~sgS with the proton 
magnetic moment 134). The isotropic part  of gT which is usually called the pseudo contact 
interaction 143), is only zero for isotropic g tensors. Since in (5.14) the g tensor is known 
from EPR data, the remaining parameters which describe A are a v, R Cra) and the direc- 
tion cosines, ni. 

The formula (5.14) has been applied, for example, by Hutchison and McKay 144) to 
determine the proton coordinates in Nd(III)-doped lanthanum nicotinate dihydrate crys- 
tals, and by Balmer et al. TM to localize the charge compensator H + in Co(II)-doped 
a-A1203. 

It should be noted that there is some contradiction in (5.14) in the sense that on the 
one hand the unpaired electron is assumed to be entirely localized at the central ion, on 
the other hand the Fermi contact term a F at the nucleus under consideration is different 
from zero. If a preponderant fraction of unpaired spin is localized at the central ion, both 
the spin-only and the orbital contributions can be described by the point-dipole approxi- 
mation, so that (5.14) gives an adequate description of hf interactions of ligand nuclei. In 
transitional metal complexes with high covalency, i.e. with large spin densities on the 
ligand atoms, however, (5.14) has to be used with care. In order to be consistent in such 
cases, the contribution of the orbital moment at the ligand N to the A tensor (described 
by the operator ~LI = P ~L/r3) should be included in the calculation 125' 126). Recently, a 
procedure for estimating the A DD and A L tensors in copper complexes has been suggested 
by Atherton and Horsewil1132). 

For nuclei other than protons, the one-center contribution (5.4) has to be added to 
(5.14). If  the principal axes of (AD°)I do not coincide with the axes of the tensor T, the 
contributions arising from the term a F, T and (ADD)I cannot be individually determined 
from the experimental A tensor without using additional assumptions concerning the 
orientations of T and (ADD)t. 

If the principal axes of (ADD)l, T and g coincide, the MO treatment introduced by 
Maki and McGarvey to interpret EPR spectra of transition metal complexes 145) is often 
used in E N D O R  investigations. In the following, we collect some of the relevant for- 
mulae from this approach. For a a-orbital involving a ligand atom N in the first coordina- 
tion sphere, and pointing along the metal-ligand direction (principal axis gx), the princi- 
pal values of the ligand hfs tensor are given 66' 146,147) by 

A1 = ai~o(s) + All(P) + All(D) 

A2 = aim(s) + Al(p) + A2(D) (5.15) 

A3 = aiso(s) + A±(p) + A3(D) . 

In the expressions (5.15) the terms are defined by: 
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aiso(S ) = a F , 

AjI(P) 

A±(p) 

4 p(r~3)f~ 
= (APD) '  = Z 

2 p(r~3)f~ = (A~D)I  = (A3DD)I = --.-ff 
(5.15 a) 

and 

AI[(D ) = (A1DD)2.1 + A L = 2/ZaUNgn(0Mg e + Agx) /R  (M)3 

A2(D) = (ADD)2 A + A2 L = -/~/,tNgn(qMge + Agy)/R (M)3 (5.15 b) 

A3(D) = (ADD)2 A + A3 L = --/~a/ZNgn(PMge + Agz)/R(M)3 • 

In (5.15a), f~ denotes the spin density of the p-orbital of ligand N. The hybridization 
ratio n 2 defined by the a-orbital a = np + (1 - n2)l~s is then given by n 2 = fpS/Qr~, where 
Qr~ = f~ + f~ denotes the total a-spin density on ligand N. In the case of sp 2 hybridiza- 
tion, n 2 = 2/3. Multipole expansion of the d-orbitals lzS), core polarization 124), and orbital 
reduction fractors t48) have been neglected in (5.15). 

The desription of the ligand hfs tensor outlined above is based on a perturbation 
approac h which assumes the energy difference between the excited states and the ground 
state to be large compared with the matrix elements of the spin-orbit coupling operator. 
For low-lying excited states, the perturbation treatment is no longer valid, and the 
Kramers doublet base 2) has to be applied to describe the ligand hf interactions. This more 
general approach has been used, for example, by Rudin et a1.12) to interpret the hf data of 
Co(acacen). 

5.2 Nuclear Quadrupole Interactions 

The spin Hamiltonian for the nuclear quadrupole interaction has the f o r m  2' I49, I5o): 

~ o  = IOI (5.16) 

which writes in the principal axes system of the O tensor 

~ o  = QII~ + Q2122 + Q3I 2 (5.16 a) 

{ 1 I ( I + I ) } + Q " ( I  2 + I  2) (5.16b) = O ,  I ] - ~  

- eZqQ {(3 12 - 12) + r/(I~ - I2Z)} (5.16 c) 
4 I ( 2 I :  1)h 

In (5.16 c) eq = eq33 = V33 denotes the electric field gradient (EFG) and r /=  (Vn - V22)/ 
v33 ( I v 3 3 1 > l v ~ l > l V l l l ,  0 < ,7 < 1) the asymmetry parameter. Since the quadrupole 
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tensor Q is traceless, it is determined, apart from its orientation, by only two parameters. 
Usually, in the literature, the two quantities e2qQ/h and are given. The relations 
between the coupling constants in (5.16 a), (5.16 b) and (5 .16~)  for frequently occurring 
nuclear spin quantum numbers are summarized in Appendix C. 

The EFG at a nucleus N in a molecule is defined by 

The first term of (5.17) describes the electronic contributions to the EFG, with qj 
referring to the occupied molecular orbitals and nj to the number of electrons on the jth 
orbital. The second term denotes the contributions of the nuclei with charges Zk to the 
EFG. 

The crucial point in the determination of the quadrupole coupling constants is the 
computation of the electronic contributions which in principle should include all the core 
as well as the valence electrons. The computation may be carried out at various levels 
ranging from empirical Townes-Dailey (TD) type models151) to ab initio molecular orbital 
calculations152). In the following section, we shall discuss two simple approaches which 
are often used to interpret nuclear quadrupole data of central ions and nitrogen ligands in 
transition metal compounds153-156). 

5.2.1 Nuclear Quadrupole Interactions of Transition Metal Ions 

In a very rough approximation, the EFG at the central ion of a transition metal complex 
can be traced back to two contributions, one from the valence electrons of the transition 
metal ion, and the other from the ligand electrons and nuclei15'): 

eq = e( l  - %)qVal + 41 - ym)qeg 

with 

eq,,, = - e X Nj ( 3 cos20j - 1 ) (rr3) 
j 

and 

The quantity (1 - %) represents the Sternheimer shielding factor for the valence 
d-electrons, and (1 - y,) the antishielding factor for the ligand electrons. These quan- 
tities describe the polarization of the core by the EFG of the valence and ligand elec- 
trons, respectively. Ni and NLi, which denote the electron populations of the jth valence 
orbital and of the ith orbital at the ligand nucleus L, are usually obtained from an MO 
calculation. Expectation values (rj-3) for free ions obtained with Hartree-Fock atomic 
orbitals are found in the ~iterature '~~).  The contributions from the ligand electrons may be 
approximated as originating from point charges. 
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To improve the poor agreement between experimental and computed quadrupole 
coupling constants of Cu(II) 157' 158) and Co(II) 61' 159) ions, anisotropic contraction of 3 d- 
orbitals61,160) or optimization of (1 - y®)lss) have been included in the calculations. The 
contraction of 3 d-orbitals is rationalized by the fact that in a planar complex the interac- 
tion of the electrons in the in-plane orbitals (3 dx2_y2, 3 d~y) with the negatively charged 
ligand atoms exceeds that of the electrons in the out-of-plane orbitals (3 dxz, 3 dyz, 3 dzz). 
Using this anisotropic contraction, the computed quadrupole interactions are often found 
to be in qualitative agreement with the experimental data 6L 160) 

5.2.2 Townes-Dailey Description of the 14N Nuclear 
Quadrupole Interaction 

Most of the nitrogen quadrupole data obtained by NQR in free ligands and diamagnetic 
metal complexes, and by ENDOR in paramagnetic transition metal compounds, have 
been interpreted in terms of the TD model 15°' 151). This approach simply assumes that the 
field gradient at the nitrogen nucleus is due to different total populations of the three 2 p- 
orbitals. The model may be applied to study relationships between and trends of 
observed quadrupole parameters of 14N in series of similar free ligands and of their 
corresponding metal complexes, rather than to compute orbital populations 15°). 

The formulation of the TD theory, which is given below, follows the work of Hsieh et 
ai.161) and has been used in the discussion of most of the 14N quadrupole data obtained 
from ENDOR spectra (Sect. 6). 

The geometry about a ligand nitrogen coordinated to a metal ion is assumed to be 
planar with bond directions defined in Fig. 28. The hybridizations of the nitrogen orbitals 
for different angles between the bonds in the plane can be written as: 

~0~a~ = A2s + B2pz 

~0r~K = C 2 s + D (2 pz cos 7 - 2 py sin y) 

~P~L = E2s  + F(2pzcosfl + 2pysinfl) (5.19) 

~P~ = 2px, 

Z 

Z~!~ NM 

K ~ N K ~ ~  ct J ~ L ~ Fig. 28. Orientations of molecule-based and O N 
tensor axes about a planar nitrogen bound to three 

J different groups. (Adapted from Ref. 161) 
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where the coefficients A . . . . .  F are expressions containing the bond angles a, fl, Y. The 
non-vanishing components of the EFG tensor are 

1 
qn/qo = --~" ( B2~ + D2cr2 + F2a3} + ~ 

q22/qo= - '~ ' -B 2~ + - cos2y + sin2y D2a2 + - ~ "  

( ) ( ) 1 1 1 sin23 F2o3_ ~ q33/q0 = B26 a + cos27 - -~- sin2y D2(72 + cos2fl - -~ ~ 

q23/q0 = "~-3 (sin2flF2a3 _ sin2yD2a2 ) 

In (5.20) ~', a2, a3 and :r are the occupancies of the orbitals ~PnM, ~PN~, ~PNL and ~p=, 
respectively. The coefficients B z, D 2 and F 2 are given by 

B2 = - cos a D2 = - cosfl F2 = - cos y 
cos3 cos e - cos a ' cos a cos e - cos 3 ' cos a cos3 - cos ~, 

(5.21) 
The quantity eq0 is the EFG due to a single electron in a nitrogen 2 p-orbital. Estimates of 
e2Qq0/h range f r o m -  8.4 t o -  10.0 MHz 15°). 

The relationship between the components of the EFG tensor in its principal axes 
frame, and in the coordinate system defined in Fig. 28 is given by 

q33 = q gcOs2o + qdsin28 

q22 = q2 dcos20 + qdsin20 

qn = q~ 

1 
q23 = ~" (q~ -- qg)sin 2 0 .  

(5.22) 

From (5.20) and (5.22) and the expression qi d = 2 Qih/e2Q, which relates the principal 
values qd of the EFG tensor to the experimentally determined components Qi of the 
tensor Q, one obtains the following formulae for the angle 0 and the orbital populations: 

3 e2Qq0 
sin20 - 4(Q3 _ Qz)h (sin2flF2a3- sin2yDZa2) 

I 4 (Q3-  Q2)h } e = 3eEQq0 cos20-cos2yD2a2  + cos2flF2a3 /B 2 

2 Qlh 
zt = 2"1 (B2 e + D2a2 + F2cr3) + e-'2-Qq0 

(5.23) 

(5.23a) 

(5.23 b) 

For a free ligand, fl = y = ~/2 - a, B 2 = n 2 and D 2 = F 2 = (2 - n2)/2, where n 2 = 
1 - cot 2 (a/2) denotes the hybridization ratio. In this case (5.23) (5.23 a) and (5.23 b) write 
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3 e2Qq0 
sin 2 0 - 4(Q3- Q2)h (1 - n2)V2(a3- a2) 

4(Q3 - QE)h 1 
~¢ = 3 eZQqo n2 cos 2 0 + ~- (a2 + a3) 

I I 1 1 ( 2 _ n  2)(a2 +e3)  + e - ~ o  =~ n2e+y 

Interpretation of Hyperfine and Quadrupole Data 

(5.24) 

(5.24a) 

Since O is traceless, the occupancies ~', :t, a2 and a3 in the four orbitals cannot be 
determined from two independent values Qi, or from e2Qq/h and r/. The number of 
parameters that can be calculated from the data has therefore to be reduced by suitable 
assumptions. In the metal-nitrogen fragment, the angle 0 can be calculated from (5.23) 
using values of a2 and a3 which are reasonable from a chemical point of view (i.e., they 
should reflect the relative electronegativities of nitrogen and of the coordinated atoms in 
the ligand). The occupancy ,o of the orbital ~/'r~ can be determined from (5.23 a) with 
estimated values for tr2 and 03. In the free ligand the occupancy ¢' of the lone pair orbital 
is usually assumed to be 2. Upon metal complexation this value is reduced by nitrogen- 
metal o-electron donation. Finally, the occupancy :r of the ~p, orbital is obtained using 
(5.23 b). 

(5.24b) 



6 Discussion of the Literature 

This section covers the literature of ENDOR on transition metal complexes with organic 
ligands through the end of 1980. The discussion also includes unpublished results and 
papers submitted for publication which came to our knowledge. Only contributions for 
which ENDOR spectroscopy yields either new or significantly improved results com- 
pared with the data obtained from EPR measurements will be discussed in more detail. 

6.1 Cu(II) and Ag(II) Compounds (d 9) 

Most ENDOR investigations on transition metal complexes with organic ligands have 
been done on Cu(II) compounds. Single crystal EPR spectra of copper complexes are 
normally characterized by hf structures of the copper ion (I = 3/2) and the ligand nuclei 
in the first coordination sphere 162' 163) The spectra are often complex due to overlapping 
resonances of the isotopes 63Cu and 65Cu and partly resolved proton hrs. Thus, the 
information obtained from EPR spectra concerning hf interactions is often quite restrict- 
ed. Moreover, the intricate ligand hf structure usually prevents the determination of the 
quadrupole tensor of the Cu nucleus from second order line shifts or from "forbidden" 
EPR transitions. 

In the corresponding ENDOR spectra, the hf and quadrupole splittings of central ion 
and ligand nuclei are, in general, fully resolved. The presence of two copper isotopes 
does not significantly influence the width of the ligand ENDOR lines. 

In copper and silver complexes, optimum ENDOR enhancements for all types of 
nuclei are usually achieved for tempeatures between 10 to 30 K. For Cu-ENDOR in 
copper containing proteins, temperatures ~< 4 K are sometimes required (see below). 

6.1.1 Planar Cu(II) and Ag(II) Complexes 

Cu(II)-bis(oxychinolate), Cu(Ox)2 
The first extended ENDOR study on a transition metal complex with organic ligands was 
reported by Rist and Hyde 15' 75). The authors applied ENDOR on Cu(Ox)2 substituted 
into single crystals of phthalimide (PHI) and 8-hydroxyquinoline (HOx) and determined 
the his and nuclear quadrupole tensors of the two magnetically equivalent nitrogens as 
well as the hfs tensor of the protons in position 2 (see Fig. 29). The magnetic parameters 
obtained from the angular dependence of the ENDOR spectra are collected in Table 3. 
The nitrogen hf coupling constants of Cu(Ox)2 are considerably weaker in the HOx than 
in the PHI lattice. This indicates that the A N tensor is sensitive to changes in the packing 
of the metal complex. In contrast to this, the nitrogen quadrupole tensor O r~ is not 
remarkably influenced by the lattice forces. 
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gN-N A N 
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Fig. 29. Directions of g and A N principal axes in Cu(Ox)2. 
(Adapted from Ref. 15) 

T abl e  3. ENDOR parameters of Cu(Ox)2 (data from Rist and HydelS); in MHz) 

Tensor Host lattice 

PHI HOx 

A N A: 
A2 
A3 ° 

ON b e2qO/h 

A m a Ale 
A2 
A3* 

40.3 33.4 
29.7 28.4 
30.3 26.1 

-2.62 -2.69 
<0.1 <0.1 

8.80 8.48 
3.78 2.86 
2.76 2.20 
5.12 4.52 

" Normal to the complex plane 
b Largest principal axis along A~ 
c In the complex plane 
a Proton in position 2 (see Fig. 29) 

The coupling tensor A m has been used to determine the orientation of the g and A N 
tensor axes in the complex plane. The angle between the Cu-H direction and the largest 
principal axis of A m has been calculated by considering different spin densities in the 
ligand orbitals (4% on the nitrogen and oxygen ligands, 0.5% on the carbon atoms 
bonded to the protons in position 2). As illustrated in Fig. 29, the axis of the in-plane 
value gx lies along the O-Cu-O bond, whereas the axis of gy forms an angle of 5 ° to the 
Cu-N bond direction. The largest quadrupole coupling coincides with the direction of the 
nitrogen hf coupling A~ which bisects the C-N-C  angle of the pyridine ring 
(q: (gy, A1 N) = 17"). 

The TD approach outlined in Sect. 5.2.2 has been applied to interpret the nuclear 
quadrupole tensor, O r~. Since O N is nearly axial, the n population has been approximated 
by :r = (02 + 03)/2 = a. Assuming a = 1.2 and e2q0Q/h = - 8  MHz, the occupancy of 
the lone pair nitrogen orbital was found to be • = 1.6. The quadrupole coupling is 
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Table 4. Nitrogen coupling constants A~ and Q~ for planar copper and silver complexes (data from 
Rist and Hyde16); in MHz) 

Metal complex Host A~ Q~3 eZqQ/h~ 

Cu(Ox)2 PHI 30.3 0.65 2.6 
Zn(Ox)2 • 2H20 27.5 0.89 3.6 

Cu(pic)2 PHA 36.9 0.50 2.0 
Zn(pic)2 • 4H20 29.7 0.90 3.6 

Cu(Qn)2 Zn(Qn)2 • XH20 29.0 0.63 2.5 

CuMe(pic)2 ZnMe(pic)2 35.1 0.58 2.3 
Cu(sal)2 Pd(sal)z 43.8 ~< 0.13 
Cu(dim)2 Ni(dim)2 47.2 0.38 
Ag(pic)2 Zn(pic)2 • 4 H20 50.1 0.8 

PHA ~ 51 

" Axial symmetry is assumed 

slightly larger in the HOx than in the PHI  host, thus, ~e[HOx] > g[PHI]. This is consi- 
stent with the stronger Cu-N bond observed in Cu(Ox)2 : PHI (a~o(PHI) > aiN~o(HOx)). 

In a subsequent paper Rist and Hyde 16) introduced the technique of orientation 
selection in powder samples (Sect. 4.1) and applied this method to a series of planar 
copper and silver complexes. The data obtained from single crystal-like E N D O R  spectra 
with B0 oriented along the complex normal are collected in Table 4. In all compounds 
listed in this table, the spin density of the ligands is positive and resides in (r-orbitals, in 
accordance with the ground state of the metal ions. Also, the hf coupling of the silver 
complex is much larger than the one of the corresponding copper complex in the same 
host lattice, revealing that the metal-ligand interaction is stronger in the 4 d 9 than in the 
corresponding 3 d 9 compound. 

Coordination of water molecules at the axial positions of copper compounds 
(Cu(Ox)2 in Zn(Ox)2 • 2 I420 and Cu(pic)2 in Zn(pic)z • 4H20)  weakens the metal- 
ligand interactions in the complex plane. This trend is also reflected in an increase A~' of 
the lone pair orbital population ~e, which amounts to A~'[Cu(Ox)2] = ~'[Zn(Ox)2 • 2 H20] 
- ~'[PHI] = 0.12 and A~[Cu(pic)z] = t[Zn(pic)2 • 4H20] - ~'[PHA] = 0.20 electrons,- 
respectively. 

Cu(sal)2 (see below) shows a surprisingly strong nitrogen hf interaction which is about 
one third larger than common nitrogen coupling constants of copper complexes with 
mixed nitrogen-oxygen ligands. This strong hf coupling might be traced back to the 
interaction of the two salicylaldoxime ligands through intramolecular hydrogen bonds. 

Cu(II)-bis(salicylaldoxime), Cu(sal)2 

An EPR and E N D O R  investigation of the planar copper complex 63Cu(sal)2 (Fig. 30) 
substituted into a single crystal of Ni(sal)2 has been reported by Schweiger et al. 62' 65). The 
aim of this work was to determine the structure of the internal H-bond occuring in 
Cu(sal)2, and to draw a detailed picture of the unpaired electron distribution on the 
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ligands. 1H-, 14N- and 6aCu-ENDOR spectra appeared in distinct rf ranges and were 
observed for numerous crystal settings. Proton E N D O R  spectra of two simultaneously 
excited overlapping sites could be separated by choosing B0 approximately equal to a 
resonance field corresponding to the maximum of an EPR line of one site, coincident 
with the minimum of an EPR line of the second site. Thus, the E N D O R  signals of the 
two sites differ in phase by - 180 °, as illustrated in Fig. 31. 

Because of the inversion-symmetry of the complex, all ligand nuclei are magnetically 
equivalent in pairs. The typical eight-line spectrum for two magnetically equivalent I = 1 
nuclei (Fig. 9) and the extra splitting of these transitions for Q33(ms) = 0 (Fig. 11) was 
first observed in nitrogen E N D O R  spectra of Cu(sal) 62'65). The E N D O R  data in Table 
5.1 (nitrogens and four pairs of protons) were evaluated from the rotation patterns using 
the perturbation approach outlined in Sect. 3. 

Proton ENDOR. For the assignment of the proton hfs tensors to corresponding protons 
in the Cu(sal)2 molecule (Fig. 30) or in the Ni(sal)2 host, the point-dipole formula (5.6) 
was applied. By symmetry arguments, one of the principal axes of the coupling tensors of 
the protons belonging to the planar Cu(sal)2 compound has to lie normal to the complex 
plane. Indeed, the coupling tensors of H 11, H 15 and H 16 are found to behave in this 

H11 (H20 

His 10-- H!s / o ~  

/ 
Cu (o 797~ 

\ / \ \ 

Hu (H21) N-N 
Fig. 30. Structure of Cu(sal)2. Numbers in parenth- 
eses denote Mulliken populations. (From Ref. 62) 

1 
| Site I . 

Site I i / 

Bo 

V 
i i l 

14 16 18 MHz 

a b 
Fig. 31 a, b. Proton ENDOR spectrum of two overlapping sites of Cu(sal)2. a) Arrow indicates the 
choice of the B0 field position in the EPR spectrum, b) Differentiation of ENDOR signals of 
overlapping sites by means of the phases of their signals. (Adapted from Ref. 62) 
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Table 5.1. Magnetic parameters of Cu(sal)2 in 
Ni(sal)2 (data from Schweiger and Giinthard~2); Ai 
and Qi in MHz) 

EPR data 

Principal values 
x y z 

ga 2.056 2.039 2.203 
A c~b -109 -11 i  -609 

ENDOR data c 

Principal values d(Cu-H) 
1 2 3 d q~0 c Point-dipole Crystal f 

coupling structure 

A N 51.96 42.10 43.64 (43.8) s 7 
O Nh -1.71 1.91 -0.2 21 
A ml - 1.26 1.78 - 1.89 15 4.29 4.52 
A m5 13.00 9.15 8.48 (8.58) g 20 3.84 3.87 
A m6 6.60 - 0.87 - 5.97 (5.62) ~ - 45 2.89 
A H21 - 1.95 - 1.08 3.19 3.71 3.84 

gx includes an angle o f - 3  ° with the Cu-N bond direction (in the positive sense, Fig. 30) 
b Coaxial to g 
c For direction cosines, see 62) 
d Principal axis of A3 (Q3) normal to the complex plane, parallel gz (except for H21) 

Angle between the principal axis of A1 (Q0 and the Cu-N bond direction 
f From Ref. 164 
s Powder data of Cu(sal)2 in Pd(sal)2, from Ref. 16 
h e2qQ/h = 2 Q2 = 3.82 MHz, r /=  0.79 

Table 5.2. Bonding parameters in Cu(sal)262) 

0.029 Ucu ~ 0,797 
¢ 0,054 U N 0.095 
ON 0.083 (Uo) (0.120) 
n~ b 0.651 

a Mulliken populations ~29~ 
b n~ defined by f~/(f~ + ¢)62) 

manner .  Since none of  the principal axes of  H21  is normal to the complex plane, this 

proton belongs to one of  the Ni(sal)2 molecules surrounding the Cu-complex (its corre- 

sponding posit ion is H l l  in Cu(sal)2). The  C u - H  distances for H l l ,  H 1 5  and H21  

calculated f rom the largest principal values of  the traceless dipolar tensors are in good 

agreement  with the crystal structure 1~) (Table 5.1). 

No  information about  the structure of  the fragment O 1 -H  16-O 2 is available from 

X-ray data. In particular, it is not  known whether  this structure is linear, bent,  symmetric  



64 Discussion of the Literature 

or asymmetric, and whether or not H16 lies in the complex plane. From 
d(O 1-O2) = 2.58A, one would predict the H-bond O 1-H 16-O2 to have an asymme- 
tric, bent structure 165). This leads to two alternatives, namely mind(O--H16) = 
d(O 1-H 16) or d(O 2-H 16) (with mind(OH 16) = 1.03 A166)). The hfs tensor A m6 
allows the determination of the correct alternative on the basis of the corresponding 
angles, y (Fig. 30). In addition A n16 also fixes the orientation of the g tensor with respect 
to the Cu(sal)2 molecule 62' 167). Since one of the principal axes of A m6 and A r~ is perpendi- 
cular to the complex plane (see above), the structure of the first coordination sphere 
including H 16 is considered to be planar. A comparison of the observed A m6 tensor 
(which is nearly traceless but strongly rhombically distorted) with that predicted from a 
seven-center point-dipole model (including spin populations on Cu, N, O 1 and 0 2 )  
shows that the structure of the fragment O1-I-116-O2 may be described by 
mind(O--H 16) = d(O 2-H 16) with an upper limit of 50* for the angle y. For this value of 
~, the distance d(Cu-H 16) is calculated to 2.76/~ compared to 2.89/~ from the single- 
centre point-dipole model. The alternative condition mentioned above, namely 
mind(O--H 16) = d(O 1-H 16), leads to implausible values for y. 

Nitrogen ENDOR. The nitrogen hfs tensor is nearly axially symmetric with the largest 
principal axis oriented approximately along the Cu-N bond direction (,((Cu-N, 
A N) = 7°). A very similar result has been reported by Moores and Belford 16s) for the 
planar copper complex Cu(msal)2. 

The exp6rimental 14N hf parameters have been analyzed within the MO framework 
outlined in Sect. 5.1. To get an estimate of the spin density at the oxygen ligands, O 1, 
which can be utilized in the multi-center point-dipole model mentioned above, the oxy- 
gen (170) spin density data have been taken from Cu(pic)2 in Zn(pic)2 • 4H20147) by 
assuming (AiN/A °) [Cu(sal)2] - (AN/A °) [Cu(pic)2]. Some of the relevant results of the 
analysis of the ligand hfs tensor are given in Table 5.2 and Fig. 30. 

The nitrogen quadrupole parameters (Table 5.1) have recently been analyzed by 
Murgich 169) in terms of the TD theory (Sect. 5.2.2). The principal axis of the largest 
coupling constant (QN) approximately bisects the Cu-N-C angle. This orientation of the 
QN tensor axes corresponds to the "anomalous axes" predicted by Saner and Bray 17°) for 
some unsymmetrically substituted aldoximes. The populations of the 2p-orbitals in 
Cu(sal)2 are compared with the corresponding populations in the free Sal ligand. A 
charge transfer of about A# = 0.35 from the nitrogen lone-pair orbital to the central ion 
upon metal complexation has been found 169). 

Cu(II) and Ag(II) tetraphenylporphyrin, Cu(TPP), Ag(TPP) 

An extensive EPR and ENDOR study of Cu(TPP) and Ag(TPP) (Fig. 32) doped into 
(H20)Zn(TPP) single crystals has been published by Brown and Hoffman 66' x71). The 
complete set of hfs and quadrupole tensors for the 14N nuclei and the hfs tensors of the 
Ag(II) and Cu(II) ions and of the pyrrole protons are reported. A detailed analysis of the 
magnetic parameters (Table 6.1), which are measured with high accuracy, has been 
presented using the standard MO treatment 66). 

Proton ENDOR. In both metal complexes four pairs of magnetically equivalent 
pyrrole protons along with some weakly coupled phenyl protons have been observed. 
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This indicates that the paramagnetic guest compounds exhibit the center of symmetry 
required by the Zn(TPP) host crystal structure. Two types of pyrrole protons (1, 3 and 2, 
4, Fig. 32) with slightly different hf values are found in Ag(TPP), indicating that the site 
symmetry of Ag(TPP) cannot be higher than $4 or C4. 

In the corresponding copper complex all eight protons are geometrically equivalent 
within error limits. The metal-proton distances in Ag(TPP) calculated by the classical 

Fig. 32. Structure of M(TPP). (Adapted 
from Ref. 66) 

I Y 

Table 6.1. Magnetic parameters of Ag(TPP) and Cu(TPP) in (H20)Zn(TPP) (data from Brown and 
Hoffmann'; in MHz) 

M Atom A1 A2 A3 Ql Q2 Q3 tP0 I 

Ag 1CrAg 174 b 88.376 88.376 
~°gAg 187 b 102.001 102.001 

14N 78.870 6 1 . 3 3 0  6 2 . 9 1 8  -0.692 0.915 -0.222 c 45 

H 1 3.566 1.729 1.232 24.7 
H2 3.443 1.618 1.145 65.1 
H3 3.578 1.749 1.232 114.6 
H4 3.462 1.648 1.145 155.4 

Cu ~Cu --615 b -102.7 -102.7 

14N 54.213 4 2 . 7 7 8  44.065 
(60.3) (47.7) (47.7) d 

H 1 2.52 0.74 0.80 
H2 2.45 0.71 0.80 
H3 2.41 0.66 0.80 
H4 2.49 0.69 0.80 

--0.619 0.926 -0.307 c 45 

27.5 
64.0 

117.2 
154.3 

' Orientation of the largest principle axis (Fig. 32) in the complex plane 
b Obtained from EPR spectra 
c Obtained from the requirement ZQ~ -- 0 
a From an Xa calculation 172) 
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Table 6.2. Mulliken populations and hy- 
bridization ratios 6~) 

Ag Cu 

UM 0.379 0.624 
UN 0.155 0.099 
n,x b 2.38 1.85(3.4) c 
n12o d 2.00 2.00 
ng~om 0.94 0.88 

a Contribution of the N~s orbital is in- 
cluded 

b ncx = p/s ratio ---- n2/(1 -- n2), see Sect. 5.1 
c From an Xa calculation m) 
d ha20 = tan2120 * - 1 
¢ ngcora ---- tanZa - 1 
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point-dipole approach (with the unpaired electron entirely localized at the metal ion) are 
about 0.4/~ less than those determined from X-ray measurements. Moreover, the dipo- 
lar part of the proton hfs tensors are strongly rhombically distorted. These properties of 
the tensors indicate that there is substantial delocalization of unpaired spin over the 
porphyfin ring in Ag(TPP). 

Considering a five-point spin density distribution (central ion and four nitrogens) for 
the determination of the dipolar proton hfs tensors in Ag(TPP) (5.5), the computed A DD 
principal values are found to be close to the experimental results. It should be noted that 
in Ag(TPP) the Mulliken population, UN, on the nitrogen nearest to the pyrrole proton 
provides a larger contribution to A DD along the Ag-H direction than the population UAr 

As a consequence of the smaller covalence of Cu(TPP), the pyrrole proton tensors 
are nearly axially symmetric and the Cu-H distances calculated with the entire unpaired 
electron at the Cu(II) ion are in excellent agreement with X-ray data. The difference in 
covalency of Ag(TPP) and Cu(TPP) is also reflected by the s-spin densities on the pyrrole 
protons which amount to •H(Ag) = 0.15% and 0H(Cu) = 0.093%, respectively. A com- 
parison with the corresponding data of an Xa calculation on Cu(II)-porphine 172) 
(QH(Cu) = 0.071%) indicates that the state-of-the-art electronic structure calculation 
underestimates the amount of unpaired spin density on the porphyrin ring. 

Nitrogen ENDOR. For general orientations of B0, the two pairs of inversion-related, 
and thus magnetically equivalent, nitrogens in Cu(TPP) and Ag(TPP) show E N D O R  
patterns which are well described by the second order expressions (B 5) given in Appen- 
dix B. More complex spectra are observed when B0 lies in one of the mirror planes Sxz or 
Syz. This is due to noncrossing effects of energy levels 67) discussed in Sect. 3.2.2. For B0 
oriented normal to the complex plane, a numerical diagonalization of the spin Hamilto- 
nian matrix (including all four nitrogens) shows 6s) that the 14N-ENDOR spectrum is 
indeed composed of a very large number (>  60) of transitions with remarkably different 
intensities (Fig. 10). For general B0 orientations, Brown and Hoffman 66) treated each 
pair of the magnetically equivalent nitrogens separately by numerical diagonafization of 
the spin Hamiltonian matrix. Noncrossing regions near the symmetry planes, where the 
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presence of all four nitrogens becomes relevant, have been omitted in the analysis of the 
data. 

The 14N hf coupling constants in Table 6.1 again indicate that the delocalization of 
unpaired spin is significantly higher in Ag(TPP) than in Cu(TPP). In both complexes the 
largest coupling (A N) lies along the M-N bond. The hfs tensors are slightly rhombically 
distorted with AN(> A N) along the complex normal. A comparable rhombic character of 
A v; tensors is reported in EPR and ENDOR studies on Cu(msal)2168), Cu(sal)262) and 
Cu(Ox)215). 

The nitrogen quadrupole tensors of both M(TPP) complexes are found to be very 
similar. The largest (positive) quadrupole coupling lies in the porphyrin plane, normal to 
the M-N bond ("anomalous axes"17°)), as found in Cu(sal)262) and Cu(salen) 173). For the 
analysis of the nitrogen hf parameters, the MO theory outlined in Sect. 5.1 has been 
applied. Some of the relevant data obtained with this treatment are summarized in 
Table 6.2. The Mulliken populations UAg = 0.38 and Ucu = 0.62 indicate that the M-N 
bond is strongly covalent. The experimentally determined hybridization ratios nex are 
close to the value n120 = 2. The corresponding ratios ngeom 5, calculated by using angles, 
a = ~£ (CNC), taken from the molecular structures of the two complexes, are less than 
50% of n120. It has been found that nex decreases noticeably when :r-bonding is included. 
The 14N hf coupling constants (Table 6.1) and the hybridization ratio calculated for 
Cu(II)-porphine by the Xa method 172) are considerably higher than the experimental 
values in Cu(TPP). These deviations are due to underestimated contributions of the 
p o p u l a t i o n s  NEs and NEp to the ~B:~ molecular orbital. The significant rhombicity of the 
nitrogen hfs tensors (A~/AEN(Ag) = 1.026, AaN/AN(Cu) = 1.0301) is traced back to a-~r 
mixing. According to Brown and Hoffman 66) the ordinary ligand-field MO analysis, 
however, does not seem to be adequate to describe the spin density in the zt-orbitals. 

Nitrogen 2p-orbital populations have been calculated from the experimental 
quadrupole tensors using the TD theory. The lone pair populations g(Ag) = 1.838 and 
~(Cu) = 1.901 have been determined from the nitrogen MO coefficients (obtained from 
the 14N hfs tensors). The populations o2 = a3 = a and ~r are calculated with both values 
n~x and ngeom. They do not change substantially as the hybridization ratios are varied. 
With nex(Ag) = 2.38 and nex(Cu) = 1.85, populations o(Ag) = 1.500, o(Cu) = 1.548 
and ~r(Ag) = 1.667, :r(Cu) = 1.731 are obtained. It has been mentioned 66) that although 
the delocalization of the unpaired electron is much greater in Ag(TPP) than in Cu(TPP), 
the total nitrogen L-shell population Nv is only 3% greater for Cu(TPP) 
(NT(Ag) = 6.505, NT(Cu) = 6.728). 

Metal ENDOR. ENDOR spectra from the central ions 63Cu, 1°TAg and l°9Ag have 
been recorded for B0 in the porphyrin plane (Table 6.1). In both compounds the metal 
hfs tensors are axially symmetric within experimental error. The ratio of the A Ag values 
of the two Ag isotopes, A±(l°7Ag)/A±(l°gAg) = 0.8664 +- 0.0002, is significantly smaller 
than the ratio of the two nuclear g-factors g,(l°7Ag)/gn(l°9Ag ) = 0.8698. This difference 
arises from the penetration of unpaired s-electron density into the nuclei l°7Ag and l°9Ag 
which have different nuclear charge distributions (hyperfine anomaly2)). 

5 nex = n2/(1 - nZ), where n 2 is defined in Sect. 5.1; ngeom = tan 2a - 1, n12o = ng~om (a = 120") 
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[N,N'-ethylene-bis(salicylideniminato)]Cu(II), Cu(salen) 
A single crystal nitrogen and proton E N D O R  study of Cu(salen) (Fig. 33) doped into 
Ni(salen) has been published by Kita et a1.173' 174) The magnetic parameters obtained for 

this Schiff base complex are summarized in Table 7. 

Proton ENDOR. Cu-H directions and distances obtained from E N D O R  data for 
various protons are found to be in good agreement with the crystal structure. The 
isotropic proton hfs in the ethylenediamine bridge are considerably larger for the equato- 
rial protons than for the axial protons. An  opposite behaviour has been found in Co(aca- 
cen) 12) (see below), reflecting the different ground states of this type of planar Cu(II) and 
Co(II)Schiffbase complexes. The protons at positions 7 and 7' are characterized by large 
isotropic hfs constants of about 20 MHz. Similar coupling constants have been found for 
the corresponding protons in a number of planar Cu(II) complexes (a~o[Cu(sal)2] 62) < 
a~o[Cu(msal)2] 16s) < a~so[Cu(salim)2] 173) < a~.~o[Cu(amben)] 176) < ai~so[Cu(salen)]173)). 

ax.  8~ ~ /  , ax.  S 
eq. 9 N y . ~  / eq. 9 

o: "-o, Fig. 33. Structure of Cu(salen). 
(Adapted from Ref. 173) 

Table 7. Proton and nitrogen parameters of Cu(salen) in Ni(salen) (data from Kita et al)73); in 
MHz) 

Hyperfine coupling parameters of Cu(salen) protons a 
Position A~ A2 A3 aiso 

7 22.80 19.38 18.43 20.22 
7' 23.62 19.45 18.64 20.57 
3 1.77 -1.34 -1.87 --0.48 
3' 1.84 -1.26 -1.39 -0.27 
8 5.13 -0.90 -3.47 0.76 
8' 5.54 -1.41 -1.43 0.90 
9 8.74 4.29 3.56 5.53 
9' 9.57 5.32 4.40 6.43 

Nitrogen hf and quadrupole coupling parameters a 
N1 A1 = 50.2 Q1 =-1.04 

A2 = 37.2 Q2 = 0.69 e2qQ/h = -2.1 
A3 = 39.1 Q3 = 0.36 r /= 0.32 

N2 A1 = 50.9 Ql =-1.21 
A2 = 37.0 Q2 = 0.68 e2qQ/h = -2.4 
A3 = 38.8 Q3 = 0.52 r /=  0.13 

a For direction cosines, see 173) 
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Nitrogen ENDOR. The hfs and quadrupole tensors of the two nitrogen nuclei slightly 
deviate from axial symmetry. Their largest principal axes are approximately directed to 
the copper ion. Unpaired electron populations calculated by using a formalism similar to 
the one outlined in Sect. 5.1 are found to ~ = 0.027 and f~ = 0.071 for N1 and 
fN = 0.027 and f~ = 0.077 for N2. For various copper complexes, the isotropic hf coupl- 
ing constants of the protons at positions 7 and 7' are found to correlate with the unpaired 
electron population on the nitrogen atoms, i.e. the larger f~, the larger ai~ 7 and the 
smaller ~/f~ the larger a~ 7. Comparison with spin distributions in related Cu(II) com- 
pounds further indicates that the unpaired electron delocalization on nitrogen becomes 
larger when the N-Cu-N arrangement changes from a tram- to a c/s-configuration. Such a 
variation in the spin distribution has also been found in an MO model calculation 173). 

The 14N nuclear quadrupole tensors have been analyzed using the TD model. Assum- 
ing a2 = a3 = 1.20, the occupancies ~ and zc and the net charges on the nitrogen atoms 
are calculated to 1.62, 1.27 and -0 .29  for N1 and to 1.61, 1.23 and -0 .24  for N2, 
respectively. 

Single crystal-like ENDOR spectra (B0 along gz) of Cu(salen) and some related 
compounds 177) (Cu(3MeOsalen), Cu(4Mesalen) and Cu(5MeOsalen)) in frozen solu- 
tions of THF + pyridine confirm the assignment of the ENDOR transitions to the cor- 
responding protons reported in the single crystal work discussed above. Moreover, the 
observed decrease in hfs of the chelate nitrogens and of the protons 7 and 7' upon axial 
coordination of pyridine indicates that a fifth ligand causes a significant reduction of the 
covalent bonding in the complex plane of Cu(salen). 

Preliminary Cu-ENDOR results on Cu(salen) show that the nuclear quadrupole 
coupling constant of the copper ions lies in the range between those for square planar O4 
and 5202 coordinated copper complexes 177). 

Cu(II)-bis(N,N'-diethyl-dithiocarbamate), Cu(et2dtc)2 

Proton ENDOR spectra of Cu(et2dtc)2 diluted into Ni(et2dtc)2 and Zn(et2dtc)2 single 
crystals have been reported by Snaathorst et al. 57) and by Kirmse et alf178). In the Ni 
host 57), hfs data have been evaluated for the four methylene protons in the copper 
complex and for two methylene protons of the nickel compound (20 B, 21 B, Fig. 34). 
Although the number of ENDOR transitions is reduced by deuteration of the methyl 
groups in the ethyl substituents, the rotation patterns remained rather complex and had 
to be recorded in steps of 2 ° increments. Nuclear dipole-dipole couplings observed in the 
proton ENDOR spectra for certain B0 field orientations proved to be helpful for the 
assignment of the measured hfs tensors to the pair of protons in the same methylene 
group. 

The dipolar parts of the analyzed hfs tensors have been compared with calculated 
values obtained from first order expressions of the electron-nuclear dipole interaction 
(5.3) 57). The coefficients of the atomic orbitals used in this computation, which considers 
all two- and three-center contributions, are obtained from an extended Hiickel calcula- 
tion (ethyl groups replaced by protons). It has been found that almost 100% of the 
unpaired electron is located on the CuS4 fragment so that the replacement of the ethyl 
groups by protons is of minor importance for the calculation of the atomic orbital coeffi- 
cients. The experimental and theoretical hfs data, summarized in Table 8, are found to 
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Fig. 34. Structure of Ni(eqdtc)2 (Projection in the bc plane), (From Ref. 57) 

agree surprisingly well. Because of the high degree of covalency in the Cu(et2dtc)2 
molecule, the three-center contributions range from 20 to 33% of the two-centre values 
and should therefore be taken into account in the calculation of the dipolar coupling 
constants. The directions of the proton principal axes, however, are not strongly influ- 
enced (less than 4 degrees) by the three-center contributions. 

In Cu(II)-doped Zn(et2dtc)2 crystals the hf coupling constants of two protons 
have been reported (axial, traeeless tensors with A~ s2 = 3.97 MHz and 
A~ 22 = 3.49 MHz) 17s). In the pure crystals, Zn(et2dtc)2 and Cu(et2dtc)2 form dimers of 
different structure 179' is0). From comparison with both the copper and the zinc crystal 
structure data, the hfs tensors have been assigned to a methylene proton (H 82) in the 
zinc complex which forms a dimer with the copper complex and to a methylene proton 
(H 22) placed near the sixth coordination position of the copper atom, respectively. The 
positions of these two protons determined by ENDOR suggest that the most significant 
differences between the structures of the (Zn(et2dtc)2)2 and the Zn(et2dtc)2-Cu(et2dtc)2 
dimers are restricted to the Zn2S8 and ZnCuSs units. 
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Table 8. Proton hf coupling constants of Cu(et2dtc)2 in Ni(et2dtc)2 (data from Snaathorst et alY); 
in MHz) 

Proton a Calculated b Experimental b, c 
2-centee 3-center Total 

20A A1 1.20 --0.33 0.90 0.90 
A2 -0.54 0.15 -0.39 -0.45 
A3 -0.66 0.18 -0.51 -0.45 
a~o 1.89 

21 A A1 3.15 -0.63 2.52 2.40 
A2 -1.44 0.30 -1.14 -0.75 
A3 -1.71 0.33 -1.38 -1.65 
a~o 0.81 

30 A A1 1.20 -0.33 0.90 0.96 
A2 -0.54 0.15 -0.39 -0.45 
A3 -0.66 0.18 -0.51 -0.48 
am 1.71 

31 A A1 3.15 -0.63 2.55 2.61 
A2 -1.44 0.30 -1.17 -0.72 
A3 -1.71 0.33 -1.38 -1.89 
aiso 0.69 

20B Az 6.42 -1.98 4.41 4.56 
A2 -3.12 0.99 -2.13 -2.10 
A3 -3.30 1.02 -2.28 -2.46 
aiso 0.18 

21 B A1 3.06 -1.02 2.04 2.28 
A2 -1.44 0.51 --0.93 -0.96 
A3 -1.62 0.51 -1.08 -1.32 
also 0.03 

For numbering, see Fig. 34 
b At, A2, A3 denote the traceless part of A 
c For directions cosines, see 57) 

6.1.2 Cu(II)-Doped Amino Acid Single Crystals 

Cu(II) impurity complexes in amino acid single crystals have been the subject of several 
EPR studies TM- ~83). Since nitrogen and proton hf structures are only partially resolved in 
the EPR spectra, no detailed information about the electronic properties of the complex 
in the neighborhood of the metal ion can be evaluated. ENDOR spectroscopy has 
therefore been applied 5a' 63) to draw detailed pictures of the positions and the molecular 
environment of Cu(II) impurities in amino acid crystals. 

Cu(II)-Doped ~e-Alanine Single Crystals 

The EPR spectra of Cu(II)-doped ~e-alanine single crystals show a well resolved triplet 
structure which is due to a nitrogen ligand nucleus 182). Moreover, in the partially 
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Fig. 35. Projection in the bc crystal plane of an t°-alanine single crystal. Proposed positions for the 
Cu(II) impurities are marked with Roman letters. (Adapted from Ref. 63) 

deuterated crystal ¢'-alanine-d4, the hf interaction of two amino protons is clearly resol- 
ved at 77K, indicating that the stoichiometry of the amino group is -NH2  rather than 
- NH~" 1~). 

Figure 35 shows a projection of the crystal structure of ¢'-alanine on the bc plane. The 
four crystallographically equivalent positions of the Cu(II) impurity centers (indicated in 
the figure by Roman numerals) have first been proposed by Takeda et al. 184). In this 
model one Cu(II) is bonded to three alanine molecules, with two oxygen and two nitro- 
gen ligands in the first coordination sphere forming an almost planar but strongly distor- 
ted square. 

The hfs and quadrupole tensors of one of the nitrogen ligands have been determined 
with E N D O R  by Calvo et al. 63). The laN-ENDOR transition frequencies observed be- 
tween 11 and 23 MHz were found to depend significantly on the nuclear quantum num- 
ber mcu of the EPR observer line. These shifts are due to Cu-N crossterms (Sect. 3.2) 
and amount to more than 1 MHz for certain orientations of B0. E N D O R  resonances of 

Table 9. Magnetic parameters of Cu(II) in #-alanine (data from Calvo et al.~); Ai and Qi in MHz) 

Tensor Principal values a Tensor Principal values" 

fl gx = 2.049 ,ay A1 = 27.19 
gy = 2.053 Az = 27.56 
gz = 2.257 A3 = 41.74 

A cu A1 = 51.6 O r~b Q1 = 0.097 
A2 = 109.2 Q2 = 0.987 
A3 = 594.6 Q3 = - 1.084 

a Round figures, for errors and direction cosines, see 63) 
b e2qQ/h = -2.170 MHz, r /= 0.82 
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the second nitrogen nucleus in the range between 6 and 10 MHz were observed but no 
magnetic parameters have been reported. 

The EPR and nitrogen ENDOR data are summarized in Table 9. The principal 
directions of the g and A cu tensors are found not to be coaxial. This is particularly true 
for the smaller principal values. Comparison between EPR and X-ray data ls5) shows that 
the normal on the plane spanned by the ligand nuclei differs by only ten degrees from the 
gz-principal direction. Moreover, the axes of the largest coupling of A N and QN lie 
approximately parallel to the N-N-direction. Thus, EPR and ENDOR data support 
Takeda's model 184) for the localization of Cu(II) in #-alanine. The non-coaxiality of the 
tensors g, A c", A N and ON indicates a low symmetry at the copper site with a complex 
ground state orbital for the unpaired electron. 

The 14N nuclear quadrupole data have been analyzed by Murgich et al. 186) in terms of 
the TD theory. The amino nitrogen was assumed to be tetrahedrally bonded to Cu(II), to 
one carbon and to two hydrogen atoms. In pure #-alanine the principal axis of the EFG 
tensor lies approximately along the N-C bond, whereas in Cu(II)-#-alanine this axis is 
oriented along a direction 14 ° away from the N-Cu bond. The corresponding quadrupole 
coupling constants vary from e2qQ/h = 1.184 MHz (r/ = 0.256) to e2qQ/h = 2.170 MHz 
(r/ = 0.82), respectively. This drastic change of the Or~ tensor upon metal complexation 
is explained by the higher electron affinity of Cu(II) with respect to C and H. 

Cu(II)-Doped a-Glycine Single Crystals 

The EPR spectra of Cu(II)-doped a-glycine single crystals have been studied by Windsch 
and Welter 181) and by Fujimoto and Janecka 182). For the structure of the impurity two 
conceivable, crystallographically nonequivalent, Cu(II) sites A and B, sketched in 
Fig. 36, have been proposed 5s). In this model Cu(II) is coordinated to two glycine mole- 
cules and lies in the plane defined by two amino nitrogens and two carboxyl oxygens. 

Fig. 36. Structure ofa-glycine crystals. Projec- 
tion along the c-axis. A and B are proposed sites 
for the Cu(II) impurities. (Adapted from Ref. 58) 
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Magnetic parameters of Cu(gly)2 in a-glycine (data from Fujimoto et al.58); Ai and Qi in 

Tensor Principal values a'b Tensor c Principal values a 

g gx = 2.0434 A nl At = 6.35 
gy = 2.0715 A2 = 1.99 
gz = 2.2644 A3 = 1.14 

A c~ Ax = 156.4 a~o = 3.16 
Ay = 39.7 A n2 Al = -11.10 
Az = 468.7 A2 = -5.63 

A N A1 = 32.80 A3 = 6.13 
A 2 -- 20.66 aiso -- -3.50 
A3 = 17.40 A n3 A1 = -9.75 

QNd Q1 = 1.26 A2 = -13.92 
Q2 = -1.81 A3 = 4.73 
Q3 = 0.55 a~o=-6 .32  

a For direction cosines, see 58) 
b The tensor g and A c", and A N and O s are found to be nearly coaxial 
c HI: methylene proton; H2, H3" amino protons 
d After extraction of a trace of 37Qi/3 = 0.3 MHz (sic!) 

Proton and nitrogen ENDOR data on Cu(gly)2 have been reported by Fujimoto et 
al. 5s). The second order splittings in the 14N-ENDOR spectra are due to the inversion- 
symmetry of the impurity complex and have been analyzed by a treatment similar to that 
discussed in Sect. 3.2. The double-line structure of the proton ENDOR lines observed 
for some B0 field orientations was assumed to originate from an indirect coupling between 
equivalent protons. However, a numerical calculation shows that such an interaction is 
by far too small to be responsible for the observed splittings of up to 50 kHz 4°). Instead, 
the doublets must be described by a proton dipole-dipole coupling which is not related to 
symmetry arguments (Sect. 3.2). 

EPR and ENDOR data are summarized in Table 10. In partially deuterated glycine 
crystals the intensities of proton H 2 and H 3 are reduced, implying that Cu(gly)2 involves 
two pairs of exchangeable amino protons. The assumption that H 2 and H 3 are geminate 
protons has been verified by a nuclear spin decoupling experiment 4°). All the hfs tensors 
of the measured protons are strongly rhombically distorted, indicating that the unpaired 
electron is quite delocalized in this system. The Cu-H distances estimated from the 
anisotropic parts of the hfs tensors using the point-dipole approximation were found to 
be in reasonable agreement with the distances calculated from X-ray data for the pro- 
posed site A. Thus, ENDOR allows discrimination between the Cu(II) sites A and B 
depicted in Fig. 36. 

6.1.3 Cu(II)-Doped Organic Ferroelectric Crystals 

Cu(II)-Doped Triglycine Sulfate 

Several ENDOR investigations on X-irradiated, Cu(II)-, and VO(II)-doped single cry- 
stals of triglycine sulfate (TGS) in its ferroelectric phase have been reported by Windsch 
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and coworkers 6°' ts7-1s9). The unit cell of pure TGS contains three types of glycine mole- 
cules (glycine I and III: NH3+CH2COOH (glycinium ions), and glycine II: 
NH3+CH2COO - (zwitterion)19°)). Upon doping with Cu(II), Cu(gly)2 complexes with 
glycines II  and III  (Fig. 37) are formed. 

Figure 38 shows the angular dependence of the E N D O R  transitions of the amino 
protons in Cu(II)-doped TGS for B0 normal to a 'lss). The observed eight-line pattern 

Fig. 37. Structure of TGS. Projection along the 
c-axis. (Adapted from Ref. 190) 
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Fig. 38. Angular dependence of 
the amino proton ENDOR signals 
of TGS doped with Cu(II) ions. 
Rotation axis along a'. (Adapted 
from Ref. 188) 
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clearly indicates that the couplings of  the amino protons in the two Cu(II)-chelates  are 

different from each other.  Different  hfs tensors have also been found for the methylene  

groups of  corresponding protons  in glycine II  and III.  C u - H  distances of  the methylene  

protons obtained from X-ray data  are in good agreement  with those calculated from the 

dipolar part of  the hfs tensors (point-dipole approximation).  Owing to the short distances 

be tween  the NH2 protons and the Cu(II)  ions it was not  possible to de termine  the 

positions of  these protons from the anisotropic part  of  the hfs tensors. 

The  observed splittings of  the ni t rogen E N D O R  lines, which vary f rom - 2 3 0  to 

430 kHz  for a rotation of the crystal around a ' ,  have also to be interpreted as originating 

f rom two nonequivalent nitrogen nuclei rather  than from a second order  splitting related 

Table 11. Proton and nitrogen hfs data of Cu(gly)2 and VO(gly)2 in TGS (data from B6ttcher et 
alfl '  ~s, ~sg); in MHz) 

Nucleus Cu(II) VO(II) 
A1, As, A3 a~o A1, As, A3 aiso distance a 

amino b 
protons 

methylene b H 8 d 
protons 

N ~ 

H9 

H13 

H14 

-6.30 14.97 
6.15 3.75 1.33 5.47 c "~ 2.55 

11.30 0.67 

-6.60 8.52 
6.50 4.05 - 3.37 0.41 2.67 

12.15 -3.95 

8.80 10.77 
13.50 5.75 -0.23 3.01 c ")  2.65 

-5.00 -1.52 

8.95 8.10 
13.80 5.70 - 3.99 - 0.21 2.71 

-5.50 -4.75 

4.35 5.80 
- 1.80 0.07 - 1.28 0.48 3.07 
-2.30 -3.07 

6.93 5.05 
2.08 3.65 -2.70 0.15 3.18 
1.79 - 1.90 
4.44 2.15 

- 1.86 0.08 - 1.00 0.07 4.24 
-2.36 -0.95 

7.27 2.05 
2.10 3.75 -0.95 0.07 4.30 
1.73 -0.90 

6.69 16.8 f _s 

-3.45 -8 .4  
-3.24 -8.4 

Central ion-proton distance in 
b For direction cosines, see 6°' 1as) 
c Geminal protons 
d For notation, see 1as) 
c Dipolar part Ai ~ - ai~ ls9) 
f From an EHT-SCCC calculation ls9) 
s No hf data available 
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to inversion-symmetry 189' 191). This is supported by the fact that this doublet splitting is 
not dependent on the EPR observer line 191), as is found for two magnetically equivalent 
I = 1 nuclei 62). 

The hf parameters of the protons in the NH2 and CH2 groups and the mean values of 
the nitrogen hf coupling constants are listed in Table 11. It should be noted that the hfs 
data of the amino protons in TGS strongly deviate from the values found for Cu(II)- 
doped a-glycine crystals 5s) (Table 10). This indicates that the structures of the Cu(gly)2 
complexes in a-glycine and in TGS are significantly different from each other. 

Proton and nitrogen ENDOR data confirm that the symmetry of Cu(gly)2 in TGS in 
its ferroelectric phase is only C1. The differences in the observed hfs tensors of 
corresponding nuclei in glycine II and III ,  however, are not very pronounced, so that 
deviations from the Ci or C2h symmetry should be small. 

The magnetic parameters have been interpreted using EHT-SCCC calcula- 
tionslSg, 192). If C2h symmetry is assumed, the g tensor and the anisotropic part of the hfs 
tensors ,a, cu and • aN could satisfactorily be explained. According to these calculations the 
largest principal axis of the nitrogen hfs tensor lies in the complex plane and deviates 27 ° 
from the Cu-N direction (compared with 17 ° from E N D O R  data) 6. 

i 

6.1.4 Copper-Containing Proteins 

Since the first EPR work on Cu(II) ions in proteins in the late fifties 193), a great many 
EPR investigations on copper-containing proteins have been reported 194-19s). For a clas- 
sification of the copper proteins into type I (blue copper), type II (non-blue copper) and 
type III  (binuclear cupric pair), the reader is referred to Fee 197). 

In frozen solution EPR spectra of copper proteins, ligand and copper hf interactions 
are only partially resolved, or not at all. It is therefore striking that only few E N D O R  
studies on copper proteins have been published so far 17' 199-201). Nevertheless, these few 
E N D O R  results already demonstrate the power of the double resonance technique to 
probe the coordination environment of the copper-containing sites in these types of 
proteins. 

Stellacyanin 

The blue copper protein stellacyanin, with a molecular weight of about 20,000, is ob- 
tained from the Japanese lacquer tree Rhus vernicifera. The EPR spectrum is described 

cu value. As shown in by roughly axial g and ,a, cu hfs tensors and an unusually small ais o 
Fig. 39 a, only the largest copper hf value A cu can be directly determined from the EPR 
spectrum 2°2). This coupling does not lie along the largest g-principal axis, in contrast to 
the usual behaviour of square planar copper complexes. 

6 A similar ENDOR study on VO(II)-doped TGS 6°) will be discussed in Sect. 6.6 
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Two E N D O R  studies on stellacyanin in frozen solution have been published 17,199). In 
the initial work by Rist et al.17), E N D O R  transitions in the 10-26 MHz region have been 
observed. To discriminate proton against nitrogen resonances, the spectra were mea- 
sured at the two microwave frequencies 8.58 GHz and 9.56 GHz.  This corresponds to a 
magnetic field change of 10% and thus to a shift of the proton and nitrogen lines of about 
1.3 MHz and < 0.1 MHz, respectively. From these shifts it has been established that at 
least one ligand of stellacyanin is a nitrogen. This conclusion has recently been confirmed 
by Roberts et al. 199) who reported quantitative results obtained from nitrogen and copper 
E N D O R  spectra. 

Besides a strongly coupled proton with a nearly isotropic hfs of IAnl = 20 MHz, two 
clearly separated nitrogen peaks between 15-26 MHz with unresolved quadrupole and 
nuclear Zeeman splittings have been observed along all three turning points of the g 
tensor (Fig. 39b). In the evaluation of the hf data collected in Table 12.1 it is assumed 
that the two metal-coordinated 14N exhibit roughly axial hfs tensors with the A~ values 
oriented approximately perpendicular to each other. 

From the ESE envelope modulation pattern of steUacyanin it was argued that at least 
one histidine is bound to copper 2°3). The close similarity of the E N D O R  data of the two 
nitrogen ligands suggests that both nitrogens may belong to coordinated histidines. This 
assignment is supported by X-ray diffraction data on the blue copper proteins plastocy- 
anin and azurin 2°4' 205), where the copper is coordinated by nitrogens from two histidines 
and by two sulfur atoms. 

As mentioned above it is not possible to identify the number of magnetically equiva- 
lent nitrogens from first order expressions of the E N D O R  transition frequencies. Since 

b 

a 

a 

i~ 2'o 2'~ 2'8 
MHz 

120 80 ~0 
MHz 

Fig. 39 a--¢. EPR and ENDOR spectra of stellacyanin, a) Experimental EPR spectrum. The fields 
near which the single crystal-like ENDOR spectra were measured are marked with (a)gz, (b)gy and 
(e)g~; temperature 77K. b) t4N-ENDOR spectrum with B0 along gz; temperature 2K. c) Cu- 
ENDOR spectrum with B0 near position (c) (opposite phase to IH- and 14N-ENDOR). (Adapted 
from Ref. 199) 
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Table 12.1. Magnetic parameters of the blue copper protein stellacyanin (data from Roberts et 
alJ99); Ai and Qi in MHz) 

Axes 
x y z 

g 2.018 2.075 2.282 
]AC~[ 167 87 96 
IOCu[ 6 4 10 
[AN[ A~(1) --- 32 A±(1) = A~(2) AtI(1 )" - 44 

Ail(2 ) - 44 = 32 At(2) - 32 

a The numbers in parenthesis correspond to the two nitrogen ligands 

Table 12.2. EPR and Cu-ENDOR parameters of cytochrome c oxidase; A c~ in MHz 

Axes 
x y 

ga 1.99 2.03 2.185 
tACU[ b 68 98 90 
IACu] a 60 75 90 
[mC~l" - 28 127 _< 122 

a X-band EPR data from 212) 
b Cu-ENDOR data from 2°°) 
c S-band EPR data from 21°) 

the intense blue color of this class of copper proteins is probably due to a sulfur-copper 
charge-transfer transition 2°6), it might be possible that the copper is ligated by three 
nitrogens and one sulfur. 

Weak Cu-ENDOR signals detected with rapid frequency sweep rates (dr~ 
dt -> 10 MHz/s) have been observed at B0 fields corresponding to the three principal axes 
directions of the g tensor and to numerous intermediate values 199). The Cu-ENDOR 
spectrum obtained with B0 along gx (position c) is shown in Fig. 39 c. The transitions are 
about 20 MHz broad and are observed as enhanced or decreased EPR absorptions, 
depending on experimental conditions. The best estimates for the hf and quadrupole 
parameters obtained from combined results of E N D O R  and EPR simulations are collect- 
ed in Table 12.1. Roberts et a l J  99) explain the unusual copper hf data by assuming a 
flattened tetrahedral geometry of the chromophore. Since in this geometry the odd 
electron orbital is a mixture of 3 dxy and 4pz, aisCo u is expected to be reduced and the 
minimum hf component to point along the maximum g-value. The authors believe that 
the p-orbital mixing related to this geometry is entirely sufficient for an explanation of 
the copper hfs tensor and that the nature of the ligand is of minor importance. In 
particular, the sulfur ligand, which produces the blue color, is not required for an under- 
standing of the observed magnetic properties. 

The highly rhombic nuclear quadrupole tensor of the Cu(II) ion indicates that the 
total electron density at the copper site deviates considerably from any idealized sym- 
metry. 
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Cytochrome c Oxidase 

The protein cytochrome c oxidase, with a monomeric molecular weight of about 100,000, 
contains two a-type hemes and two copper atoms 2°7). A low-spin ferric heine signal and a 
so-called "intrinsic copper" signal near g -- 2.0 are observed in the frozen solution EPR 
spectrum of the fully oxidized oxidase. The latter signal shows EPR features which one 
could assign either to a thiyl radical (R-S) 2°s) or to a cupric ion center with an unusually 
low gll value2°9)" Since no hf structure from copper is resolved at X- or Q-band frequen- 
cies, the controversy could not be solved unambiguously from EPR data alone. 

Recently, lff structure associated with the copper signal of cytochrome c oxidase has 
been reported by Froncisz et al.210) which used octave bandwidth S-band EPR spectros- 
copy (2-4 GHz). The observed structure has been attributed to copper hfs and to an 
additional magnetic interaction. Data obtained from powder simulation of the EPR 
spectra at 2.62 GHz and 3.78 GHz are collected in Table 12.2. In a subsequent paper 
Froncisz and Hyde ~11) have shown that in S-band EPR spectra of copper complexes in 
frozen solutions, improved spectral resolution can be achieved. This new technique, 
which allows a proper selection of the microwave frequency between 2 and 4 GHz, is 
therefore recommended for studying powder EPR spectra of these types of compounds. 

Proton and nitrogen ENDOR from the "intrinsic copper" signal in cytochrome c 
oxidase was first reported by van Camp et al.20~). As in the ENDOR work on stellacy- 
anin 17) the transitions could be assigned to the corresponding types of nuclei by using two 
different microwave frequencies (9.00 and 9.39 GHz). Only one pair of nitrogen lines 
split by 2 VN have been observed along all principal directions of the g tensor. Thus, the 
nitrogen quadrupole coupling is either nearly zero (two-line ENDOR pattern), or the 
transitions of the second pair of lines are obscured near the free proton frequency. In the 
former case, the nitrogen frequencies correspond to an isotropic hf coupling constant of 
about 17 MHz. For the two strongly coupled protons, isotropic hf values [a~] of 12 and 
19 MHz have been found. It is supposed that these protons, which are not exchangeable 
in D20, are attached to carbons that are one bond away from the point of ligation to 
copper2°1). 

In 1980 Hoffman et al. 2°°) published the first Cu-ENDOR data on cytochrome c 
oxidase, which unambiquously established that the "intrinsic copper" signal in this pro- 
tein is indeed due to copper, which is part of the oxidation-reduction center. As in 
stellacyanin 1~) the rapid scanning technique had to be applied to detect ENDOR from 
the copper ion. Along all three principal axes of the g tensor only a single broad peak was 
observed, so that the copper quadrupole data could not be obtained from the ENDOR 
spectra. No evidence for a hf coupling greater than 19 MHz in the ENDOR spectrum was 
found, in contradiction to the findings of Froncisz et al.21o), which had to use an additio- 
nal ld interaction of about 70 MHz in the simulation of the S-band EPR spectra. The data 
obtained from Cu-ENDOR are comparable to previously reported computer simulations 
of X-band EPR spectra 212) (Table 12.2). 

The unusual g and A cu tensors may both be reproduced by appropriate mixing of 4 p- 
and 3s-orbitals into the 3 d manifold. A fiattened-tetrahedral, rhombically distorted 
stereochemistry about the Cu(II) ion is in agreement with the magnetic parameters given 
in Table 12.2212). Hoffman et al. 2°°) argue that a Cu(II) ion ligated by nitrogen(s) and two 
or more mercaptide sulfurs would explain both the observed magnetic properties and the 
suggested high degree of covalency 213). 
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The authors also examined a model which describes the paramagnetic site in terms of 
a Cu(I) ion coordinated to a sulfur :r radical 213' 214). In the discussion of the magnetic data, 

however, they show that the proton hf parameters and the g tensor found for cytochrome 
c oxidase are not consistent with a thiyl radical ligated to a Cu(I) center. 

6.1.5 Other Cu(II) Complexes 

Cu(II)-Doped Zinc Acetate Dihydrate 

EPR and proton ENDOR measurements on Cu(II)-doped zinc acetate have been report- 
ed by Atherton and Horsewill 2~5). In contrast to the pure copper salt, which consists of 
copper pairs, zinc acetate has a monomeric structure in which two water molecules are 
coordinated to each zinc ion 216), as illustrated in Fig. 40. The magnetic parameters are 
summarized in Table 13. Both the g and A c" tensor obtained from single crystal and 

Table 13. Magnetic parameters of Cu(II)-doped zinc acetate dihydrate (data from Atherton and 
HorsewillZlS); A i and ai~o in MHz) 

EPR data 

x y z 

g 2.091 2.095 2.473 
A TM 69 69 260 

ENDOR data 
Proton a aiso traceless components b of 

1 2.61 9.88 
-6.37 
-3.50 

1' 2.61 9.89 
- 6 . 4 0  

- 3 . 4 9  

2 - 1.26 9.87 
-6.48 
- 3 . 4 0  

2' -1.30 9.82 
-6.48 
-3.34 

3 -0.23 4.79 
-2.75 
-2.04 

3' -0.25 4.77 
-2.71 
- 2 . 0 5  

a From numbering, see Fig. 40 
b For direction cosines with respect to the crystal axes, see 215) 
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powder samples have axial symmetry within experimental accuracy and are assumed to 
be coaxial. The principal axis of gll forms an angle of 15 ° with the Cu-Oi direction, if the 
Cu(II) ions substitute the Zn(II) ions without changing the geometry of the ligand mole- 
cules. 

Six proton tensors have been analyzed independently. The direction cosines indicate 
that the protons are geometrically equivalent in pairs, as expected from the crystal struc- 

(~ zinc 

o oxygen 

® carbon 

o hydrogen 

....~ ii 
C 

: H3' 

I.bl 

< > 

I_cl 
Fig. 40. Projection of the zinc acetate structure on the bc plane. (From Ref. 215) 
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ture. Using the simple point-dipole formula (5.6), protons 1 and 2 as well as 1' and 2' are 
found to belong to the water molecules coordinated to the cupric ion, whereas protons 3 
and 3' have been identified as the protons 2 and 2' of the adjacent zinc complex shifted by 
one unit cell lengths along b. For water protons in nearest-neighbor molecules along the c 
direction (H4 and H4 '  in Fig. 40), approximate hfs parameters have been obtained by 
combining single crystal and powder ENDOR data. The hf coupling of H 4 (H 4') may be 
roughly characterized by a traceless axial tensor with AI~ = 3 MHz. The orbital 
contributions to the proton interactions (Sect. 5.1) have been evaluated to be 
IA~uaol < 0.3 MHz. 

It is supposed that the skewed orientation of the water molecules in copper acetate 
dihydrate is responsible for the different spin densities on the hydrogen atoms 1 and 2. 
The balancing of the resulting spin densities against those arising from spin polarization 
leads to net results of opposite sign for the two protons. 

Cu(II)-bis(2,4-pentanedionate) ,  Cu(acac)z 

Single crystal Cu-ENDOR spectra of Cu(acac)2 have been studied by Kita et al)  5s) up to 
100 MHz. The ENDOR transitions of the isotopes 63Cu and 65Cu are found to be well 
separated for most orientations of B0. The angular dependence of some Cu-ENDOR 
frequencies shows pronounced double-minima instead of a single minimum in the region 
where the hf coupling is smallest. Similar rotation patterns have been observed in Co- 
ENDOR spectra of Co(acacen) (Fig. 43 b). 

The nuclear quadrupole tensor of the Cu(II) ion is discussed in terms of the formalism 
outlined in Sect. 5.2.1. Kita et al. t58) treated the Sternheimer antishielding factor 
(1 - 7~) as an adjustable parameter. The rhombicity of the measured quadrupole tensor 
was found to originate from the charge distribution on the ligands, the field gradient due 
to the copper valence electrons being nearly axially symmetric. 

As illustrated in Fig. 41 (see p. 84), the number of observed Cu-ENDOR lines (63Cu 
enriched sample 217)) does not follow the usual ENDOR selection rules for EPR observers 
with resolved hfs (two transitions for EPR observers with mi = + I, four transitions for 
EPR observers with - I  < mi < I; Sect. 3.2). This may be due to transfer of microwave 
saturation to EPR transitions other than the one which is used as an observer. A corre- 
sponding effect has been observed in Co-ENDOR spectra of Co(acacen) 61). 

6.2 Co(II) Compounds (d 7) 

In the last few years, EPR has been widely used to study the electronic structure of four- 
and five-coordinated low-spin Co(II) complexes. Compounds of this class gained consid- 
erable interest because of their relation to biological oxygen carriers and to vitamin Bt2r. 
The ground state of the five-coordinated complexes is accepted to be Id: ), in contrast to 
the four-coordinated compounds for which the determination of the correct ground state 
was quite troublesome, due to the fact that these types of Co(II) complexes have low- 
lying excited states. 

For a comprehensive summary of the electronic structure of Co(II) complexes with 
Schiff bases and related ligands, the reader's attention is directed to a recent review by 
Daul et al. zls). 
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Fig. 41a--d. Cu-ENDOR spectra of Cu(acac)z. EPR observers: a) 1-8, b) 2-7, e) 3--6, d) 4-5 EPR 
transition. (From Ref. 217) 

[N,N'-ethylene-bis(acetylacetonatiminato)]Co(II), Co(acacen) 

No information concerning the distribution of the unpaired electron on the chelate 
ligands of four-coordinated low-spin Co(II) Schiffbase complexes is available from single 
crystal EPR spectra. In particular, no nitrogen hf interaction, which is sensitive to the 
ground state configurations, is observed. 

A single crystal ENDOR study comprising 1H-, 13C-, 14N- and 59Co-ENDOR investi- 
gations of the Schiffoase compound Co(acacen) (Fig. 42) doped into Ni(acacen) • 
1/21-I20 was therefore undertaken by Rudin et al.12' 59, 61,219). As illustrated in Fig. 2 b, 
ENDOR spectroscopy allows hf and quadrupole interactions of all the magnetic ligand 
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Fig. 42. Structure of Co(acacen). Circles mark 
nuclei for which the magnetic parameters have 
been analyzed. (Ref. 12) 

Table 14. Magnetic parameters of Co(acacen) 
a1.12' 59.61); in MI-/z) a' b 

85 

H3 C ~ ' ~  C H 3 

oo\ ..... y 

H3 c,~O" j "0--'~ CH 3 

in Ni(acacen). 1/2H20 (data from Rudin et 

Atom A1 A2 A3 a~o Q1 Q2 Q3 

Co 389.4 -93.9 96.30 130.6 

N 1 -4.75 -3.75 -2.10 -3.53 
N2 -4.95 -3.96 -1.93 -3.61 

C1 -6.39 -2.96 -0.28 -3.21 
C2 -6.46 -3.16 -0.21 -3.28 
C3 -4.56 -3.02 -0.53 -2.70 
C4 -4.36 -3.08 -0.57 -2.67 

H3 f 2.93 -1.10 -1.83 -1.31 
H6ax ~ 4.03 -2.00 -2.03 3.90 
H7ax f 4.17 -1.84 -2.33 4.40 
H10 ~ 3.00 -1.11 -1.89 -1.34 

-2.76 2.61 0.15 c 

0.85 -0.73 -0.12 d 
0.89 -0.72 -0.20 c 

" For direction cosines, see 12'59'61) 
b g~ = 3.227, gy = 1.908, gz = 1.98761) 
c e2qQ/h = -116.46 MHz, ~/= 0.89 
a e2qQ/h = 1.74 MHz, t /= 0.72 
c e2qQ/h = 1.78 MHz, r/= 0.58 

principal values of T, Eq. 5.14 

nuclei in Co(acacen) to be resolved. The analyzed EPR and ENDOR parameters are 
collected in Table 14. 

The first order EPR spectrum of Co(acacen) consists of two sets of eight "allowed" 
Ams = -+ 1, Amco = 0 transitions (I = 7/2, two magnetically nonequivalent sites). This 
simple pattern, however, was only observed for orientations of B0 near the principal axis 
gx. If B0 lies near the plane spanned by gy and gz, "forbidden" Ares = + 1, Amco = + 1, 
2 transitions occur (Fig. 2 a). 

Ligand E N D O R  lz 59, 219). The magnetic tensors of all nuclei marked by a circle in Fig. 42 
have been determined. The tensors are approximately related in pairs by a two-fold 
symmetry axis (molecular x-axis), (e.g. A m = ('(C2(x))Am°l'(C2(x)). Thus, Co(acacen) 
in Ni(acacen) • 1/2H20 has nearly C2(x) symmetry, in agreement with X-ray data 22°). The 
largest hf couplings of the methylene protons H 3 and H 10 as well as of the axial protons 
H6ax and H7ax in the ethylenediamine bridge are oriented along the corresponding 
Co-H directions. Due to the small Fermi contact terms, the ENDOR frequencies of the 
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two equatorial protons H 6eq and H 7eq are hidden for most crystal settings by the large 
number of proton transitions near the free proton frequency vp (methyl protons of 
Co(acacen) and protons of the host compound), so that their hfs tensors could not be 
analyzed from the rotation patterns. From the isotropic couplings of H 3 and H 10 the 
2 pz-spin densities on the adjacent carbons C3 and C 10 have been calculated to about 
2.2% by using the McConnell relation 221). 

The 14N hf and quadrupole parameters observed in Co(acacen) by Rudin et al. 59) are 
the first magnetic data reported on equatorial nitrogen ligand nuclei in a low-spin Co(II) 
complex. Only two of the four predicted AmN = + 1 ENDOR transitions (3.9) were 
observed for each nitrogen nucleus. A numerical calculation of the transition prob- 
abilities shows that the corresponding transitions in the other ms-state are at least ten 
times less intense (hyperfine enhancement). 

Besides the "allowed" AmN = + 1 transitions, "forbidden" AmN = + 2 lines were 
observed for certain magnetic field orientations (Sect. 3.3). The latter transitions proved 
to be useful for the assignment of the Amr~ = + 1 lines to the corresponding nitrogen 
nuclei. Since the assumption ~hfs "> ~ o  (Sect. 3.2) is no longer well fulfilled for the small 
nitrogen hf couplings, the tensors A s and Qr~ have been evaluated by numerical 
diagonalization of the spin Hamiltonian matrices. 

The two nitrogen hfs tensors in Co(acacen) are not exactly geometrically equivalent 
(Table 14). Similar deviations have also been observed in the corresponding copper 
complex Cu(acacen) 222) and in Cu(salen) 173). For both nitrogen ligands, the principal axes 
A~ lie approximately along the Co-N bond. The negative isotropic coupling of 
-~ -3.5 MHz implies an s-spin density ~ = -0.0023. This value is in good agreement with 
the spin density of-0.0018 calculated with the INDO method by Fantucci et al. 2z3). The 
remaining dipolar part of A N arises mainly from positive spin density in the 2 pz-orhital, 
supporting the 12A2, yz ) ground state proposed for four-coordinated Schiff base Co(II) 
complexes 21s) (nonzero overlap of the orbitals 3 dyz and 2 Pz). 

13C hfs tensors have been measured for the carbons at positions 2, 4, 9 and 11 (90% 
13C-enriched). The tensors are strongly rhombically distorted with the largest coupling 
oriented approximately along the molecular z-axis (Table 14). Up to now the signifi- 
cantly different pairs C1, C2 and C3, C4 could not be assigned to carbons adjacent 
either to nitrogens (4, 9) or to oxygens (2, 11) on the basis of spectroscopic arguments. 

A detailed interpretation of the magnetic parameters of the ligand nuclei of Co(aca- 
cen) using an extended Hfickel-type calculation has been given by Rudin et al.12, 219) 

Co-ENDOR 61). Co-ENDOR transitions in the frequency range 40 to 220 MHz have 
been detected using the high-field EPR line [mcol = 5/2 as observer. The ENDOR spec- 
trum consists of the four transition frequencies v ( -  7/2 ~ - 5/2; ms = + 1/2) and v ( -  5/2 

- 3/2; ms = + 1/2). Linewidths between 200 kHz and 1 MHz have been found 
depending on crystal orientation, and on the magnetic quantum numbers mco and ms. 
These values are considerably larger than those found for the ENDOR linewidths of the 
ligand nuclei (I> 10 kHz for 14N, - 30 kHz for 1H). 

Figure 43 a shows the angular dependence of the four Co-ENDOR transitions for 
rotations of the crystal around three cartesian axes. For rotation I, the angular depend- 
ence shows a noteworthy peculiarity near tp = 0 (Fig. 43 b). A similar behavior has 
already been mentioned for Cu-ENDOR spectra of Cu(acac)2 Iss). Because of the large 
and strongly anisotropic cobalt hf interaction, the ENDOR frequencies obtained with the 
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Fig. 43a, b. Angular dependence of the Co-ENDOR transitions in Co(acacen); temperature 8K. 
a) Rotation pattern for rotations around the axes I, II and III. The labels (mco <--* mco, ms) denote 
the transitions between the energy levels E(ms, mco) and E(ms, mco). Only half of the measured 
interval for each rotation is shown. (From Ref. 61). h) Rotation I near ~0 = 0. (From Ref. 219) 

perturbation approach summarized in Sect. 3 differ significantly from the correct values. 
As for the nitrogen ligands, the hfs and quadrupole interactions of the cobalt nucleus 
(Table 14) have been determined from the ENDOR data by numerical diagonalization of 
the spin Hamiltonian matrices. The principal axes systems of g, A c° and QCO do not 
coincide. The principal axes gx, AC° and Q~ ,  however, are practically parallel and point 
along the C2(x) axis of the Co(acacen) molecule. This again indicates that the molecular 
symmetry is C2 rather than C2v, although the deviations from C2v are quite small. The 
orientations of A c° and A~ ,  (QCO and co Q3 ) which include an angle o f - 1 2  +_ 3 ° 
(-10 _+ 5 °) with the corresponding g tensor axes might be influenced by the lattice, 
possibly by the water of crystallization. 

Further information available from the Co-ENDOR spectra concerns the signs of the 
A c° principal values obtained from higher order shifts. Since the sign of A c° is unambi- 
guously known from theoretical arguments 218), the absolute signs of all the principal 
values of A c° and QCO are known. The negative sign found for A c° clearly favors the 
[2A2, yz} ground s ta te  224' 225). The experimental g and A c° tensors are in good agreement 
with the corresponding data obtained with different theoretical approaches 21s'224-226). 
Using the third order perturbation theory developed by McGarvey 226) and Hitchman 225), 
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the parameters A -- E(2Ab Z 2) -- E(2A2, yz) = 2000 cm -1, 3. = -400 cm - l  (spin orbit 
coupling constant), P = 2/~sgcogN(r-3)3d = 0.021 cm -1 and ~¢ = 0.24 (isotropic hf coupl- 
ing, in units of P) have been calculated from the g and A c° principal values. 

The cobalt quadrupole coupling constants have been discussed in terms of central ion 
and ligand orbital populations, as outlined in Sect. 5.2.1. The MO data for the computa- 
tion of the EFG were obtained from a SCCC-MO calculation 227). With the shielding 
factors y** = - 9  and R 3 d  = 0.2 and an (r-3)3a value of 5.05 af  3 for a total charge 
Zco = 0.405 on the cobalt atom, a quadrupole coupling constant of eZqQ/h = 
-141.93 MHz has been found. Although there is no quantitative agreement with the 
experimental value of-116.46 MHz, the order of magnitude and the sign are correct. It 
was found, however, that the orientation of the calculated quadrupole tensor does not 
agree with the experimentally determined directions. This discrepancy may be overcome 
if anisotropic contraction 16°) of the cobalt 3 d in-plane orbitals, (3 dx:_y2, 3 dxy) is included 
((r-3)in.plan~ = 6.3 aft3). The contraction decreases the overlap with the ligand orbitals 
and leads to less cobalt-ligand covalency. This is in agreement with the fact that the 
experimental spin density on the nitrogen atoms 12's9) is smaller than the calculated 
0ne218). 

Summing up, one can conclude that all the magnetic interactions found for Co(aca- 
cen) in Ni(acacen) • 1/2 1-120 are compatible with a [2A2, yz) ground state of this low-spin 
Co(II) compound. 

[N,N'~ethylene-bis(salicylideniminato)]Co(II)pyridine, 
Co(salen)py 
The first single crystal EPR study on a five-coordinated low-spin Co(II) Schiff base 
complex has been reported by Jrrin et al. s°). From the magnetic data of Co(salen)py 
diluted into a single crystal of Zn(salen)py, the orientation of the principal axes of the g 
and A c° tensor with respect to the molecular structure could be determined, and the 
orientations of the in-plane g and hf tensor axes predicted by theory could be verified. 

The hfs and quadrupole tensors of the axial pyridine nitrogen have been determined 
from ENDOR spectra of a Co(salen)py powder sample with B0 along gx, gy and gz- The 
single crystal-like ENDOR spectrum with B0 along gx is shown in Fig. 12. The magnetic 
parameters A~ = A2 s = 36.6 MHz, A~ = 44.4 MHz and Q~ = 1.08 MHz, Q~ = 
0.48 MHz, Q3 ~ = -1.59 MHz with A3 n and Q3 n along gz have been evaluated. Spin 
densities of ~ = 0.025 and fffp = 0.054 were found in the a-bond of the pyridine nitrogen, 
resulting in a hybridization ratio n 2 = 0.68. The quadrupole coupling constant e2qQ/h = 
-3.16 MHz is very close to the coupling constant o f - 3 . 2 7  MHz observed for the 
benzimidazole nitrogen in vitamin B12r 22s). No hf coupling data of the equatorial nitrogen 
ligand nuclei in a five-coordinated low-spin Co(II) complex have been reported so far. 
From the single crystal EPR linewidth of Co(salen)py, an upper limit for this coupling of 
6 MHz has been estimated s°). 

Vitamin B12r 

Paramagnetic species of vitamin Bt2 have been extensively studied by EPR. The reported 
results of the reduced low-spin Cob(II)alamin (B12r) and of its oxygenated form (BmO2), 
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evaluated from powder samples and frozen solutions, are often incomplete because of 
the poor resolution of the EPR spectra 229' 230). A more detailed insight concerning the 
electronic and geometric structure of the biologically active center was made possible by 
studying B12r and BlzrO2 doped into B12b (hydroxocobalamin) single crystals 231' 232). 

A further improvement in resolution can be expected from ENDOR studies in frozen 
solutions or in single crystals. To determine the optimum ENDOR conditions regarding 
solvents and concentrations, various frozen B12r solutions have been investigated near 
liquid helium temperature. For B0 along gz (normal to the corrin plane) some poorly 
structured proton ENDOR spectra of B12r in the base off(pH = 0) and base on (pH = 7) 
state with IAnI < 3 MHz have been observed. For base on Bl2r in H20/ethanol (ethanol is 
used as resolution enhancer229)), the full hfs and quadrupole tensors of the benzimidazole 
nitrogen could be measured. The principal values normal to the corrin plane were deter- 
mined from difference spectra of the signal obtained with B0 set at the fourth high-field 
triplet of the gz features and between the third and the fourth high-field triplet. Assuming 
axially symmetric A N and O N tensors, the coupling constant A N could be determined by 
saturating one of the extrema of the g±-feature of the EPR spectrum. The magnetic 
nitrogen parameters obtained in this way were found to be AI~ = 52.6 MHz, A~ = 
47.5 MHz and QI~ = -1.70 MHz, Q~ = -1/2.  QI~ = 0.85 MHz. Due to the poor resolu- 
tion of the frozen solution ENDOR spectra, deviations of O r~ from axiality, as observed 
in Co(salen)py, could not be measured in B12r. 

Nitrogen ENDOR spectra of frozen solutions of the copper-containing analogue of 
vitamin B12 have been used to verify the corresponding EPR data obtained from powder 
simulations 233). The hf values from the very poorly resolved ENDOR spectra agree with 
the EPR results within experimental error. Since the errors estimated from the ENDOR 
spectra are only insignificantly smaller than those from the EPR powder spectrum, the 
ENDOR measurements will not alter the interpretation of the data. 

6.3 Fe(III) Compounds (d 5) 

Up to now, two types of iron compounds have been studied with ENDOR, namely heme 
compounds (hemoproteins and some heme model compounds) and iron-sulfur proteins. 
For comprehensive summaries of the corresponding EPR work, the reader is referred to 
the literature 234-237). 

6.3.1 Hemes and Hemoproteins 

EPR spectroscopy has been used very extensively in investigations of hemoproteins and 
heme model systems 237). In all studies on high- and low-spin hemoproteins, no hf interac- 
tion with 14N, 1H or (enriched) 57Fe was resolved in frozen solutions or in single crystals. 
The first EPR observation of ligand hf structure from heme pyrrole nitrogens in the 
model system ferriprotoporphyrin(IX) ester doped into perylene single crystals was 
reported by Scholes 238'239). The hfs tensors were found to be essentially isotropic with 
[aNol = 8.68 MHz, which corresponds to a spin density f~ = 2.7% in the nitrogen 
2 s-orbital. 
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The ENDOR literature on hemes and hemoproteins has recently been reviewed by 
Scholes 24°). Papers which are discussed in Scholes' work will only briefly be summarized 7. 

ENDOR signals from heme compounds, namely from (pure) metmyoglobin (Mb) 
and myoglobin azide single crystals were first reported by Eisenberger and Pershan in 
196714). In Mb, only the proton matrix ENDOR line was observed, whereas in Mb-N~" 
some additional proton peaks from heme protons but no nitrogen signals could be seen. 
The poor quality of the ENDOR spectra was due to the fact that in pure Mb crystals the 
short heme-heme distance ( -  25 .~) produces strong spin-spin interactions which prevent 
the observation of nitrogen ENDOR. 

High-Spin (S = 5/2) Metmyoglobin and Methemoglobin 

Nitrogen ENDOR. The initial nitrogen ENDOR work on hemes and hemoproteins was 
published by Scholes et al; 241), who studied aquo-myoglobin and hemin in frozen solu- 
tions. A representative nitrogen ENDOR spectrum of aquo-Mb with B0 along gll = 2 is 
shown in Fig. 44. Since all four heme nitrogens are approximately equivalent for this 
orientation, the single crystal-like ENDOR spectrum is easy to interpret. According to 
(3.10), four first order ENDOR transitions are expected for each of the two sets of 
nitrogens (heme nitrogens and proximal histidine nitrogen). The assignment of the 
ENDOR lines to the corresponding set of nitrogen nuclei was based on a comparison of 
the myoglobin spectrum with the four-line nitrogen ENDOR spectrum of hemin, which 
lacks the histidine nitrogen. 

The magnetic parameters of aquo-Mb obtained from Fig. 44 are collected in 
Table 15.1. The theoretical A3 ~ values for the heme and histidine nitrogen, which are 
about 50% smaller than the observed values, have been determined by Mun et al. 242), 
using an extended Hiickel-type calculation. According to these authors, the agreement 
between theoretical and experimental values could perhaps be improved further by 
considering electron core polarization effects. 

In order to obtain the full hfs and quadrupole tensors of the nitrogen ligands, single 
crystals of diamagnetic CO-ligated ferrous Mb doped with about 10% high-spin ferric Mb 
have been prepared 24°). Preliminary data of the principal values in the heme plane are 

HEME- N ~' ~' 

HISTIDINE- N 

2 4 6 
I I I 

8 10 MHz 
I I 

Fig. 44. Single crystal-like ~4N-ENDOR 
spectrum of metmyoglobin with B0 along 
glr; temperature 2.1 K (Mb chromatog- 
raphically purified, 6 mM in 50% (v/v) 
glycerol, 0.1 M potassium phosphate 
buffer, pH = 6.0). (Adapted from 
Ref. 241) 

7 It should be noted that the quadrupole coupling constants in the papers by Scholes and coworkers 
are given as Pi( = 3/2 Qi) 
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Table 15.1. Nitrogen coupling constants of aquo-myoglobin (data from Scholes et al. ~°'z4Z) and 
Mun et al.242); in MHz) 

Nitrogen ligand Hf coupling Quadrupole a 
coupling 

exp b calc ¢ 

heme d [A3] = 7.60 A3 = 3.68 [Q31 = 0.29 
histidine a IA~I = 11.46 A3 = 8.18 IQ3I = 1.16 
heme e IA,[ = 20.5 IQll -- 1.01 

IA2I -- 30.0 IQ=I = 0.7 

a All the quadrupole data in the papers by Scholes and coworkers are given by Pi (= 3/2 Qi) 
b From24O, 241) 
¢ From242) 
d From frozen solutions at gll = 2.0 (perpendicular to the porphyrin plane) 
= From dilute single crystals z4°), preliminary values 

Table 15.2. Proton hf couplings of aquo-myoglobin 
(data from Mulks et al.~5); in MHz) = 

Proton assignment [A3[ b 

heme bound 1-/20 6.02 

heme, meso proton 0.79 

6-N proton of prox. histidine 1.33 

a Coupling constants for the corresponding fluoro 
compound are only slightly different 

b From frozen solutions at gtl = 2.0 

given in Table 15.1. Unexpected splittings of the heme nitrogen ENDOR lines for B0 
lying in the heme plane were reported, which might be traced back to noncrossing 
effects 67) similar to those discussed in Sect. 3.2.2. 

The nitrogen E N D O R  spectra of high-spin Mb-F-  and Hb-F-  are very similar to the 
spectrum of aquo-Mb 245). The two high-frequency peaks of the histidine nitrogen 
described by A~/2 + 3/2 QN3 - + VN are reported to be about 0.5 MHz lower in frequency 
than the corresponding transitions in the aquo-ligated hemoproteins. These shifts are 
traced back to a trans effect upon replacement of I-I20 by an F -  ion. 

An  interesting application of E N D O R  to hemoproteins has been reported on the 
mutant hemoglobins Mnyae Park(O~2f192His~Tyr) and Mlwate(a 87His-'* Trrfl2), where the proxi- 
mal histidines of the fl and a chain, respectively, are replaced by tyrosine 24°'243). The 
hemes in subunits with a replaced histidine are stabilized in the high-spin ferric form, 
which will not bind oxygen. Since tyrosine lacks a nitrogen for ligating to the heme iron, 
and the unaltered chains are in the diamagnetic ferrous form, only a four-line E N D O R  
spectrum has been observed for both mutants. The lack of histidine signals clearly indi- 
cates that the distal histidine has not taken over the role of the proximal histidine, in 
contrast to earlier speculations 244). 

Some preliminary E N D O R  investigations of the fascinating cooperative oxygenation 
effect in hemoglobin have been reported by Feher et al. 243). Since magnetic resonance 
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Fig. 45. Effect ofoxygena- 
tion of Hemoglobin 
Muu,~, (0~2fl267 Val-  Glu) o n  

one of the histidine ~4N-EN- 
DOR lines (Washed whole 
cells). (Adapted from 
Ref. 243) 

involving electron spins requires heme subunits being in the ferric state, the authors 
made use of the mutant hemoglobin lVXMilwaukee~t~2P2~'f /~ n67Val-~ Ol,~) for which both/3 subunits 
are in the ferric form. Upon oxygenation of the a subunits, the nitrogen ENDOR peak of 
the proximal histidine near 8 MHz shifts to higher frequencies by Av = 100 kHz 
(Fig. 45). The observed shift clearly indicates that oxygenation of the heme in the a 
chains changes the environment of the ferric heme in the fl chains. 

Proton ENDOR. Frozen solution proton ENDOR spectra of aquo-Mb and Mb-F- for B0 
along glf = 2.0 were reported by Feher et al. 243) and by Mulks et al. 245). The proton hf 
data of aquo-Mb are collected in Table 15.2. The corresponding Hb coupling constants 
are found to be essentially identical. The hf coupling constant Im~l -- 6.02 MHz observed 
in aquo-Mb is associated with the exchangeable protons of the water ligand and agrees 
well with the calculated dipolar coupling. 

57Fe-ENDOR. 57Fe hf interactions in Mb and Hb have been reported by Scholes et al. 24~). 
The samples were enriched to about 90% in STFe which has a nuclear spin of 
I = 1/2. Since the tensor ,a, Fa has to be (nearly) axially symmetric and coaxial with g, 
single crystal-like ENDOR spectra may be recorded at any B0 field position in the EPR 
spectrum; thus, the complete hfs tensor can be determined from a frozen solution sample. 
ENDOR frequencies with the (intrinsic) hf coupling parameters A~ e = -27.77 MHz 
(-27.15 MHz) and Ax ve = -27.05 MHz (-26.70 MHz) have been found for Mb(Hb). 

Low-Spin (S = 1/2) Metmyoglobin and Methemoglobin 

ENDOR on low-spin Mb and Hb derivatives in frozen solutions has been studied not 
only at gz (which points approximately along the complex normal) but also at the medium 
value gy76) and at gx 245). 

Nitrogen ENDOR. For Bo along gz and gx 245), the hemoproteins Mb-N~" and Hb-N~" 
show well resolved and intense nitrogen ENDOR signals. The spectra, however, are 
difficult to analyze because of their complicated structure and the considerable overlap of 
the nitrogen ENDOR lines. For the assignment of the transitions to particular groups of 
nitrogens, the authors made use of samples enriched in lSN (15N-heme or 15N-azide), 
which has a nuclear spin I = 1/2 and generates only a two-line ENDOR pattern. 
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The analysis shows that all the observed transitions can be assigned to the four heme 
nitrogens which are no longer equivalent for B0 along gz. The magnetic hf parameters 
115A3~ I are in the range 7.0-8.5 MHz, while II*m~/and IQ~I are in the range 5.0-6.5 MHz 
and 0.25--0.4 MHz, respectively. The 15N data do not agree well with the 14N parameters, 
probably because second order 14N quadrupole shifts (3.14) affect the E N D O R  frequen- 
cies. This is particularly true for the low-frequency E N D O R  transitions. From the ability 
to follow resolved 15N lines for B0 fields between gz and gx, the isotropic coupling was 
found to be the dominant contribution to the transition frequencies. The strong peaks 
observed in the 7.0-8.0 MHz range for B0 along gx were assigned to Ami = + 2 transi- 
tions 7°). 

13C-ENDOR. 13C-ENDOR has been observed in Mb-CN- and Hb-CN- samples 
prepared with 13C enriched K13CN 24s). For B0 along gz, ~3C hf coupling constants of 
28.64 MHz (Mb-13CN -) and 27.33 MHz (Hb-13CN -)  are reported. E N D O R  spectra 
obtained at arbitrary g-values between 2.0 and 3.4 indicate that the 13C hf coupling is 
dominantly isotropic. From comparison with NMR and EPR data of other transition 
metal cyanide complexes it is assumed that the sign of the isotropic coupling will be 
negative. 

Proton ENDOR. A few proton E N D O R  data have been reported on Mb-CN-,  Hb- 
CN -245) and Mb-N~ 76). In hemoprotein cyanides with B0 along gz, the largest hf coupling 
constant IA I = 4 MHz is tentatively assigned to the near-CH-protons of the proximal 
histidine. A signal of an exchangeable proton with IAHI -- 1.75 MHz originates most 
likely from the proton on the 0-nitrogen of the proximal histidine or from a proton that is 
hydrogen-bonded to the cyanide. The hf values IA3~I = 1.34 MHz (Hb-CN-)  and Im~l = 
1.19 MHz (Mb-CN-) are assigned to the meso protons. 

An interesting interpretation of the proton E N D O R  data obtained in Mb-N~ for B0 
along gr has been given by Rist 76). Although not only molecules with gy along B0 are 
saturated for a magnetic field setting at gy, a well-resolved proton E N D O R  spectrum has 
been observed. From EPR on Mb-N7 single crystals, the angle between gy and the 
direction of one pair of (nearly) equivalent meso protons is known to q0 = 16 ° 248). Rist76) 
has found that for an angle tp = 19 ° the splitting of the two sets of observed proton peaks 
with IA~I -- 1.65 MHz and 0.71 MHz is in excellent agreement with calculated dipolar 
couplings of the meso protons. This result demonstrates that the orientation of the g 
tensor principal axes in the heme plane may be determined by E N D O R  from a powder 
sample. 

Cytochrome P 450CAM 
The hemoprotein cytochrome P 450CA M is found in the bacterium Pseudomonas putida 
and catalyzes the 5-hydroxylation of the substrate D-(+)-camphor.  There is some con- 
troversy in the literature over the axial ligation at the heme-iron active site of the 
substrate free, low-spin ferric m ° form. One axial ligand is supposed to be a cysteinyl 
sulfur. From pulsed EPR measurements the second ligand is suggested to be 
imidazole 249), whereas pulsed NMR results imply the presence of strongly coupled 
exchangeable protons within 2.6-2.9 ,~ of the m ° heme iron 25°). When substrate is added, 
most of the low-spin m ° form is converted to the high-spin m °s form which exhibits 
unusually highly anisotropic g-values gx = 8, gy = 4 and gz = 1.82sl). 
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Information about the axial ligands in both the low-spin m ° and the high-spin m °' 
form has been provided from ENDOR by LoBrutto et al. 252). 

Low-spin m°form. Besides some poorly resolved nitrogen ENDOR transitions below 
6 MHz, a strongly coupled exchangeable proton with IA~I = [a~ + Adnl = 8-9 MHz has 
been observed for B0 along gz. a~o is estimated to 2.2-3.1 MHz from proton relaxation 
measurements z53). The remaining dipolar coupling Aa n corresponds to protons 2.6-2.9/~ 
away from the heme plane along gz. According to LoBrutto et al. 252) these protons could 
belong to H20, RNH2, ROH or RCONH2, or be exchangeable protons bound to cys- 
teinyl sulfur. 

High-spin m°'forrn. A comparison of the ENDOR spectrum of aquo-Mb with that of 
cytochrome P450CAM in the high-spin m °s form at g, = 1.8 indicates that no resonances 
attributable to histidine nitrogen or to any exchangeable proton are present in the latter. 
Scholes and coworkers 79) have found that the coupling of the meso protons in high-spin 
heme compounds are greater in five- (0.95--1.01 MHz range) than in six-coordinated 
(0.79-0.83 MI-Iz range) systems. In m °~, a hf value of [AH[ = 0.93 MHz for the meso 
protons is found, which is very close to the coupling of a five-coordinated high-spin ferric 
compound. From this argument it is inferred that the heme iron in the high-spin m °s form 
is five-coordinated. 

The paper of LoBrutto et alY 2) is an interesting example of how the large body of 
ENDOR data available in heme compounds may be applied to interpret ENDOR spectra 
of heme systems with less known structure. 

NO-Ligated Cytochrome c Oxidase 

Reaction of nitric oxide with ferrohemoproteins produces paramagnetic NO-ligated 
heme proteins (S = 1/2, rhombic g tensors with principal values in the range 1.96--2.08). 
In many compounds studied so far by EPR the hf interaction of the NO nitrogen and of a 
second axial nitrogen is clearly resolved in the intermediate g-value region near 
g = 2.0237). 

Recently, King et al. 254) have shown that the nitrogen coupling of NO-ligated cyto- 
chrome c oxidase may be resolved at groin and gm~ using the ENDOR technique. For B0 
along gmax = gx = 2.08, the couplings IAa~I -- 30.6 MHz and IQ,NI -- 1.1 MHz have been 
reported. The authors believe that the good resolution of the quadrupole coupling for 
this orientation is an indication that gmax is directed along a line in the heme plane which 
is perpendicular to the Fe-NO plane. 

High-Spin Heme Model Compounds 

To get a deeper insight into the factors which affect the electronic structure of hemopro- 
teins, systematic studies on heme model compounds have been undertaken by Scholes 
and coworkers 79'247'255). The model systems used by these authors are protohemin, 
deuterohemin and ferric tetraphenylporphyrin with a series of axial ligands. All the 
published ENDOR data on high-spin heme model compounds were obtained in frozen 
solutions with Bo along gll = 2 which is oriented normal to the porphyrin plane. A 1 : 1 
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(v/v) mixture of THF-CHCI3 (solvent I) or a 1 : 1 (v/v) mixture of CH2CI2-CHCI3 (solvent 
II) containing diamagnetic metal-free mesoporphyrin were used as solvents. These sol- 
vents do not replace the axial ligand of the metal complex, form glassy matrices on 
freezing, and prevent aggregation of the iron complexes. 

The EPR signals of the model compounds with the axial ligand fluoride, acetate, 
formate, azide, chloride or bromide are typical high-spin spectra with g±-values in the 5.8 
to 5.9 range 79). Splittings at gll = 2 due to the hf interaction of these ligands are only 
observed for fluoro- and bromo-hemins. 

Nitrogen ENDOR. In all high-spin heme derivatives a four-fine nitrogen E N D O R  
pattern has been observed for B0 along g[I, indicating that the heme nitrogens are equiva- 
lent for this particular orientation. The magnetic parameters of the heme nitrogens using 
solvent I are collected in Table 16.1. A3 N and QN are found to be quite insensitive to 
variations of the axial anion. Little change in IANI with axial halides has also been found 
by MaUick et al. 256) in a recent extended Hiickel-calculation on iron porphyrin. The 
theoretical values for fluoro-, chloro- and bromohemin are all about 50% of the experi- 
mental data. 

A pronounced upward shift of AA~ = 0.3--0.7 MHz has been reported upon going 
from solvent I to solvent II. It is striking that the smaller nitrogen hf coupling constants in 
THF-CHC13 are similar to those found in aquo-Mb and aquo-Hb, which are assumed to 

Table 16.1 14N hf and quadrupole coupling constants of protohemin DME near gtl I. Solution: THF- 
CHCI3 (data from van Camp et al. 79) and MaUick et al.256); in MHz) 

Anion IA31 b A3 c 1031 b 

F-  7.54 3.67 0.24 
HCOO- 7.28 0.25 
AC- 7.48 0.25 
N; 7.45 0.21 
C1- 7.41 3.80 0.25 
Br- 7.21 3.66 0.25 

a ENDOR measured at fields 1 mT above the peak of the gll = 2.0 extremum (see Sect. 4.1) 
b ENDOR data 79), c Theoretical values 256~ 

Table 16.2. Hyperfine coupling constants from axial F-, C1- and Br- ligands of protohemin DME 
for B0 along gll a (data from van Camp et al.~; in MHz) 

Anion In THF-CHCI3 In CHCI3-CH2C12 + mesoporphyrin 

IA~I I0~1 IA~I I0~1 
F- b 132.4 128.6 
35C1_ c 16.04 2.71 14.78 2.89 
37C1_ c. d 13.34 2.13 12.28 2.30 
Br- b 76.7 72.4 

a ENDOR resonances in the 5-10 MHz region in azidohemin have been assigned to the axial 
nitrogen 

b EPR, c ENDOR, d 90% 37Cl-enriched 
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be six-coordinated. In CH2C12-CHCI3, on the other hand, the hf coupling constants are in 
the same range as those of five-coordinated hemin systems. It is assumed 79) that THF is 
capable of coordinating with the ferric ion via the oxygen. Hemins in solvent I may then 
serve as models for six-coordinated hemoproteins, whereas in solvent II the hemin is 
assumed to be five-coordinated. 

Hf interaction with halides. The hf couplings of the axial halides are given in 
Table 16.2. Data for 35C1 and 37C1 are determined from ENDOR frequencies using 
Eq. (3.10). The values of [A3°[ are lower in solvent II than in solvent I. The degree of 
covalent bonding between the anion and the iron should increase upon going from F- to 
C1- to Br- (decreasing electronegativity). Since only the hf components Im31 are known, 
contact and dipolar contributions cannot be separated. According to van Camp et al. 79) 
the ratio of IA31/g, may be used to estimate covalency changes from one halide to the 
next. As expected, the values of IAal/g, are found to be in the order F-  < C1 r < Br-. 

Low-Spin Heme Model Compounds 

Only a few ENDOR data have been reported on low-spin heme model compounds 247). In 
hemin mercaptide a four-line nitrogen ENDOR pattern with [A3N[ -- 5.42 MHz and [Q~[ 
= 0.24 MHz has been observed at gm,x = 2.32, which is known to lie along the heme 
normal. Since this complex lacks the 5th and 6th nitrogeneous ligand, the resonances can 
be unambiguously assigned to heme nitrogens. It was hoped that the above magnetic 
parameters could be used for a definitive assignment of the nitrogen peaks to heme 
nitrogen or to histidine nitrogen in low-spin hemoproteins. Unfortunately, the 14N spec- 
trum of the mercaptide derivative does not sufficiently resemble the spectra of the 
hemoproteins, so that this assignment problem had to be solved using 15N labeled heme. 

The ENDOR work on heme compounds "is an impressive example of a systematic 
study on an important class of biological compounds. One disadvantage is that most 
experiments had to be performed with the B0 field parallel to the complex normals, so 
that the full hfs and quadrupole tensors could usually not be evaluated. A single crystal 
ENDOR study on aquo-Mb is in preparation to rectify this lack of information 257). 

6.3.2 Iron-Sulfur Proteins 

The state of knowledge on iron-sulfur proteins which contain non-heme iron bonded to 
sulfur ligands (cysteinyl residues from the protein and inorganic sulfur) has been 
reviewed by several authors 25a-264). With magnetic resonance techniques it has been 
possible to obtain detailed information on the nature of the active site in many of these 
proteins. The contributions from ENDOR have recently been summarized by Sands 265) 
so that we shall only give an outline of the crucial points. 

Besides a poorly resolved triplet structure in the EPR spectrum of 57Fe enriched two- 
iron ferredoxins 266) at gz, no hf interactions are observed in all these iron-sulfur clusters. 
The distribution of principal axes of the g tensors gives rise to an inhomogeneous, field- 
dependent EPR linewidth, and obscures the resolution of ligand hfs 265~. This distribution, 
whose origin is not completely established, does not, however, prevent application of the 
ENDOR technique. 
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Two-Iron Ferredoxins 

The most likely structure of the two-iron-sulfur proteins is shown schematically in 
Fig. 46. The EPR spectrum of reduced 2-Fe ferredoxin below 77 K is described by a net 
spin S = 1/2 resulting from the antiferromagnetic exchange interaction between a high- 
spin ferric and a high-spin ferrous ion. 57Fe hf data have been evaluated by comparing 
frozen solution E N D O R  spectra of the native and the 57Fe enriched protein 268' 269). The 
resonances of one of the 57Fe atoms lie above 20 MHz and are well separated from the 
proton E N D O R  lines. The nuclear transitions of the second 57Fe are located under the 
proton signals. For adrenodoxin and putidaredoxin the magnetic parameters of this 
second iron atom were obtained from 57Fe-56Fe difference spectra 26s). In the case of 
spinach ferredoxin and parsley ferredoxin, however, the A~ ° and A2 Fe components were 
lost under the strong proton E N D O R  signal and only the A3 Fe value could be measured. 
For  determination of the full hfs tensor of the smaller 57Fe coupling, a completely deuter- 
ated ferredoxin, isolated from S. lividus, which is nearly identical with the spinach 
ferredoxin with respect to molecular weight, EPR, E N D O R  and optical spectra has been 
prepared 269). The 57Fe-ENDOR data listed in Table 17 demonstrate that two different 
iron sites are present in the 2-Fe ferredoxins. These data proved to be useful in the 

Fig. 46. Schematic structure of the iron-sulfur com- 
plex in two-iron ferredoxin and adrenodoxin. 
(Adapted from Ref. 267) 
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Table 17. 57Fe hf principal values of two-iron ferredoxins (data from Fritz et al. :6s) and Anderson et 
al.~); in MHz) 

Protein Ferric site Ferrous site 

Al A2 A3 A1 A2 A3 

Spinach 51.0 49.9 41.9 - - 35.6 
ferredoxin a 

Parsley 50.7 49.9 41.9 - - 34.7 
ferredoxin a 

Adrenodoxin a) 48.8 56.7 43.6 16.6 24.4 35.6 

Putida- 48.8 56.7 43.6 16.6 24.4 35.6 
redoxin a 

S. Lividus 51.5 49.9 41.9 12.9 14.8 36.5 
ferredoxin b 

. From2~) b From2~) 
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simulation of the M6ssbauer spectra of the reduced ferredoxins, which on the other hand 
permitted the assignment of the two 57Fe hfs tensors to two antiferromagnetically coupled 
ferrous (S = 2) and ferric (S = 5/2) atoms. 

A number of poorly resolved proton ENDOR peaks have been observed between 
10-20 MHz 269-271). Only small changes of the overall shape of the ENDOR spectrum 
were detected when the sample was freeze-dried and redissolved in D20, i.e. no strongly 
coupled exchangeable protons were present. From comparison with the proton ENDOR 
spectrum in an anhydrous powder, it was assumed that the signals arose from the methy- 
lene protons of the cysteine ligands and that the iron-sulfur chromophore was not 
exposed to solvent water 27°). 

In ferredoxins the labile sulfur atoms can be substituted by selenium without affecting 
the biological activity of the protein 271). The observed hf couplings of Fe(III) are slightly 
reduced in selena-adrenodoxin (5-10%), indicating that the spin density on the active site 
is only weakly changed by selenium substitution. No evidence of any 77Se-ENDOR signal 
(I = 1/2 nucleus) was found between 12 and 28 MHz. 

Four-Iron-Sulfur Proteins 

The 4-Fe proteins show a cubane-like iron-sulfur center with an iron atom at each of the 
four alternate corners of a distorted cube. The oxidized high-potential 4-Fe cluster is 
paramagnetic, with Seff = 1/2, and displays a nearly axial EPR spectrum. AKu-band 
ENDOR study of such an iron protein isolated from C. vinosum (57Fe enriched) has been 
reported by Reid 272). In this microwave frequency region the proton ENDOR signals do 
not overlap with the 57Fe resonances. The hfs of 57Fe were found to be nearly isotropic 
with coupling values of 22.6 and 32.5 MHz. Similar values have been found by Anderson 
et al. 269) from 57Fe-56Fe difference spectra. Since only two different ,a, Fe tensors were 
observed, the iron atoms were classified in two pairs of equivalent nuclei. M6ssbauer 
data show that the two hf couplings are of opposite sign 265). 

Eight-Iron-Sulfur Proteins 

The 8-Fe proteins contain two four-iron-sulfur cubes which are separated (center-to- 
center) by about 12 A. The EPR spectra from the fully reduced proteins are typical for a 
4-Fe center with intercluster spin-spin coupling. An ENDOR study on the 8-Fe ferredo- 
xin from C. pasteurianum in the fully reduced state has been reported by Anderson et 
al. 273). Since the 57Fe-56Fe difference spectra are only poorly resolved, analysis of the 
ENDOR data turned out to be difficult. All eight iron atoms are assumed to have similar 
,6, Fe tensors with principal values A~ e = 25 MHz, A Fe = 29 MHz and A3 Fe = 33 MHz. 
These coupling parameters suggest that the reducing electrons are delocalized over the 
four irons of each of the two nearly identical 4-Fe clusters. 

The relevant structural and chemical information on iron-sulfur proteins provided by 
EPR, ENDOR and M6ssbauer techniques serves as an instructive example for the suc- 
cess of combining different types of spectroscopic methods. 
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Vanadium Dibenzene V(bz)2 

In most paramagnetic sandwich complexes the proton hf structure is not resolved in low 
temperature powder or single crystal EPR spectra. In vanadium dibenzene, a typical 
example of this type of compound, the poor resolution is due to the fact that the aromatic 
rings are rigidly frozen at T < 50 K and thus the proton hfs tensors of the benzene rings 
are no longer magnetically equivalent. 

V(bz)2 has been extensively studied in different solvents by EPR and NMR 274-276). 
The isotropic coupling a~o of the benzene protons obtained from solution EPR is found 
to be rather insensitive to solvent effects, as expected for a 2Alg ground state. The room 
temperature values A~ (along the rotation axis) and A~nv (normal to this axis) of the 
partially averaged proton tensors (quasi-free rotating benzene rings) have been deter- 
mined from EPR spectra of V(bz)2 in Fe(cp)2 and Cr(bz)2 host crystals 274). 

To evaluate the full proton hfs tensors for the rigid molecule and to study the temper- 
ature dependence of the dynamics of the ring rotation, E N D O R  and EI-EPR spectro- 
scopy has been applied to powder samples of these two systems 37' 78). EPR, E N D O R  and 
EI -EPR data of V(bz)_, diluted into Fe(cp)2 are summarized in Table 18. 

Rigid molecules. From the two-dimensional powder E N D O R  spectrum (Sect. 4.1) at 
15 K with B0 in the benzene ring plane (EPR observer marked by an arrow in Fig. 15 a), 
the intermediate principal value A~ (smallest splitting) and A2 n' (largest splitting), which 
is not a principal value of the proton tensor, could be determined. In the system 
V(bz)2 : Fe(cp)2 the two principal values Az n and A~ and their principal directions have 
been measured using EI-EPR 37) (see Fig. 15). From these data the interatomic V-H 
distance and the angle between the principal axis A~ and the axis normal to the benzene 
rings are calculated to be 2.96/~ (point-dipole model) and 56 °, respectively. Comparison 
with values of 2.94/~ and 57 ° from neutron diffraction data of Cr(bz)2277) shows that the 
point-dipole model with one unpaired electron at the vanadium nucleus is a good approx- 
imation. The rhombic distortion of the hfs tensor (Table 18) can be explained by a small 
spin density on the adjacent carbon atom. 

Table 18. Proton hf data of V(bz)2 diluted into Fe(cp)~; in MHz 

Hf splittings a EPR b ENDOR c EI-EPR d 

A~ (llgIj) 10.6 
A, (llg±) 9.2 
A2 7.4 
A~ (llg.) 14.4 
A3 = 17.0 17.5 
A~v 11.4 11.8 
a~o 11.1 

A1, Az, A3: principal values 
b A,, Aav: single crystal data, T = 290 K, from z74) 

also: liquid solutions, T = 290K, from 274'275) 
c A1, A~, A3: T = 15 K, Aa,: T = 163 K, from TM 

d T = 15K, from aT) 



100 Discussion of the Literature 

Dynamics of ring rotation. In both host compounds, Fe(cp)2 and Cr(bz)2, the rotation of 
the benzene rings of V(bz)2 has been studied by ENDOR in the temperature range 
T = 1 5 - 1 8 0 K  7a). The temperature dependence of the two-dimensional powder 
ENDOR spectrum of V(bz)2 : Fe(cp)2 is shown in Fig. 47 (high-frequency region). For 
T < 70K the rotation frequency is slow compared to the time scale of the ENDOR 
experiment, i.e. the ENDOR signal corresponds to the spectrum of the rigid molecule 
and is limited by the frequencies vp + Aln/2 and vp + A~'/2. With increasing temperature 
the rotation of the benzene rings narrows the spectrum, which coalesces for T > 160 K 
into a single line at the average ENDOR frequency vp + (A1 ~ + A2W)/4 = vp + Aanv/2. 
Closer inspection of the spectra shows that the dynamic behavior of the benzene rings of 
V(bz)2 in Fe(cp)2 occurs in two steps, with transition temperatures Tcl = 110 + 10 K and 
Te2 = 145 + 10K, in contrast to the system V(bz)2:Cr(bz)2, where a single transition 
temperature with Tc = 150 + 20 K has been found 78). The two transition temperatures in 
V(bz)2 : Fe(cp) 2 can be explained in terms of at least two different barriers of internal 
rotation due to different packing forces. This is in agreement with the low temperature 
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I I I 
/ / ~  I I 78K 
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~..., . , ,_~ll~ 107 K 
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I 

% 

20 22 
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Fig. 47. Temperature dependence of the high field part of the two-dimensional proton ENDOR 
spectrum of V(bz)2 diluted into ferrocene. (From Ref. 78) 
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X-ray structure of Fe(cp)2 which contains two crystallographically nonequivalent Fe(cp)2 
molecules with slightly different atomic distances and different packings 278, 279). 

The E N D O R  data demonstrate that intermolecular interactions dominate the poten- 
tial function for the ring rotation. The fast exchange limit of V(bz)2 is reached at lower 
temperatures in Fe(cp)2 than in Cr(bz)2. This is in qualitative agreement with the NMR 
relaxation results of Campbell et al. 28°) on the pure host materials. Since a transition 
temperature of Tc = 79 K is predicted for Fe(cp)2 from the NMR data, one can conclude 
that the dynamic behavior of the guest molecules is not entirely determined by the host 
properties alone, but that the guest V(bz)2 introduces a significant local perturbation into 
the host lattice by its larger size. 

A single crystal ENDOR study on V(bz)2 diluted into 2,2-paracyclophane is in prepa- 
ration, which will allow to get deeper insight into the dynamic behavior of the benzene 
rings in these types of compounds 281). 

6.5 Ti(III) Compounds (d l) 

Ti(r/-C8H8) (r/-C5H5) 

Proton ENDOR and DOUBLE E N D O R  spectra of a frozen solution of the mixed 
sandwich compound Ti(r/-CsHs) (r/-CsHs) have been reported by Labauze et al. 282). The 
shape of the powder EPR spectrum at T = 150 K was found to depend strongly upon the 
rate of freezing and the nature of the solvent. Rapid freezing in toluene, for example, 
yields a glass with randomly trapped paramagnetic centers (axial g tensor: g[I = 2.000, 
gi = 1.971). On the other hand, in rapidly frozen THF or dichloro-methane the complex 
is free to rotate around an axis parallel to the ring planes and an averaged g tensor with 
'gl  = (gll + g±)/2 = 1.988 and 'gll = 1.971 is found. In slowly cooled toluene or THF a 
mixture of these two spectra is observed. 

The proton ENDOR spectra recorded at different g-turning points clearly demon- 
strate that, irrespective of the solvent and the freezing procedure, the two aromatic rings 
are quasi-free rotating at T = 150 K (fast exchange limit), as already found for V(bz)2. 
Unfortunately, the freezing of this ring rotation at T < 150K was not studied. The 
proton hf parameters for T = I50 K as well as the calculated spin densities and dipolar 
coupling constants are collected in Table 19. 

Table 19. Proton hf coupling constants of Ti(r/-C8Hs) (r/-CsHs) (data from Labauze et al:S2); in 
MHz) 

Call 2- CsH~ 

'A~ a 7.70 4.95 
'A~' 9.52 3.76 
a~o = ('A~ + 2'A~)/3 8.91 4.15 
s-character 0.62% 0.29% 
AaipoJar -- ('A~ - aiso) - 1.21 0.80 
Aairol~ (calc) - 1.04 0.42 

a Not a principal value of the hfs tensor 
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For an assignment of the observed hf couplings to the corresponding protons in the 
two ring systems, DOUBLE ENDOR (special TRIPLE,Sect. 4.3) has been applied. The 
intensity ratio of the two DOUBLE ENDOR proton transitions is about 8 : 5, this con- 
firms the earlier EPR observation zaa) that the larger hf coupling arises from the CsHs 
ring. It should be mentioned, however, that in such a DOUBLE ENDOR experiment 
the intensities are proportional to the number of participating equivalent nuclei only, if 
cross relaxation effects can be ignored 9°). This is usually not the case for transition metal 
complexes, so that application of this technique might be questionable. The relative signs 
of the proton hf couplings have been evaluated according to the DOUBLE ENDOR 
scheme in Fig. 16. 

The spin densities deduced from the formula alamo = ('A~' + 2'A~')/3 are presumed to 
be positive because of direct delocalization of the unpaired electron from the 
(a 3 d= + b 4s) hybrid orbital. It should be noted, however, that 'A~'  and 'AS' ,  mea- 
sured for rotating rings at T = 150 K, are not principal values of the proton hfs tensor, 
i . e .  H also determined in this way does not exactly correspond to the isotropic coupling 
obtained by the common formula a n  = (A~ + A~ I + A3H)/3. 

The small spin density at the proton in this titanium complex is close to the values 
found for other sandwich compounds (V(CTH7) (C5H5): 0.89% and 0.35% zs4), V(bz)2: 
0.80% 78), Cr(bz)~: 0.68%z85)). 

Similar to that found in V(bz)2, the true proton hfs tensor in Ti(CsHs)(CsHs) is 
expected to be rhombically distorted. In such a case only the value of the principal axis 
which points along the electron-proton direction should be used for determination of 
interatomic distances 62, 78). We believe that the discrepancy between calculated and mea- 
sured dipolar couplings in Table 19 may be due to this nonaxiality of the tensors rather 
than to second order effects. Although the Ti-H distances are almost identical for both 
rings, the hf coupling constant of the Calls protons is about twice that of the CsHs 
protons. This because the CsH5 protons are closer to the nodal cone of the d= orbital, so 
that a smaller spin density is expected. 

The ENDOR data obtained from samples with mixed EPR spectra provide further 
evidence that in the various types of cavities or cages in certain frozen solvents a rotation 
of the titanium sandwich compound around an axis parallel to the ring planes becomes 
possible. 

6.6 VO(II) Compounds (d l) 

The vanadyl ion VO(II) is extensively used in EPR studies of organic and inorganic 
compounds as well as in metal ion binding site structures in systems of biological impor- 
tance. For a thorough discussion of the EPR investigations the reader is referred to the 
reviews of Kokin 286) and Chasteen 2s7). Since the ligand hf structure is usually not resolved 
in the EPR spectra of VO(II)-complexes 16z), ENDOR spectroscopy proved to be a 
suitable technique to study these interactions 56' 60, 71.288-290). 

ENDOR on VO(II) complexes is facilitated for several reasons289): (a) the EPR 
transitions can easily be saturated (ENDOR signals are often observed at 100 K), (b) the 
large anisotropy of the A v tensor allows for a high orientation selectivity in powder 
samples, and (c) the V=O bond may be used as internal reference axis. Moreover, the g 
tensor is nearly isotropic so that contributions to the hf interactions from an unquenched 
orbital moment may be neglected (Sect. 5.1). 
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Vanadyl Tetraphenylporphyrin, VO(TPP) 
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Proton and nitrogen ENDOR results on VO(TPP) diluted into Zn(TPP) powder, and in 
CHC13-toluene and pyridine frozen solutio0s have been reported by Mulks and van 
Willigen 71). The well-resolved single c/ystal-like ENDOR spectra along the V=O axis 
could easily be interpreted using Eq. (3.10). Data from the two-dimensional nitrogen 
ENDOR spectrum with B0 in the complex plane, however, had to be evaluated using 
computer simulations. For the system VO(TPP): Zn(TPP) the following nitrogen hf and 
quadrupole parameters have been found (a) in the porphyrin plane: At ~ = 9.57 MHz, 
Q~ = ___0.16 MHz, AN = 2.90 MHz, Q~ = -T-0.41 MHz (b) normal to the porphyrin 
plane: A3 N = 7.92 MHz, Q~q = + 0.25 MHz. The relative sign of the hf values have been 
evaluated from computer simulations, which show pronounced changes of the ENDOR 
intensities for different sign combinations. 

In VO(TPP) the unpaired electron in the 3 dxy orbital has a minimal overlap with 
ligand orbitals since the lobes of dxy bisect the N-V-N bond angles. In-plane ~r-bonding 
and admixture of a(dx2_ y2) character in the MO of the unpaired electron could be 
responsible for the observed 14N contact interaction of 6.8 MHz 7t). Since axial coordina- 
tion of solvent molecules does not affect the in-plane dxy orbital, no striking changes in 
the ENDOR spectrum will be expected. Indeed, the 14N data for VO(TPP) in Zn(TPP) 
or in frozen solutions of CHC13-toluene or pyridine are found to be very similar. The 
weak ENDOR peaks below 2 MHz observed in VO(TPP): pyridine may be attributed to 
the coordinated pyridine nitrogen. 

In VO(TPP): CHCl3-toluene the measured hf values of the pyrrole protons are found 
to be 1.38 MHz and -0.26 MI4_z (in-plane) and -0.26 MHz (out-of-plane). The hfs ten- 
sor may be separated into a contact contribution ais oH = 0.29 MHz and an axial dipolar 
contribution A~ = 1.10 MHz which corresponds to a V-H distance of 5.24/~. The axial- 
ity of the dipolar tensor indicates that the spin density on the nitrogen ligands is very 
small in VO(TPP) (in agreement with the 14N hfs data), in contrast to Ag(TPP), where 
the unpaired electron is significantly delocalized and strongly rhombic pyrrole proton 
tensors have been observed 66). No interpretation of the 14N quadrupole interaction has 
been given. As found in VO(acac)z, the proton resonances in VO(TPP) show a consider- 
able solvent dependence. Since interpretation of this effect is highly speculative at pre- 
sent, we shall not discuss this problem. 

EPR and ENDOR spectra very similar to those found in VO(TPP) have also been 
observed 288) in a sample of a black solid obtained by chloroform extraction of a phos- 
phate mineral from Youssoufia (Morocco). The close correspondence of the spectra 
suggests that the black solid contains a vanadyl porphyrin derivative. 

Vanadyl-bis(2,4-pentanedionate), VO(acac)2 

Proton ENDOR and DOUBLE ENDOR data on VO(acac)2 in frozen solutions have 
been reported by van Willigen 289). Since the CH-protons exchange with deuterons in 
CD3OD they may easily be discriminated from the methyl protons. From the single 
crystal-like ENDOR spectrum for B0 along gll and the two-dimensional powder spectrum 
at g±, the hf coupling constants A2 crt3 = 0.7 MHz and A cu3 = 0.7 MHz, 
A cn3 - 1.5 MHz, respectively, have been found. The relative signs of the principal 
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values may be obtained by recording the ENDOR spectrum at different field positions 
between a g±- and a gll-peak. These spectra demonstrate that the three hfs components 
must have the same sign, thus ai~ôcH3 = 1.0 MHz. A similar technique for sign determina- 
tion has been applied to the CH-protons with A3 cn = 3.2 MHz (in-plane) and 
A2 ca = 1.7 MHz (out-of-plane). The sign of A2 cn was established by DOUBLE ENDOR 
to be opposite to A2 cH3. The second hfs component in the complex plane could not be 
measured. It was found by van Willigen 289' 291) that complexation of the sixth coordina- 
tion position has a strong effect on the proton hf parameters and causes the methyl 
protons to become nonequivalent. The solvent effect on the proton hf splittings is, 
however, not fully understood at present. 

VO(II)-Doped Triglycine Sulfate 

In VO(II)-doped TGS, a "ferroelectric" splitting due to an interaction of the electric 
moment of the VO(II) ion with the internal electric field is observed at temperatures 
below the transition point Tc = 49 °C. Two different EPR spectra (VO(II))I and 
(VO(II))2 of the thermally stable VO(II) complex are detected in TGS 292). Site 
(VO(II))I, with the more intense EPR spectrum, has been studied with ENDOR by 
B6ttcher et al. 6°). The hfs tensors of the NH2- and CH2-protons are listed in Table 11. For 
the assignment of the four NH2- and the four CH2-protons to their corresponding N and 
C atoms, the authors made use of the nuclear dipole-dipole splitting and of the electron- 
nuclear point-dipole formula (5.6), respectively. In contrast to Cu(II)-doped TGS 
(Sect. 6.1.3) ls8), the VO(II) ion is shifted by about 0.4 A from the center of the straight 
line N(II)N(III), so that the hfs tensors of corresponding CHE-protons in glycine II and 
III become strongly nonequivalent and an assignment is no longer ambiquous. The 
deviation of the hfs tensors from axiality is much smaller for the amino protons in 
VO(II): TGS than in Cu(II): TGS. This is due to the fact that in the former case the spin 
density on the nitrogen ligands is smaller than in Cu(II): TGS. Thus, the point-dipole 
formula is a suitable approximation for VO(II): TGS, in which the unpaired electron spin 
is located mainly on the VO(II) ion. The proton ENDOR data published by B6ttcher et 
al. 6°) confirm the earlier findings 292) that in VO(II)-doped TGS the vanadyl ion occupies 
an interstitial lattice site forming a VO(gly)2 complex with triclinic symmetry CI. 

6.7 CrO(III) Compounds (d 1) 

The proton ENDOR study of the chromyl ethyleneglycolate anion in ethanol reported by 
M6hl et al. 293) presents the first successful adaptation of the ENDOR technique to a 
transition metal complex in liquid solutions. The aim of this work was to characterize the 
ENDOR relaxation behavior and to find optimum conditions for ENDOR detection. 
Two proton ENDOR lines with a hf splitting of a n  = 1.74 MHz were observed. This is 
in agreement with a previous EPR study 294) which had shown that all eight protons are 
equivalent. The optimum microwave and rf fields are both proportional to 
(Tr(g - gel)2TrAd n 2)1/2, where A~ denotes the dipolar part of the proton hfs tensor. For 
the chromyl ethyleneglycolate anion these two values have been calculated to 
B~ t - 8 • 10-6T and Br~ t = 2.7 mT. According to M6hl et al. 293), successful proton 
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E N D O R  on transition metal complexes in solutions is only attainable if no other nuclei 
possessing a much larger hf anisotropy than the protons are present. Moreover, the 
deviation of the g tensor principal values from ge should be small, so that 
Tr(g - gel) 2 < 3 • 10 -3. Solvent and temperature, however, appear to have minor influ- 
ence on optimum E N D O R  detection conditions. 



7 Concluding Remarks 

In this monograph it has been demonstrated that ENDOR is a very powerful tool to 
study transition metal ions in organic, inorganic and bioinorganic single crystals, polyc- 
rystalline samples and frozen solutions. Due to the high resolution of this double reso- 
nance technique, many problems in magnetic resonance, which cannot be solved with 
ordinary EPR, become accessible. 

The various special ENDOR techniques summarized in Sect. 4 widen the field of 
applications considerably. They allow investigations either of complex, oriented spin 
systems, or of paramagnetic centers in randomly oriented large molecules. The E N D O R  
techniques are particularly useful to study biochemical systems, which are often charac- 
terized by very poorly resolved powder EPR spectra. 

In the last few years, the number of E N D O R  publications on systems of biological 
interest has remarkably increased, indicating that the advantages offered by this tech- 
nique have been realized by many research groups. It should not be concealed, however, 
that in this type of compounds poor sensitivity may cause serious problems, so that large 
samples and (or) computer interfacing capabilities have usually to be available. 

The E N D O R  techniques, of course, are not confined to studies of transition metal 
complexes. A fast growing interest on electron nuclear double and multiple resonance 
experiments is also noticed in other fields of natural sciences, such as radical, radiation 
and polymer chemistry, solid state physics, biophysics and mineralogy. 
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Appendix A 
(Abbreviations Used in This Paper) 

1) Spectroscopy and Electronics INDO 

EPR Electron Paramagnetic 
Resonance EHT 

ENDOR Electron Nuclear Double SCCC 
Resonance 

EI-EPR ENDOR-induced EPR 
CP°ENDOR ENDOR with circularly 

polarized radio frequency fields Ox 
PM-ENDOR Polarization modulated ENDOR HOx 
ESE Electron Spin Echo PHI 
NQR Nuclear Quadrupole Resonance PHA 
NMR Nuclear Magnetic Resonance sal 
MIMARS Microwave Frequency-Magnetic msal 

Field Ratio Stabilization acacen 
PSD Phase Sensitive Detector 
VSWR Voltage-Standing-Wave Ratio amben 
APC Automatic Phase Control 
ALC Automatic Level Control salen 
CVC Current-to-Voltage Converter 
rf radio frequency 3 MeOsalen 
MW Microwave 4 Mesalen 
cw continuous wave 5 MeOsalen 
r.h. right hand salim 
l.h. left hand et2dtc 
T (= 10~G) Tesla acac 
mT Millitesla dim 
iso isotropic pic 
av average Me(pic) 
opt optimum qn 
eft effective TPP 
rot rotating frame gly 
hf hyperfine bipyam 
hfs hyperfine splitting dien 
NZ Nuclear Zeeman TGS 
EZ Electron Zeeman Mb 
EFG Electric Field Gradient HI9 
SQT Single Quantum Transition bz 
DQT Double Quantum Transition cp 
MQT Multiple Quantum Transition py 

THF 
2) Quantum Chemistry 

MO Molecular Orbital 
TD Townes-Dailey 

Intermediate Neglect of 
Differential Overlap 
Extended Hfickel Theory 
Self Consistence of Charge and 
Configuration 

3) Ligands and Host Compounds 

oxychinolate 
8-hydroxyquinoline 
phthalimide 
phthalic acid 
salicylaldoxime 
methyl-salicylaldoxime 
N,N'-ethylene- 
bis(acetylacetonatiminate) 
N,N'-ethylene-bis 
(o-aminobenzylideniminate) 
N,N'-ethylene- 
bis(salicylideniminate) 
3-methoxy-saten 
4-methyl-salen 
5-methoxy-salen 
salicylaldehyde-imine 
N,N'-diethyl-dithiocarbamate 
2,4-pentanedionate 
dimethylglyoxime 
picolinate 
2-methylpicolinate 
quinaldinate 
tetraphenylporphyrin 
glycine 
di-2-pyridylamine 
diethylenetriamine 
triglycine sulfate 
myoglobin 
hemoglobin 
benzene 
cyclopentadienyl 
pyridine 
tetrahydrofurane 



Appendix B 
(Second Order E N D O R  Frequencies) 

In order to arrive at clearly structured expressions the following notation concerning 
division of matrices is adopted: 

[x,, x1~ ×"I r ~ l  F ×,, ×i,1×1,I 
x--/x~, x~ ×~/--  --/x~, x,~ I x~/ 

LX,, x3--z x33j L x,,jx,, j L×3, x,~ x331 
---~ (X 12 X.3 ) . (B 1) 

Elements of the rotation matrix FIS: 

Rs: 11 _ 1 I~.3 g.3 I~.3 g 12 
gg12 

S~:,,: 1 ( ~ ' 0 )  gl--~ 1~.3 g12 _ 

.Sly_ ~,~(~)g 

g 

(B 2) 

with g12 = [(l~.agmg12R.3)lr21 • 

R s, 11 and RS.denote the ith row of the 2 x 2 matrix FI s' 11 and the third row of the matrix 
FI s, respectively. 

Elements of  the rotation matrix I~ ~ (ms): 

R~,. 11(ms) _ 1 c12(ms)c(ms) 1~'3 C.3(ms)l~.3 Cm(ms) 

s~l',m~,- ~,~,m~,' S~O~,m~,(_~ ~) 
Rr'la(ms) - c12(mS)c(ms) (10) 

(B 3) 
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1 
RI.(ms) - c(ms------ ~ l l .3C(ms) 

with Cl2(ms) = } (11.3 C12(ms) C12(ms) R.3)~/21 • 

Second order ENDOR transition frequencies (ms = 1/2): 

a) direct  product  base: 
One  I = 1 ligand nucleus in the presence of a second nucleus (K = 1) 

AE(1 "-~ 0): 
3~ 

C + -~- 33 + /3(-- al + 2 a 2 + 2 a 3 - 4 b3) + q'  

3~ 
c + ~ -  3 3 + f l ( - a l + 2 a z + 2 a 3 ) + q '  

_ 

c + ~ Q33 + f l ( - a a  + 2a2 + 2a3 + 4b3) + q'  

3 
AE(0  <--> - 1 ) :  c - ~- Q33 + f l (+  al + 2a2 - 2a3 - 4 b 3 ) +  q '  

(B 4) 

I 

C -- "~" Q33 + f l ( + a l  + 2a2 - 2a3) + q '  

3 w 

C -- ~- Q33 + f l ( + a l  + 2a2 - 2a3 + 4b3) + q '  • 

Equat ion  (B 4) may easily be extended to an arbi t rary number  of nuclei. In this case, 
cross-terms of the type 4fl b 3 between each pair  of nuclei occur. 

b) Coupled spin base: 
Two magnetically equivalent  I = 1 nuclei (F  = 0, 1, 2) 

F AE(F ,  F,  mF ~ mF) rel. Int. 

3 - -  

1 AE(1 ~ 0) = C -- -~- Q33 + f l ( -  ax + 2 a2 + 2 a3) + q '  1 

m 

1 AE(0 ~ - 1) = c + -~- Q33 + f l (+  al + 2 a2 - 2 aa) + q'  1 

2 AE(2 . . .  1) = c + -~- Q33 + f l ( - 3  aa + 2 a 2 + 6 a3) + q'  2 

m 

2 AE(1 ~ 0) = C -- "~- Q33 + f l ( +  3 al + 2 a2 + 2 a3) + q '  1 

(B5)  
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F AE(F,  F, mF ~ mF) rel. Int. 

3 - -  
2 AE(0 ~,  - 1 )  = c + ~ Q33 + f l ( - 3 a l  + 2a2 - 2a3) + q' 1 

I 

2 A E ( - I ~ - 2 )  = c - ~- Q33 + f l ( + 3 a l  + 2a2 - 6a3) + q' 2 

0 ~ 2 AE(1 ~ 0) = c + ~- Q33 + fl(+ al + 2 a2 + 2 a3) + q'  2 

0 ~ 2 AE(0 ~ - 1) = c - ~- Q33 + f l ( -  al + 2 a2 - 2 a3) + q' 2 

c) Symmetrized spin base: 
Two geometrically equivalent I = 1 nuclei in symmetry planes 

Symmetry Species A 

3- 6 c + ~  3 3 + f l ( - a l + 2 a 2 + 2 a 3 - 4 b 3 - 2 b l ) + q '  

3 - -  
c + ~ - Q 3 3 + / 3 ( - a l + 2 a 2 + 2 a 3 + 2 b ~ )  + q '  

3 - -  
c + ~- Q33 + / 3 ( -  al + 2 a2 + 2 a3 + 4 b3 - 2 bl) + q' 

3 
C -- "~-633 + f l ( + a l  + 2a2 - 2a3 - 4b3 + 2bx) + q' 

3-6 C - -  "~ 33 + f l ( + a l  + 2a2 -- 2a3 -- 2bl )  + q' 

3 - -  
c -- ~- Q33 + /3(+ al + 2a2 - 2a3 + 4b3 + 2bl)  + q' 

(B 6) 

Symmetry Species B 

3 - -  
c + - ~ - Q 3 3 + / 3 ( - a l + 2 a 2 + 2 a 3 - 4 b 3 + 2 b l )  + q '  

3-6 c - ~ -  3 3 + / 3 ( + a l  + 2 a 2 - 2 a 3  + 4 b 3 - 2 b l )  + q '  
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(Relations Between Nuclear Quadrupole Coupling Constants in Different Expressions of 
~Q (Sect. 5.2)) 

The pertubation approach given in Sect. 3 yields the principal values and the direction 
cosines of the quadrupole tensor O which writes in its principal axes frame: 

0 : ( Q1 Q2 Q3 ) with (Q,+Q2+Q3) =0 and 

~/ : (Oa- Q2)/Q3,' Io l > 1021 > led 

The coupling constants in Eqs. (5.16 a), (5.16 b) and (5.16 c) are related by: 

Eqs. (5.16a) ~ (5.16b): Eqs. (5.16b) ,~, (5.16c): 

1 Q, 3 e2qQ 
Q1 = ~ Q ' 0 ? - I )  = 4 I ( 2 I - 1 ) h  

1 Q,, _ eEqQq 
Q2 = - ~ Q ' ( r / +  1) 8 I ( 2 I - 1 ) h  

2 = Q' Q3 ~" 

For frequently occurring nuclear spin quantum numbers, the relations are given by: 

I = 1 (e.g. 2D, 14N): 

Q, _ 3 e2qQ Q" - e2qQr/ e2qQ - 2 Q3 (Q3: largest principal value) 
4h ' 8h ' h 

For this nuclear quantum number the frequencies 

v+ - 4-------if- 1 + measured in NOR are related to the principal values of (1 by 

V+ = Q3 - Q2 

v_ = Q3 - Q1 
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I = 3/2 (e.g. 35'37C1, 63'65Cu): 

Q, - e2qQ Q, ,_  e2qQr/ 

4h ' 24h 

I = 7/2 (e.g. 59Co, 51V); 

Q, - 3e2qQ Q, ,_  e2qQr/ 

84h ' 168 h 

e2qQ 
- 6Qa 

h 

e2qQ - 42 Q3 
' h 

Appendix C 
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