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PREFACE 

In 1945 E. Zavoisky published the first electron paramagnetic resonance experiment, the first 
successful magnetic resonance experiment ever [Fiz. Zh.,9(1945)211-245]. Three decades later, 
EPR had reached full maturity. So much so that a decline appeared to set in and many chemistry 
departments, regarding EPR primarily as an analytic tool, shifted their research effort in spec-
troscopy to other techniques. Only in a few niches EPR still flourished, and it is truly amazing 
that we are now witnessing such a strong revival. This, in my opinion, is due to two prime causes: 
Firstly, applications of EPR and, parallel with it, electron-nuclear double resonance in biology 
and biochemistry, although started early enough, had a much longer incubation time than those 
in chemistry and only now appear to have entered an exponential growth phase. Secondly, about 
ten years ago pulsed EPR techniques, albeit devised two decades earlier, began to take off with 
the general availability of low-cost microwave switches and solid-state amplifiers and with the 
development of special cavities. The penetration of EPR into biological research and the 
development of new techniques have lead to, and are the result of, the founding of several EPR 
centers devoted to the biological applications of EPR and ENDOR. This in turn has led to a 
rather spectacular growth in the number of applications in which advanced EPR techniques are 
used to tackle problems of biological interest. 

From the above it will be clear, I think, that now is a particularly propitious time to publish a book 
reporting on the new developments in EPR and ENDOR, with emphasis on applications in 
biology and biochemistry. The present volume is broadly organized into four parts. In Chapters 
1-6 pulsed EPR is discussed in detail. Peisach and Mims give a general introduction to Electron 
Spin Echo (ESE) and Electron Spin Echo Envelop Modulation (ESEEM) spectroscopy, pointing 
out their capabilities and pitfalls and reviewing applications primarily in metalloenzyme studies. 
Dikanov and Astashkin discuss ESEEM of disordered systems in depth, emphasizing simple, 
approximate relations for extracting information on hyperfine and quadrupole couplings and on 
the number and geometry of coupled nuclei, while Singel describes the advantages of multi-fre-
quency ESEEM. De Beer and van Ormondt give a thorough and much needed treatment of 
recent sophisticated mathematical techniques for resolution enhancement in the time-domain 
analysis of ESEEM. Freed and coworkers give a detailed account of Fourier-transform ESE and 
of 2D-ESE and -ELDOR (electron-electron double resonance), with applications to nitroxide 
spin labels, from which it is clear that EPR now approaches the sophistication of NMR techniques. 
Schweiger reviews a number of his novel schemes for pulsed EPR and ENDOR, which allow 
higher selectivity and time resolution than the standard techniques. 

In the second part of the book Chapters 7-12 provide detailed discussions of a number of novel 
experimental methods. Hyde and Froncisz treat the design of a variety of loop-gap resonators 
and their applications, including cw and pulsed EPR, ENDOR and in situ electrochemical 
generation of radicals. The construction and applications of a very high frequency (250 GHz) 
cw-EPR spectrometer is described by Freed and coworkers. A paper by Feher and coworkers 
(reprinted with permission of the American Institute of Physics) calls attention to the method of 
temperature modulation, a technique that, although presently seldom utilized, is nevertheless 
eminently useful for the registrationof very broad lines of, for example, metalloproteins. In three 
chapters, McLauchlan and Stehlik and coworkers review the theory and applications of time-re-
solved and transient-nutation EPR while Hore discusses the detailed analysis of spin-polarized 
spectra recorded with these two techniques. 
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The third part of the book sees seven chapters on double-resonance techniques, five on ENDOR 
and two on optically- and reaction yield-detected resonance. Möbius and coworkers give a 
detailed account of ENDOR and TRIPLE resonance of radicals in liquid solution with emphasis 
on photosynthetic pigments and reaction centers. Hoffman and coworkers introduce the theory 
of solid state ENDOR and describe its application to the study of metalloproteins, except 
hemoglobin, which is treated by Kappl and Hüttermann. Brustolon and Segre describe ENDOR 
of disoriented systems, with applications to nitroxide spin labels, while Dinse discusses the 
exciting possibilities of pulsed ENDOR. The editor of this book reviews ODMR with emphasis 
on the applications to biochemistry and especially photosynthesis, whereas the theory and 
applications of RYDMR are outlined by Lersch and Michel-Beyerle. 

The fourth and final part of the book is devoted to a thorough discussion of a number of new 
developments in the application of EPR to various biological and biochemical problems. Marsh 
and Horvath treat the modern, refined methods of the simulation of the spectra of nitroxide spin 
labels, incorporated in lipid membranes under different regimes of motion. Swartz and Glockner 
introduce the use of spin labels for the measurement of the concentration of oxygen in cells and 
tissue and give a few examples of the fascinating possibilities of EPR-imaging. Hagen discusses 
his breakthrough work on g-strain broadening of metalloproteins. Moura et al. review their and 
others' extensive work on a variety of iron-sulfur proteins, native and with substituted Fe-clusters. 
Brudvig treats EPR spectroscopy of Mn-proteins, culminating in a description of the work done 
on the oxygen-evolving complex of plant photosynthesis. Finally, in the last chapter, Solomon 
and coworkers give a comprehensive account of the spectroscopy of copper proteins, interrelating 
EPR and ENDOR with a number of other spectroscopic techniques. 

The present volume is, I believe, not only an up-to-date survey of existing EPR techniques and 
their applications in biology and biochemistry, but also gives many ideas for future developments 
in instrumentation and theory. It is clear that the future of pulsed EPR is very bright indeed, and 
extension to other frequencies, both lower and (much) higher than 9 GHz, has been achieved or 
is underway. New microwave-bridge and cavity designs are revolutionizing the EPR spec-
trometer. Very high frequency cw-EPR is an extremely promising tool for biochemical and 
biophysical studies. The development of the theory of spin-label EPR in all motional regimes 
and of g-strain broadening goes hand-in-hand with tremendous advances in data reduction and 
simulation algorithms. The field is alive and lively indeed and we owe the contributors much for 
communicating so well a sense of wonder and expectation. 

The figures in this volume are original or are reproduced with the permission of the author and 
copyright holder. I am indebted to the American Institute of Physics for permission to reproduce 
an article by Feher et al. (Chapter 9). I am grateful to all authors for consenting to submit 
camera-ready manuscripts, even if this meant spending hours trying to induce refractive word-
processing equipment to cooperate. This has reduced the production costs of the book consid-
erably. All have made a real effort to make the presentation of the various chapters as uniform 
as possible and, although overlap in a multi-author volume is to some extent inevitable and even 
useful, to avoid unnecessary duplication by cross-referencing to related chapters. 

Last but not least, I acknowledge a special debt to Zina for allowing me to sacrifice so many hours 
to the preparation of this book that would have been better spent bicycling with her through the 
tulip fields around Leiden. Through Zina I salute all authors' partners for their support. 

A.J. Hoff Leiden, May 1989 



IX 

CONTENTS 

Preface vii 

List of Contributors xix 

Chapter 1 ESEEM and LEFE of Metalloproteins ana Model Compounds 
by W.B. Mims and J. Peisach 

1. Introduction 1 
2. The Nuclear Modulation Effect (ESEEM) 3 

2.1 Two-pulse echoes. Formulae for I - 1/2 nuclei and for 
deuterons 5 

2.2 Three-pulse echoes. Formulae for I - 1/2 nuclei and for 
deuterons S 

2.3 Application of formulae to frozen solution samples. Spherical 
averaging 11 

2.4 Isotopic labelling and the method of waveform division 14 
2.5 Deuterium labelling and the measurement of electron nucleus 

distances 18 
2.6 Problems arising from contact and pseudodipolar coupling 20 
2.7 Coupling with nitrogen nuclei 22 
2.8 Coupling with other nuclei 28 
2.9 Finding the number of coupled nuclei 31 
2.10 ESEEM with substituent ions as paramagnetic probes 33 
2 .11 ESEEM and radicals 35 
2.12 Conclusion 36 

3. The Linear Electric Field Effect (LEFE) in EPR 36 
3.1 LEFE measurements by the spin echo method 37 
3.2 Mechanisms responsible for the LEFE shifts 43 
3.3 "Fingerprint" experiments 44 
3.4 Symmetry tests 46 
3.5 Applied electronic fields as a means of resolving EPR and ESEEM 

spectra 50 
4. Some Experimental Notes 51 
References 55 

Chapter 2 ESEEM of Disordered Systems: Theory and Applications 
by S.A. Dikanov and A.V. Astashkin 

1. Introduction 59 
2. ESEEM in the Time and Frequency Domains in Disordered Systems 63 

2.1 ESEEM in a weak hfi limit 63 
2.2 Numerical analysis of ESEEM in disordered systems 66 
2.3 ESEEM spectra and their properties 68 
2.4 ESEEM in the presence of weak nqi 74 

3. Some Methods for the Analysis of ESEEM induced by Nuclei with 
I - 1/2 and I £ 1 at Weak nqi 80 
3.1 Linear extrapolation 80 
3.2 Variational calculations of modulation damping 84 
3.3 Variational calculation of divided envelopes 85 
3.4 Filtering of matrix contribution 86 

4. ESEEM in-Disordered Systems in the Presence of Strong nqi (for 
example N) 90 
4.1 A qualitative analysis of possible modulation frequencies 90 
4.2 Experimental examples of nitrogen ESEEM in model systems 93 

5. ESEEM in the Investigation of Photosynthetic Paramagnetic Centers ... 98 
5 .1 Paramagnetic centers with -, N 99 
5.2 Paramagnetic centers with N 106 



X 

6. Partial Excitation 108 
7. ESEEM in Systems with High g-Factor Anisotropy ill 
References 115 

Chapter 3 Multlfrequency ESEEM: Perspectives and Applications 
by D.J. Singel 

1. Introduction 119 
2. Impact of External Field Strenth on ESEEM Spectra 120 

2.1 Frequency dispersion 120 
2.2 Frequencies 123 
2.3 Amplitudes 123 

3. Exemplary Applications -, 125 
3.1 Multifrequency ESEEM of DPPH: N near exact cancellation 125 
3.2 m-dinitrobenzene on aluminium oxide: N far from exact 

cancellation 126 
3.3 ^H ESEEM in kDA: hyperfine coupling matrix elements 128 

4. Conclusions 131 
References 132 

Chapter 4 Resolution Enhancement in Time Domain Analysis of ESEEM 
by R. de Beer and D. van Ormondt 

1. Introduction 135 
1.1 Discrete and continuous frequency distributions 135 
1.2 Time domain versus frequency domain 135 
1.3 Resolution enhancement 137 
1.4 Time domain model functions 138 
1.5 Parameter estimation. Non-iterative versus iterative 

procedures 139 
1.6 Precision of model parameters, prior knowledge and 

experimental design 140 
2. Maximum Entropy Methods 141 

2.1 Introduction 141 
2.2 MEM1 142 
2. 3 MEM2 146 

3. SVD-based Methods for Quantitative Analysis 147 
3.1 Introduction 147 
3.2 The data matrix 148 
3.3 SVD 150 
3.4 Linear prediction and SVD 153 
3.5 State space formalism and SVD 157 

4. Maximum Likelihood Method for Quantitative Analysis 161 
4.1 Introduction 161 
4.2 The variable projection method 162 
4.3 Application to a simulated signal 

The importance of imposing prior knowledge 165 
4.4 Cramér-Rao lower bounds and experimental design 166 

5. Summary and Conclusions 168 
Appendix I 169 
Appendix II 171 
References 173 

Chapter 5 Two Dimensional and Fourier Transform EPR 
by J. Gorcester, G.L. Millhauser and J.H. Freed 

1. Introduction 177 
2. Electron-Spin Echoes and Motional Dynamics 178 



XI 

3. 2D-ESE Studies of T? Variations Across the Spectrum 182 
3.1 The method . . . 182 
3.2 Examples 185 

4. 2D-ESE Studies of Magnetization-Transfer Variation Across the 
Spectrum 196 
4.1 Inversion recovery and stimulated echo sequences: Full 

irradiation 196 
4.2 2D-ESE and magnetization-transfer: Partial irradiation 198 
4.3 Spin-echo ELDOR 201 

5. Electron-Spin Echo Envelope Modulation (ESEEM) 205 
6. Two-Dimensional Four1er-Transform EPR 210 

6.1 Introduction and motivation 210 
6.2 Spin-echo correlated spectroscopy: (SECSY) 211 
6.3 Correlation spectroscopy (COSY) 215 
6.4 2D-ELD0R 217 
6.5 Theory of 2D-ELD0R and COSY 229 
6.6 Future uses of 2D-FT-EPR 235 

References 239 

Chapter 6 Pulsed EPR on Disordered Systems: Novel Experimental Schemes 
by A. Schweiger 

1. Introduction 243 
1.1 Echo-detected EPR 243 
1.2 ESEEM spectroscopy 243 
1. 3 Pulsed ENDOR 244 
1.4 Probe head design 244 

2. Selectivity in Echo-Detected EPR and ESEEM Powder Studies 246 
2.1 Selectivity in echo-detected EPR spectra 246 
2.2 Orientation-selectivity in ESEEM powder studies 248 

3. Elimination of Unwanted Echoes in Three-Pulse ESEEM 249 
3.1 Extension of sampling to T%<T by pulse swapping 249 
3.2 Suppression of unwanted echoes by a phase-cycling procedure ... 250 

4. Restoration of Broad Hyperfine Lines 251 
5. Structural Information from the Sum Peak of ESEEM Patterns 254 
6. Echo-Detected EPR with Magnetic Field Vector Jumps 257 

6.1 Basic idea and pulse sequences 257 
6.2 Experimental results 260 

7. Pulsed EPR with Longitudinal Detection 261 
7.1 Repetitive one-pulse sequence (field-swept LOD-PEPR) 261 
7.2 Repetitive LOD-ESEEM sequence 264 

8. Extended-time Excitation 265 
9. Pulsed ENDOR 269 

9.1 Blind spots in the Mims-ENDOR experiment 269 
9.2 EPR-detected nuclear transient nutations 270 
9.3 Hyperfine-selective ENDOR 272 

10. Probe Head Design 274 
References 275 

Chapter 7 Loop Gap Resonators 
by J.S. Hyde and W. Froncisz 

1. Introduction 277 
1.1 Survey of loop gap resonator geometries 277 
1.2 Review of EPR sensitivity considerations 281 

2. Multifrequency EPR 284 
3 . FET' s and LGR' s 286 



XII 

4. Special Cases of Limited Sample: Flow, Electrochemistry, ENDOR, 
Electric Field 289 
4.1 Continuous and stopped flow with the LGR 290 
4.2 Electrochemistry 292 
4.3 ENDOR 295 
4.4 Electric field experiments 297 

5. Experiments Dependent on High B- and Low Q: Pulse EPR, ELDOR 
and Saturation Transfer 298 
5.1 Pulse EPR 299 
5 .2 ELDOR 300 
5.3 Saturation transfer spectroscopy 302 

6. Concluding Remarks 303 
References 304 

Chapter 8 Electron Paramagnetic Resonance at 1 Millimeter Wavelengths 
by D.E. Budil, K.A. Earle, W.B. Lynch and J.H. Freed 

1. Introduction 307 
2. The 1 Millimeter Spectrometer 308 

2.1 Overview 308 
2.2 Magnet system 310 
2.3 Millimeter-wave source 311 
2.4 Transmission of 1 millimeter waves 311 
2.5 EPR cavity 313 
2.6 Sample cells and temperature control 315 
2.7 Millimeter-wave detector 317 

3. Applications of 1 Millimeter EPR 317 
3.1 Overview 317 
3.2 Solid state samples: Glasses and polycrystalline powders 319 
3.3 Magnetically dilute liquid solutions 322 
3.4 Slow-motional spectra: Molecular dynamics 324 

4. Future 1 Millimeter EPR Spectrometer Designs 328 
4.1 General sensitivity considerations 328 
4.2 Cavity coupling at 1 millimeter 329 
4.3 Field modulation 331 
4.4 Millimeter-wave sources 331 
4.5 Detectors 333 
4.6 Quasi-optical bridges and mixers 335 

5. Outlook 337 
References 338 

Chapter 9 Observation of EPR Lines Using Temperature Modulation 
by G. Feher, R.A. Isaacson and J.D. McElroy 

Editorial Introduction 341 
References 344 

Chapter 10 Time-Resolved EPR 
by K.A. McLauchlan 

1. Introduction 345 
2. Continuous Wave Methods 346 
3. Chemically Induced Dynamic Electron Polarization (CIDEP) 350 

3.1 CIDEP from F-pairs 355 
3.2 Spin-correlated radical pairs 356 

4. Theory of Time-Resolved Continuous Wave EPR 356 
5. Rate Processes 363 



XIII 

6. Summary 367 
References 368 

Chapter 11 Transient EPR-Spectroscopy of Photoinduced Electronic Spin 
States in Rigid Matrices 
by D. Stehlik, C.H. Bock and M.C. Thurnauer 

1. Introduction 371 
2. Basics 372 

2.1 The transient nutation experiment 372 
2.2 Transient signals for large inhomogeneous EPR-line widths 374 
2.3 Spectral information from the transient signals S(t) 378 

3. Instrumental Aspects 379 
3.1 Light excitation 379 
3.2 Modification of standard X-band spectrometer 380 
3.3 Direct detection K-band Spectrometer 382 
3.4 Transient EPR-spectroscopy 383 
3.5 Aspects of data acquisition and processing 383 

4. Experimental Examples and Applications 384 
4.1 Characteristic transient signals in solid state EPR 385 
4.2 Complete kinetic and spectral information 387 
4.3 Relaxation studies with gated microwave irradiation 390 
4.4 Transient spectra in glasses and liquid crystals 392 
4.5 Detection of transient paramagnetic species 392 
4.6 Applications to photosynthetic reaction centers 394 

5. Concluding Remarks 401 
References 402 

Chapter 12 Analysis of Polarized Electron Paramagnetic Resonanace 
Spectra 
by P.J. Hore 

1. Introduction 405 
2. Radical Pair Mechanism 406 

2.1 Background 406 
2.2 Spin dynamics 407 
2.3 Free radicals 410 
2.4 Radical pairs 412 
2.5 Anisotropie interactions 416 
2.6 Experimental factors 419 

3. Bacterial Photosynthesis 419 
3.1 Polarization in P X" 421 
3.2 Polarization in X" 424 
3.3 Polarization in P 429 

4. Liquids 433 
References 438 

Chapter 13 Liquid-State ENDOR and Triple Resonance 
by K. Möbius, W. Lubitz and M. Plato 

1. Introduction 441 
2. Theory of Electron-Nuclear Multiple Resonance in Solution 443 

2.1 Stable radicals 443 
2.2 Transient radicals 459 

3. Instrumentation 464 
3.1 Steady-state ENDOR/TRIPLE resonance 464 
3.2 Time-resolved ENDOR/TRIPLE resonance 466 



XIV 

4. Representative Examples of Application 468 
4.1 Introductory remarks 468 
4.2 Primary products of photosynthesis 471 
4.3 Spin-polarized transient radicals 489 

5. Outlook 491 
Acknowledgement 494 
References 494 

Chapter 14 Heme-globin Interactions in Nitrosyl-ligated Hemoglobin 
as Probed by ENDOR Spectroscopy 
by R. Kappl and J. Hütterman 

1. Introduction 501 
2. Analysis of ENDOR Spectra 503 
3. Materials and Methods 510 
4. Results and Discussion 513 

4.1 Nitrogen interaction in myoglobin 513 
4.2 Proton interactions in myoglobin 519 
4. 3 ENDOR on hemoglobin 527 

5. Conclusions 538 
References 539 

Chapter 15 Electron Nuclear Double Resonance (ENDOR) of Metalloenzymes 
by B.M. Hoffman, R.J. Gurbiel, M.M. Werst, M. Sivaraja 

1. Introduction 541 
2. EPR and ENDOR Analysis 543 

2 .1 EPR spectra 543 
2.2 ENDOR frequencies 544 
2.3 Simulating polyerystalline ENDOR spectra 549 
2.4 Analysis procedure 553 

3. "Black Box", Resting State: Nitrogenase MoFe Protein 
(W.H. Qrme-Johnson) 554 
3.1 Fe ENDOR Measurements 555 
3.2 ha ENDOR results 559 
3.3 ^Mo ENDOR 562 
3.4 S ENDOR 564 
3.5 Discussion 565 

4. Reaction Intermediate: Horseradish Peroxidase Compound I 
(L.P. Hager) 566 
4.1 TU and N ENDOR of compound I 567 
4.2 0 ENDOR of H2 O^oxidized compound I 570 
4. 3 Discussion 570 

5. Substrate Interactions: Aconitase (H. Beinert, M.-C. Kennedy, 
M. Emptage) 571 
5.1 Binding of H 0 and substrate hydroxyl 572 
5.2 Binding of substrate carboxyl to the cluster 574 
5.3 Discussion 577 

6. Rieske [2Fe-2S] Center of Phthalate Dioxygenase (J.A. Dee, 
O.P. Ballon) 578 
6.1 Ligand identification 578 
6.2 Determination of,. N hyperfine tensors 579 
6.3 Analysis of Jg- N bonding u 583 
6.4 Analysis of N ENDOR spectra and N quadrupole tensors 584 
6.5 Site of histidine ligation 585 
6.6 Structure of the cluster 585 
6.7 Summary 587 

References 588 



XV 

Chapter 16 ENDOR Amplitude Spectroscopy 
by M. Brustolon and U. Segre 

1. Introduction 593 
2. ENDOR Enhancement 594 

2.1 Density matrix equations 595 
2.2 Four-level system 596 
2.3 Many-level system 599 

3. ENDOR in the Solid State 600 
3.1 Spin relaxation 600 
3.2 Spin diffusion 602 

4. Studies of Internal Motions 603 
5. ENDOR in Disordered Matrices 606 

5.1 Simulation of the disordered ENDOR spectra 608 
5.2 Applications of the angular selection method 610 
5.3 ENDOR studies of the photosynthetic systems 612 

References 612 

Chapter 17 Pulsed ENDOR 
by K.-P. Dinse 

1. Introduction 615 
2. Theory of Pulsed ENDOR 617 

2.1 Mims ENDOR 617 
2.2 Davies ENDOR 621 
2.3 Two-pulse ENDOR 623 
2.4 Coherence transfer ENDOR (CT-ENDOR) 623 
2.5 Further experimental schemes 625 

3. Experimental Praxis of Pulsed ENDOR 626 
3.1 Probe head design 627 
3.2 Experimental results 628 

References 630 

Chapter 18 Optically-Detected Magnetic Resonance of Triplet States 
by A.J. Hoff 

1. Triplet states 633 
1.1 Physics of the triplet state 633 
1.2 The Triplet Spin Hamiltonian in zero magnetic field 635 

2. Optical detection of magnetic resonance, ODMR 637 
2.1 Quantitative description of ODMR 639 
2.2 Line shape, hole-burning and double resonance 647 
2.3 Optical-microwave double resonance 649 
2.4 Electron spin echoes in zero field 654 
2.5 Instrumentation 655 

3. Applications of ODMR in Biology 659 
3.1 ODMR in biochemistry 660 
3.2 ODMR in photosynthesis 663 

4. Conclusions and Prospects 675 
References 676 
Appendix 681 

Chapter 19 RYDMR - Theory and Applications 
by W. Lersch and M.E. Michel-Beyerle 

1. Introduction 685 
2. Principles of the Method 686 
3. Survey of Applications of the RYDMR Technique 688 



XVI 

4. Investigation of the First Light-induced Radical Ion Pair State 
in Bacterial Photosynthesis 689 
4.1 Theory of RYDMR for localized radical pairs 691 
4.2 Experimental techniques 695 
4.3 Discussion of experimental results for reaction centers 

from the purple bacterium Rhodobactev sphaeroides 697 
4.4 What can we learn from the parameters J,k and k ? 702 

References 703 

Chapter 20 Spin Label Studies of the Structure and Dynamics of Lipids 
and Proteins in Membranes 
by D. Marsh and L.I. Horvâth 

1. Motional Effects in Spin Label EPR Spectra 707 
1.1 Time-scale of nitroxide EPR spectroscopy 707 
1.2 Bloch equations and relaxation 711 
1.3 Lineshape for exchanging spins 712 

2. Anisotropie and Slow Rotational Diffusion 715 
2.1 Rotational diffusion coefficients and correlation times 715 
2.2 Orientational potentials and order parameters 716 
2.3 Slow and fast motional regimes 718 
2.4 Chain rotational isomerism 720 
2.5 Spectral simulation 721 

3. Saturation Transfer EPR 722 
3.1 Instrumental calibration 723 
3.2 Rotational diffusion coefficients of membrane proteins 725 
3.3 Rotational correlation time calibrations 726 
3.4 Anisotropie rotational diffusion 727 
3.5 STEPR integral method 730 

4. Exchange Phenomena in Spin Label Spectra 731 
4.1 Linewidth analyses 731 
4.2 Two-component exchange simulations 732 
4.3 Two-component lipioV-protein systems 733 
4.4 Specificity of lipid-protein interactions and exchange rates .. 736 

5. Spin-Spin Interactions : Translational Diffusion 740 
5.1 Spin exchange interactions 740 
5.2 Magnetic dipole-dipole interactions 744 
5.3 Line broadening at low concentration 747 

6. Conclusions 749 
References 749 

Chapter 21 Measurements of the Concentration of Oxygen in Biological 
Systems Using EPR Techniques 
by H.M. Swartz and J.F. Glockner 

1. Introduction 753 
1.1 Aim and organization of this chapter 753 
1.2 Why measure oxygen concentrations in biological systems? 753 
1.3 Types of oxygen concentrations that can be measured 754 
1.4 The relative value of measuring oxygen concentration by EPR ... 754 

2. Principles of the Measurement of Oxygen Concentrations by EPR 756 
2.1 Basic phenomena of interactions of molecular oxygen with 

free radicals 756 
2.2 Types of paramagnetic probes 758 
2.3 Types of experimental parameters used to measure the 

concentration of oxygen ^ 761 
2.4 Experimental considerations in the use of nitroxides to 

measure concentrations of oxygen 769 



XVII 

3. Applications of the EPR Techniques to Measure the Concentration 
of Oxygen in Various Types of Experimental Systems 770 
3.1 Simple solutions 770 
3.2 Measurements of oxygen consumption by functioning 

biological systems 770 
3.3 Measurement of oxygen concentrations in extracellular 

compartments 771 
3.4 Measurements of the concentration of oxygen inside cells 

(or isolated organelles) 771 
3.5 Measurement of concentrations of oxygen in extended 

biological systems such as tissues or spheroids 772 
3.6 Measurements of the concentration of oxygen in intact 

animals 779 
References 782 

Chapter 22 g-Strain: Inhomogeneous Broadening in Metalloprotein EPR 
by W.R. Hagen 

1. Introduction 785 
2. The Phenomenon of g-strain 785 
3. Detection and Deconvolution of g-strain 787 
4. Interference of g-strain with Biological Applications of EPR 789 
5. Protein Microheterogeneity and Matrix Stress 791 
6. Non-collinearity of g-strain and the g-tensor 793 
7. The Statistics of g-strain 794 
8. A Matrix formulation of g-strain 797 
9. Synthesis of g-strained Powder Spectra 801 
10. Numerical Analysis of g-strain 803 
11. Examples of g- strain 806 
12. Possible Future Developments 809 
References 811 

Chapter 23 EPR of Iron-Sulfur and Mixed-Metal Clusters in Proteins 
by I. Moura, A. Macedo and J.J.G. Moura 

1. Introduction 813 
2. EPR Spectra of Basic Iron-Sulfur Structures 815 

2.1 Rubredoxin-type center 816 
2.2 [2Fe-2S] centers 818 
2.3 [3Fe-4S] centers 819 
2.4 [4Fe-4S] centers 822 

3. Interconversions Between Iron-Sulfur Centers 823 
4. Mixed-Metal Clusters of the Type [M, 3Fe-4S] , M-Co, Zn and Cd 825 
5. High-Spin States in Iron-Sulfur Clusters 828 

5.1 S-3/2 and 7/2 spin states in nitrogenase components 828 
5.2 Selenium derivatives of [4Fe-4S] clusters 831 
5.3 Triplet state in [4Fe-4S] clusters 832 

6. Unknown Structures 832 
References 834 

Chapter 24 EPR Spectroscopy of Manganese Enzymes 
by G.W. Brudvig 

1. Introduction 839 
2. Mononuclear Manganese 840 

2.1 Spin Hamiltonian 840 
2.2 Mn(II) 840 
2.3 Mn(III) 842 



XVIII 

2.4 Mn(IV) 843 
3. EPR of Binuclear Manganese 844 

3.1 Dipolar and exchange Hamiltonians 844 
3.2 Examples of spectra 846 

4. EPR of Tetranuclear Manganese 851 
5. EPR of Manganese in Photosystem II 856 
References 861 

Chapter 25 EPR Spectra of Active Sites in Copper Proteins 
by E.I. Solomon, A.A. Gewirth and T.D. Westmoreland 

1. Introduction 865 
2. Electronic Structure Origin of Spin Hamiltonian Parameters in 

Normal Copper Sites 875 
2.1 g values 875 
2.2 Hyperfine coupling 2 877 
2.3 Origin of the reduced hyperf ine in D and CuCl, " 880 

3. Blue Copper Ground State . - 886 
3.1 Orientation of the g tensor 886 
3.2 Determination of 4p mixing 888 
3.3 Delocalization 889 
3.4 Extension to stellacyanin-class EPR spectra 891 

4. The Coupled Binuclear Copper Site 893 
4.1 Triplet EPR signals: met and dimer [Cu(II)Cu(II)] sites 893 
4.2 Mixed-valence EPR signals: half-met [Cu(II)Cu(I)] sites 898 

5. Summary and Prospective 904 
References 905 

SUBJECT INDEX 909 



LIST OF CONTRIBUTORS 

A.V. Astashkin Institute of Chemical Kinetics and Combustion, 

Academy of Sciences of the USSR, Novosibirsk 630090, 

U.S.S.R. 

C.H. Bock Fachbereich Physik, Freie Universität Berlin, 

Arnimallee 14, D-1000 Berlin 33, B.R.D. 

G.W. Brudvig Department of Chemistry, Yale University, New Haven, 

CT 06511, U.S.A. 

M. BrustoIon Dipartimento di Chimica Fisica, Universita di Padova, 

Via Loredan 2, 1-35131 Padova, Italy 

D.E. Budil Department of Chemistry, Cornell University, Ithaca, 

NY 14853, U.S.A. 

R. de Beer Department of Applied Physics, University of 

Technology, P.O. Box 5046, 2600 GA Delft, The 

Netherlands 

S.A. Dikanov Institute of Chemical Kinetics and Combustion, 

Academy of Sciences of the USSR, Novosibirsk 630090, 

U.S.S.R. 

K.-P. Dinse Institut für Physik, Universität Dortmund, Otto 

Hahnstrasse 30, D-4600 Dortmund 50, B.R.D. 

K.A. Earle Department of Chemistry, Cornell University, Ithaca, 

NY 14853, U.S.A. 

G. Feher Department of Chemistry, University of California -

San Diego, La Jolla, CA 92093, U.S.A. 

J.H. Freed Department of Chemistry, Cornell University, Ithaca, 

NY 14853, U.S.A. 

xix



XX 

W. Froncisz Department of Biophysics, National Biomédical ESR 

Center, Medical College of Wisconsin, Milwaukee, WI 

53226, U.S.A. 

A.A. Gewirth Department of Chemistry, Stanford University, 

Stanford, CA 94305-5080, U.S.A. 

J.F. Glockner College of Medicine, University of Illinois, 190 

Medical Sciences Building, 506 S. Mathews Avenue, 

Urbana, IL 61801, U.S.A. 

J. Gorcester Rijksuniversiteit Leiden, Huygens Laboratorium, Niels 

Bohrweg 2, Postbus 9504, 2300 RA Leiden, The 

Netherlands 

R.J. Gurbiel Institute of Molecular Biology, Jagiellonian 

University, al. Mickiewicza 3, 31-120 Krakow, Poland 

W.R. Hagen Department of Biochemistry, Agricultural University, 

Dreijenlaan 3, 6703 HA Wageningen, The Netherlands 

A.J. Hoff Department of Biophysics, Huygens Laboratory, State 

University of Leiden, P.O. Box 9504, 2300 RA Leiden, 

The Netherlands 

B.M. Hoffman Department of Chemistry, Northwestern University, 

Evanston, IL 60201, U.S.A. 

P.J. Hore Physical Chemistry Laboratory, Oxford University, 

Oxford 0X1 3QZ, England 

L.I. Horvâth Institute of Biophysics, Biological Research Centre, 

H-6701 Szeged, Hungary 

J. Hüttermann Biophysik und Physikalische Grundlagen der Medizin, 

Universität des Saarlandes, D-6650 Homburg/Saar, 

B.R.D. 



XXI 

J.S. Hyde Department of Biophysics, National Biomédical ESR 

Center, Medical College of Wisconsin, Milwaukee, WI 

53226, U.S.A. 

R.A. Isaacson Department of Chemistry, University of California -

San Diego, La Jolla, CA 92093, U.S.A. 

R. Kappl Biophysik und Physikalische Grundlagen der Medizin, 

Universität des Saarlandes, D-6650 Homburg/Saar, 

B.R.D. 

W. Lersch Institut für Physikalische und Theoretische Chemie 

der Technischen Universität München, 

Lichtenbergstrasse 4, D-8046 Garching, B.R.D. 

W. Lubitz Physikalisches Institut, Universität Stuttgart, 

Teilinstitut 2, Pfaffenwaldring 57, D-7000 Stuttgart 

80, B.R.D. 

W.B. Lynch Advanced Materials Corp., c/0 Mellon Institute, 4400 

Fifth Avenue, Pittsburgh, PA 15213, U.S.A. 

A. Macedo Centro de Qulmica Estrutural, Complexo 

Interdisciplinar, Av. Rovisco Pais - 1096 Lisboa 

Codex, Portugal 

D. Marsh Max-Planck-Institut für Biophysikalische Chemie, 

Abteiling Spektroskopie, D-3400 Göttingen, B.R.D. 

J.D. McElroy AT&T Bell Laboratories, 260 Cherry Hill Road, 

Parsippany, NJ 07054, U.S.A. 

K.A. McLauchlan Physical Chemistry Laboratory, University of Oxford, 

South Parks Road, Oxford 0X1 3QZ, England 

M.E. Michel-Beyerle Institut für Physikalische und Theoretische Chemie 

der Technischen Universität München, 

Lichtenbergstrasse 4, D-8046 Garching, B.R.D. 



XXII 

G.L. Millhauser Department of Chemistry, University of California, 

Santa Cruz, CA 95064, U.S.A. 

W.B. Mims Exxon Research and Engineering Company, Annandale, NJ 

08801, U.S.A. 

K. Möbius Institut für Molekülphysik, Fachbereich Physik, Freie 

Universität Berlin, Arnimallee 14, D-1000 Berlin 33, 

B.R.D. 

I. Moura Centro de Quimica Estrutural, Complexo 

Interdisciplinar, Av. Rovisco Pais - 1096 Lisboa 

Codex, Portugal 

J.J.G. Moura Centro de Quimica Estrutural, Complexo 

Interdisciplinar, Av. Rovisco Pais - 1096 Lisboa 

Codex, Portugal 

J. Peisach Departments of Molecular Pharmacology and Physiology 

and Biophysics, Albert Einstein College of Medicine, 

1300 Morris Park Avenue, Bronx, NY 10461, U.S.A. 

M. Plato Institut für Molekülphysik, Fachbereich Physik, Freie 

Universität Berlin, Arnimallee 14, D-1000 Berlin 33, 

B.R.D. 

A. Schweiger Laboratory of Physical Chemistry, Swiss Federal 

Institute of Technology, ETH-Zentrum, CH-8092 Zurich, 

Switzerland 

U. Segre Dipartimento di Chimica Fisica, Université di Padova, 

Via Loredan 2, 1-35131 Padova, Italy 

D.J. Singel Department of Chemistry, Harvard University, 12 

Oxford Street, Cambridge, MA 02138, U.S.A. 

M. S ivaraj a Department of Chemistry, Northwestern University, 

Evanston, IL 60201, U.S.A. 



XXIII 

E.I. Solomon Department of Chemistry, Stanford University, 

Stanford, CA 94305-5080, U.S.A. 

D. Stehlik Fachbereich Physik, Freie Universität Berlin, 

Arnimallee 14, D-1000 Berlin 33, B.R.D. 

H.M. Swartz College of Medicine, University of Illinois, 190 

Medical Sciences Building, 506 S. Mathews Avenue, 

Urbana, IL 61801, U.S.A. 

M.C. Thurnauer Chemistry Division, Argonne National Laboratory, 9700 

South Cass Avenue, Argonne, IL 60439, U.S.A. 

D. van Ormondt Department of Applied Physics, University of 

Technology, P.O. Box 5046, 2600 GA Delft, The 

Netherlands 

M.M. Werst Department of Chemistry, Northwestern University, 

Evanston, IL 60201, U.S.A. 

T.D. Westmoreland Department of Chemistry, Stanford University, 

Stanford, CA 94305-5080, U.S.A. 



This page intentionally left blank



1 

CHAPTEB 1 

ESEEN AND LEFE OF NETALLOPROTEINS AND NODEL COMPOUNDS* 

WILLIAM B. NINS and JACK PEISACH 

1. INTRODUCTION 

It is surprising, perhaps, that experiments which involve coherent exci-

tation should have played such a minor role in EPR, all the more so since the 

sources of excitation used in EPR have always been coherent, obviating any 

need for developing a new kind of signal source as in coherent optics. The 

reason, on closer examination, lies in the short intrinsic coherence times of 

the physical systems examined by.the microwave resonance method, and in the 

excess broadening of many resonance lines caused by crystal strains. At low 

temperatures, where lattice relaxation times cease to affect linewidth, this 

excess broadening or inhomogeneous broadening, still often produces line-

widths of the order of 10 G (28 MHz), even in the ideal case of lightly 

doped, single crystal samples. In the time domain this corresponds to a 

lifetime of 11 nanoseconds. 

Fortunately, the spin echo technique provides a means of overcoming in-

homogeneous line broadening, and by using this method one can observe spin 

coherence for times of several microseconds, or more. In the frequency 

domain this corresponds to a linewidth of less than 0.03 MHz or 10 milli-

gauss. The electron spin coherence times, or phase memory times, remain 

several microseconds, even in crystalline samples with yery broad inhomo-

geneous lines, or in frozen solution samples where the EPR spectrum consists 

of a continuum, many hundreds of gauss wide. The technical price for making 

use of this convenient property is the acquisition of a short-pulse, high-

power microwave transmitter system, a low-noise, non-overloading receiver, 

and a timing and pulse programming system. All but the first of these are 

becoming cheaper and more readily available, and thirty or more laboratories 

world-wide are now equipped to perform coherent EPR experiments of this kind 

(1). 

Coherent EPR methods have been found especially useful for investigating 

materials that are not available in single crystal form. The very broad 

spectral distributions found in powders and frozen solutions pose no new 

problems, other than those of signal intensity, since the coherence times are 

*This work was supported in part by Grants RR-02583 and GM-40168 from the 
United States Public Health Service. 
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no shorter, and the corresponding spectral widths, or "spin packet" widths, 

are not greater than in single crystals. Such methods would indeed seem to 

be intrinsically destined to find a major application in metalloprotein 

studies. Several different types of coherent EPR experiments have been 

proposed, but, out of these only two have found a biological application, and 

they will form the subject of this article. A third type of experiment, 

pulsed ENDOR in its several forms (see the Chapter by K.P. Dinse), has been 

performed on non-biological materials and may be expected to find a bio-

logical application in the future. 

The first method to be discussed here, the electron spin echo envelope 

modulation (ESEEM) method, forms a natural complement to ENDOR, either in its 

non-coherent continuous wave mode or in its pulsed mode. The ESEEM method is 

particularly well suited for detecting nuclei that are weakly coupled to near-

by electrons -- for example the nuclei of a ligand atom or of a substrate 

atom in a metalloprotein complex. Since this appears to be a promising field 

of application, we shall spend much time discussing ways of performing this 

kind of experiment. For more general discussions of ESEEM as a spectroscopic 

tool, reference can be made to review articles in this (the Chapters by S.A. 

Dikanov and D. Singel) and in other volumes (2-5). 

The second method to be discussed here is based on a measurement of the 

linear electric field effect (LEFE) in EPR, which is useful for investigating 

the symmetry and bonding of paramagnetic complexes. Although there have been 

numerous LEFE experiments performed on inorganic single crystal samples, this 

method has been used on metalloprotein samples only by the authors Qf the pre-

sent article, who offer apologies here for constant references to their own 

work. The paucity of LEFE work in the biological area is due to the fact 

that a short-pulse, high-power pulsed EPR system is indispensable for LEFE 

measurements on metalloprotein samples in frozen solution, whereas older, non-

coherent continuous wave methods are, to a certain degree, successful with in-

organic single crystals. We should like to stress the fact that any labora-

tory already possessing a short-pulse electric spin echo (ESE) system -- for 

example, an instrument acquired in order to perform ESEEM studies -- can, for 

several thousand dollars and some extra shop work, gain access to the LEFE 

method. Although LEFE measurements may be needed only occasionally to answer 

some particular questions, the investment would seem to be worthwhile, and we 

hope that the present review may encourage laboratories possessing ESE equip-

ment to take the necessary upgrading step. Some practical details regarding 

LEFE techniques are found in reference (6). Earlier review articles dealing 

generally with the application of ESE techniques related to biological mater-

ials are in refs. 2-5. 
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2. APPLICATION INVOLVING THE NUCLEAR MODULATION EFFECT (ESEEM) 

The electron spin echo envelope modulation (ESEEM) effect is described in 

detail elsewhere in this volume. We can, therefore, confine ourselves here 

to stating the essential formulae and to outlining those features which bear 

directly on the application of ESEEM measurements to the study of metal-ion-

ligand complexes, such as those encountered in metalloprotein samples and in 

model compounds. 

The modulation effect arises as a result of the heterodyning of the allow-

ed and semi forbidden microwave transitions between the levels of a coupled 

electron-nuclear system (Fig. 1). For this to occur, both kinds of transi-

tions must be excited simultaneously by the microwave transmitter pulses. If 

only one transition is induced, as is the case when the electron-nuclear coup-

ling energy is much larger than the Zeeman energy, there is no modulation ef-

fect. There is also no modulation effect if the microwave field Hj in the 

pulses is too weak, since then only one or the other of the heterodyning tran-

sitions can be driven by the pulses. As a rough criterion, Hj should ex-

ceed the distance (in Gauss) between the relevant allowed and semiforbidden 

transitions. Even then, unless Hj substantially exceeds the minimum cri-

terion, the depth of modulation, which is an important parameter in some of 

the experiments described here, may be smaller than that predicted by simple 

formulae. 
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Fig. 1. A. Magnetic energy level scheme for an I = 1/2 nucleus coupled to 
an S = 1/2 electron spin. B. A level scheme for an I = 1 nucleus 
interacting with an S ■ 1/2 electron spin. Solid lines indicate allowed 
transitions; broken lines indicate semiforbidden transitions. 
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Two minor experimental points are worth noting. The description of the 

echo process in terms of 90° and 180° pulses, which is usually given in NMR 

texts, is largely irrelevant in the case of ESE experiments on frozen metallo-

protein solution samples. The range of microwave excitation (~ ±Hj on 

either side of resonance) is usually much less than the width of the overall 

spectral distribution, so that during the microwave pulses, most spins are 

undergoing motions of a much more complex kind. Fortunately, this makes no 

major difference to the modulation pattern, provided that Hj is large 

enough to excite both allowed and semiforbidden transitions in the same way 

for the systems falling within the 2Hj bandwidth. It has no effect on the 

observed modulation frequencies, which depend on nuclear precession occurring 

in the intervals between the pulses, although it can result in a small shift 

in the zero of the time scale, by an amount not exceeding half the trans-

mitter pulse width. 

A second practical point is that it does not usually matter if the echo 

repetition rate is too fast to allow complete relaxation between echo 

cycles. The echo signal amplitude will be reduced by the partial saturation 

of the spin system, but this disadvantage may be more than offset by the 

greater speed of data accumulation. Changes in the modulation depth could, 

in principle, be caused by differences in the relaxation rates of allowed and 

semiforbidden transitions, but any such effect is generally obscured by cross 

relaxation in samples having the usual paramagnetic concentrations. Only 

when non-cross-relaxing species are simultaneously excited is there some risk 

of observing a rate-dependent modulation effect. 

Some final words of caution apply to the use of the simple theoretical 

formulae given below. These formulae assume that the two electron spin 

states involved in the resonance transition can be described by an effective 

spin S=l/2 and that the system has an isotropic g value. Envelope modulation 

is observed in many other cases, but the theoretical problem then becomes 

more complex. For instance, if the electron transitions are between the 

magnetic substates of the S = 5/2 Mn(II) ion, it may be necessary to diagonal -

ize the whole 6 x 6 electron spin matrix in order to find the effective value 

of the electron magnetic moment Mz that enters into the calculation of the 

modulation frequencies and the modulation depth. Frequencies and depth may 

differ drastically from one Mn(II) electron transition to another. For a sim-

ilar reason it is incorrect to apply the simple formulae given here to sys-

tems with a large g anisotropy, since in this case, Mz is not necessarily 

aligned parallel to the magnetic field H0 and may be larger than the value 

one would calculate from the standard g formula (7). The modulation frequen-

cies remain the same as the "ENDOR" frequencies for the system, but the calcu-

lation of these frequencies and of the modulation depth is less straight-
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forward. This particular problem is often overlooked in biological experi-

ments, and, indeed, the errors may not be large in comparison with those 

which result from spherical averaging together with any other convenient 

approximations. It should receive attention, though, if g is highly aniso-

tropic and if modulation depth measurements play an important part in the 

interpretation of data. 

2.1 Two-pulse echoes 

When a nucleus with spin I = 1/2 is coupled with an electron with spin 

S * 1/2, and when g = 2, the envelope of two-pulse electron spin echoes 

(Fig. 2A) is modulated by a function: 

W 7 ) - 1 - K/2 + (k/2)[cos(a>a7) + α)5(ωβτ) 

- (l/2)cos(«e + ωβ)τ - (l/2)cos(a>a - ωβ)τ] [2.1] 

where ωα ω β are the superhyperfine (ENDOR) frequencies associated with 

the upper and lower electron spin states. If the electron nuclear coupling 

is purely dipolar, the modulation depth factor k is given by: 

k = ( ω ^ / ω ^ β ) 2 [2.2] 

where u^ = (l/ü)(gnßnH0) [2.3] 

and B = (l/fi)(ggnßßn)(3cos0sin0)/r
3. [2.4] 

The quantities g, gn, ß, ßn, are the g factors and the values of the mag-

neton for the electron and nucleus, H0 is the Zeeman field, r is the dis-

tance between the electron and nucleus, and Θ the angle between the line join-

ing the electron and nucleus and H0. In Eqn. 2.3 o)j is the free precess-

ion frequency (in radian units) of the nucleus (i.e. the frequency that might 

be observed in the absence of any electron-nuclear coupling). The frequen-

cies ωα, ω β are given (in the case of pure dipolar coupling) by: 

0)tt
2 = (B/2)2 + (Ad/2 + ω χ )

2 [2.5] 

ω β
2 - (B/2)2 + (Ad/2 - ω ι ) 2 [2.6] 

where 

Ad = (l/ti)(ggnßßn)(3cos
2* - l)/r3. [2.7] 

For proton modulation as commonly observed in an X-band ESEEM experiment, 

the dipolar coupling coefficients Ad and B are several times smaller than 

cjj. Then, to the first order of approximation, ωα - o>j + Ad/2, 

ωβ ~ Wj - Ad/2, k ~ (B/o)j) , and the modulation depth varies as 

sin2(20)/r°. The maximum modulation depth occurs at Θ = 45°, i.e. at an 

angle for which the Ad term is relatively small. The sum frequency term in 

Eqn. 2.1 is independent of Ad and reduces, in first order of approximation, 

to 

-l/4kcos(2o)Ir). [2.8] 

Because of the variation of Ad with the orientation of the centers in a fro-

zen solution sample the fundamental frequency term is spread out over a fre-

quency band, and the corresponding modulation pattern is rapidly damped out. 
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TRANSMITTER PULSES 

2-PULSE ECHO 

I 
A. 

- H 

TRANSMITTER PULSES 

UNWANTED 
2-PULSE 
ECHOES 

Fig. 2. (A) 2-pulse and (B) 3-pulse electron spin echo sequences In 2-
pulse experiments, the echo envelope is obtained by gradually increasing r in 
successive pulse sequences, the amplitudes being measured by sample hold cir-
cuitry. In 3-pulse studies, r is set to a fixed value and r' is varied. The 
"unwanted" two pulse echoes in B result from the failure of ideal 90-90 pulse 
conditions in broad line samples. They correspond to different 2-pulse com-
binations of I, II, III, and the first 2-pulse echo. 

The modulation pattern due to the harmonic term in [2.8] persists for a 

longer time since it is not, to the first order, dependent on A^. 

A more elaborate calculation taking into account the nuclear quadrupolar 

interaction energy is generally needed for nuclei with I>l/2. However, if 

the nuclear quadrupolar energy is small compared with the Zeeman energy, it 

remains possible to use the I = 1/2 formulae with some modifications. This 

approximation can often be used in X-band experiments that involve coupling 

with molecules containing deuterium ( 1 = 1 ) , or that involve coupling with 

other nuclei such as 23Na (I = 3/2) in environments that minimize the 

effects of nuclear quadrupolar coupling. The case of deuterium is of special 

importance in experiments aimed at investigating the accessibility of enzyme 

active sites to solvents and in substrate labelling experiments. 

To the first order of approximation the four ENDOR transition frequencies 
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for weakly coupled deuterium nuclei are given in radian units by 

wj = o)D + 1/2 Ad + tug 

a>2 = % + 1/2 Ad - Q>Q 

^3 - % - 1/2 Ad + Û)Q 

ω4 = o)D - 1/2 Ad - O>Q [2.9] 

where ω 0 = gnßnH0/ti is the free nuclear precession frequency for 

deuterium nuclei (without dipolar or quadrupolar coupling), 

Ad = (l/ii)ggnßßn(3cos
20 - l)/r3 [2.10] 

and where 

(dq=(3/8)e2qQ(3cos20Q - l)/ti. [2.11] 

For D20, (which will serve as a model for the purposes of this discussion), 

the quadrupolar field is very nearly axial; 0n is the angle between the 

quadrupolar axis and H0, and the zero field nuclear quadrupolar frequencies 

υ+ and υ" (in Hz units) are approximately given by 

υ+ s υ- Ä (3/4)e2Qq/h. [2.12] 

The modulation depth parameter kp for deuterium is 8/3 times that for 

protons, as prescribed by the formula: k a 1(1 + 1) (8-10). This formula 

holds good when the quadrupolar interaction is small compared with the Zeeman 

interaction, so that, for the initial part of the modulation pattern at 

least, the frequencies o)j, ω2, 0)3, ω^ in Eqn. 2.9 can all be consider-

ed together, i.e. in this case approximated by OÎQ. A detailed calculation 

for the I = 1 case also yields a number of terms in kg2 (11), which cor-

respond to state mixing of the Mj = ± 1 superhyperfine levels by the dipol-

ar interaction. These terms result from the partial relaxation of the selec-

tion rule excluding the doubly forbidden 5Mj = 2 nuclear quantum jump. 

However, they can be ignored in first order, leaving the simplified form of 

the two-pulse modulating function 
vmod = Π ~ (l/2)kp) + (l/4)kD(cos WjT + cos ω27 + cos ω3τ + cos ω4τ) 

- (l/ejkptcos^o)! + 0)3)7) + COS((CÜ2 + ω4)τ) 

+ cos^o»! - ω3)τ) + cos((tü2 -04)7)]. [2.13] 

As may be seen by substituting frequencies from Eqn. 2.9, the Ad term dis-

appears in first order from the sum frequency terms, and ωη disappears from 

the difference frequency terms, leaving 
vmod = 0 - (l/2)kD) + kD cos(aD7)cos((l/2)Ad7)cos(a>Q7) 

-(l/4)kDcos(2o)D7) cos(2o)Q7) - (l/4)kD cos(Ad7). [2.14] 

These formulae are easily extended to the case where the electron-nuclear 

spin Hamiltonian includes a small Fermi contact term of the form ACI*S. 

In Eqn. 2.9, o)j and ω2 are increased by (1/2)AC whereas 0*3 and ω4 

are reduced by (1/2)AC. The factors cos((l/2)Ad7), cos(Ad7) in Eqn. 

2.14 become, respectively, cos((l/2)((Ac + Ad)7), cos((Ac + Ad)7). 

Metal ion centers in proteins are surrounded by numerous weakly coupled 
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hydrogen atoms, and often also by other magnetic nuclei such as 14N. All 

of these nuclei contribute simultaneously to the modulation pattern. If 

nuclei Ij, I2, •••In are coupled to the same electron spin, then the 

overall modulation function is given by the product of the individual modu-

lating functions, as indicated by the formula 

V N U ! , ^ , . . . ^ ) = Vjdj) x V2(I2) x ...Vn(In). [2·15] 

When the overall modulation depth in a particular experiment is not too 

great, it may be simpler to replace the product by the sum obtained by expand-

ing the Vr(Ir) terms Eqn. 2.15 to the first order in the individual depth 

parameters kf. This linear approximation is sometimes a convenient way of 

representing the modulation function due to coupled nuclei that lie outside 

of the first coordination sphere. But caution is required when treating 

large numbers of nuclei, since the accumulation of higher order products 

kqkr will eventually offset the smallness of the products considered in-

dividually. Higher order product terms may also include useful structural in-

formation as shown in section 2.9. 

There are two disadvantages of the two-pulse ESEEM method relative to 

ENDOR. As can be seen from Eqns. 2.1 and 2.13 the function Vmo(j contains 

sum and difference frequency terms as well as terms in the individual super-

hyperfine frequencies. These sum and difference terms occur to the first 

order in the depth parameter k, and, although they are distinguished by their 

negative phase, and appear as distinct inverted lines in the cosine Fourier 

transform (see e.g., Fig. 9B) they can become a source of confusion in com-

plex spectra. A second major disadvantage of the two-pulse ESEEM method is 

the shortness of the phase memory time, and the associated broadening of the 

superhyperfine lines that make the spectrum much harder to resolve than an 

ENDOR spectrum. In organic samples the phase memory time cannot be increased 

very much beyond r 2 microsec, either by lowering the temperature or by reduc-

ing the concentration of paramagnetic centers, since it is due to internal 

magnetic field fluctuations caused by spin-spin flips of hydrogen nuclei. 

These flips occur at a rate that, in the liquid helium range, is virtually 

independent of temperature. On the other hand, there are certain advantages 

of the ESEEM method. It allows one to detect electron-nuclear coupling for 

weakly coupled nuclei or for nuclei with very small moments, and it provides, 

via the modulation depth, an additional source of information. The insensi-

tivity to the magnitude of the nuclear moment can be seen by setting ω α -

ωβ ~ &>j in Eqn. 2.2 and substituting values from Eqns. 2.3 and 2.4. The 

way in which modulation depth depends on the electron-nuclear coupling can be 

seen from Eqns. 2.2-2.4. The modulation depth is independent of instrument-

al settings, provided that the pulsed microwave transmitter can deliver ade-

quate power, and generate the Hj required in order to excite all the rele-



9 

vant allowed and semiforbidden transitions. 

Fortunately, it is possible to retain the advantages of the ESEEM method 

and avoid the disadvantages associated with two-pulse ESEEM experiments by 

performing experiments in the three-pulse "stimulated echo" mode. Although 

much of the early work was done in the two-pulse mode, it has subsequently 

been found that, in many instances, it is preferable to use the three-pulse 

method for metalloprotein studies. The two-pulse method is mainly useful for 

making a rapid check on the quality of a sample, and for obtaining a rough 

preview of its modulation properties before resorting to a more detailed and 

time consuming three-pulse study. 

2.2 Three-pulse echoes 

Under the conditions stated in conjunction with Eqn. 2.1, the modulating 

function in the three pulse case (see Fig. 2B) is given by 

Vmo d = 1 - (l/2)k{sin2(o)ar/2)[l-cos(a)ßr')] 

+ sin2(a)ßr/2)[l-cos(G)ar')]} [2.16] 

where r is the time between pulses I and II, τ' is the time between pulses I 

and III and the other quantities are as defined in the two-pulse case. The 

echo, often described as a "stimulated echo", appears at a time r after pulse 

III. 

The stimulated echo signal is, in fact, a form of free induction signal. 

The first two pulses, which in the idealized narrow-line case are 90° pulses, 

produce a toothed pattern in the resonance line (i.e. a toothed pattern in 

Mz, the z component of electron spin magnetization; see e.g., Fig. 12 in 

ref. 4). How this pattern is generated can be seen as follows. Immediately 

after pulse II, the spins exactly on resonance with the microwave transmitter 

frequency are inverted. Spins whose frequencies lie ± π/r on either side of 

exact resonance precess by ± 180° between pulses I and II and are returned to 

the normal state by pulse II. Spins with frequencies ± 2π/τ away from exact 

resonance precess by 360° between the pulses and are inverted, just like the 

spins on exact resonance. Spins offset by ± 3π/τ are returned to the normal 

state, and so on. In the more realistic wide-line case, where ideal 90° spin 

nutations do not occur, and where spin reorientation follows less simple 

rules, a toothed pattern of periodicity 2π/τ in the frequency domain is still 

generated, but the pattern becomes shallower to either side of resonance, the 

principal effect being limited to a range ± 2Hj. Because of the deviations 

from precise 90° spin nutation, there is some residual Μχ and My magnet-

ization, which results in precessional coherence and causes the appearance of 

a two-pulse echo at time τ after pulse II (see Fig. 2B) but this extra echo 

can be ignored for the moment. The important property of the toothed pattern 

in Mz is that it can persist for times that are very much longer than the 

phase memory time. Eventually it is erased by cross relaxation or by lattice 
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relaxation, but it can last as long as 100 #seconds in magnetically dilute 

samples at helium temperatures, even for those materials that contain large 

numbers of hydrogen nuclei. The actual lifetime of the pattern depends in 

part, on the value chosen for r. Thus, the longer the time r, the closer the 

teeth, and the more easily the Mz pattern is erased by cross relaxation. 

The toothed pattern in Mz could, in principle, be measured by contin-

uous wave EPR, using a rapid field sweep after pulse II, but it is easier to 

use the free induction technique. A third 90° pulse generates the Fourier 

transform of the Mz pattern, which consists of a pulse offset from pulse 

III by time r. This is the stimulated echo. One can see as follows that 

this echo, like the two-pulse echo, varies in amplitude according to the 

nuclear modulation effect. Between pulses II and III the precession of nu-

clei, which are polarized by the sudden changes in local field caused by 

pulses I and II, produces cyclic variations in the local magnetic field act-

ing on the electron spins. So, depending on the point reached in the nuclear 

precession cycle when pulse III is applied, the toothed pattern is either ful-

ly resolved or partially blurred in comparison with what it would be without 

any nuclear coupling. The stimulated echo amplitude thus varies according to 

the nuclear precession period and the pulse II to pulse III timing. The im-

portant difference between this and the modulation effect in two-pulse experi-

ments is that the modulation patterns can now extend over many nuclear 

cycles, being limited only by the widths of the associated superhyperfine 

lines and not by the electron spin echo phase memory. 

A further advantage of working in the three-pulse rather than the two-

pulse mode will be apparent from Eqn. 2.16. If the experiment is conducted 

by setting r to a constant value and by varying τ', then only the frequencies 

ωα, tüß, and not their sums or differences, appear in the result. How-

ever, the two frequencies ωα and ίϋβ are not fully independent of one 

another, but are connected in a way that enables one to correlate them. For 

example, if one sets r so that it comprises a whole number of cycles of the 

frequency ωα, then tdß is excluded from the envelope and vice versa. This 

"suppression effect", in which the frequencies belonging to the upper set of 

levels (Ms = + 1/2) are controlled by the frequencies belonging to the low-

er set (Ms = -1/2) and vice versa, also occurs with I > 1/2. Although in 

this case frequency suppression may only be partial, it is sometimes useful 

for deciding when two superhyperfine transitions occupy corresponding places 

in the upper and lower manifolds of superhyperfine levels (see e.g., Fig. 14 

in ref. 4). The suppression effect is also useful for eliminating proton mod-

ulation when, as often happens in biological studies, this is of no particu-

lar experimental interest. 

The product formula corresponding to Eqn. 2.15 for the three-pulse case 
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(12) is 

Vmod(Ii,I2>...In) - (1/2)TT Υ^τ,τ') + (1/2)IT V ^ ' ^ ) [2.17] 
i=l i=l 

where IT is the product operator and the functions V^ are obtained by writ-

ing Vm0(j(7,7') as the sum of two terms 

W 7 ' 7 ' ) ■ d/2)[V(7,7') + V(r',r)]. [2.18] 

For instance, in Eqn. 2.16 Vmoc| can be written in the form [2.18] with 

V(7,r') given by 

V(7,7') = 1 - (l/2)k[l-cos(0)a7)][l-cos(Wß7')]. [2.19] 

If the electron is coupled with a nucleus with I>l/2 it is generally nec-

essary to compute the three-pulse ESEEM function numerically (though if only 

the frequencies and not the modulation depths are required, an ENDOR type cal-

culation is sufficient). However, some simplification can be made in the 

case of deuterium because of the small nuclear quadrupolar energies encounter-

ed in most deuterium-containing molecules. Assuming that the dipolar inter-

action, the quadrupolar interaction, and any contact interaction are all 

small in relation to the Zeeman energy, we can, as in the two-pulse case, 

write down first order expressions for the four ENDOR frequencies, and treat 

the modulation depth as being governed by a parameter kp which is 8/3 larg-

er than the parameter k in Eqn. 2.2. Terms in kD
2 (i.e. terms involving 

6MZ = 2 transitions) can be ignored, and we have 

W7>7') = l - (1/4)^([διη
2(ωι7/2)][1-εοδ(α)37')] 

+ [sin2(a>27/2)][l-cos(a>47')] 

+ [sin2(w37/2)][l··«*^!')] 

+ [sin2(a>47/2)][l-cos(a>27')]). [2.20] 

If the time τ is set to one deuterium cycle or less, it is often possible to 

approximate ω^, α^, ω^, ω^ ~ % in the sinz(û)7/2) factors, thus 

simplifying [2.20] still further. (See section 2.5.) 

2.3 Application of formulae to frozen solution samples:Spherical 

averaging 

It should be remembered that the formulae given in the previous sections 

of this article all refer to single crystal samples, in which the dipolar par-

ameters Α φ Β, the quadrupolar parameters UQ,0Q> etc-> h*ve specific 

values depending on the orientation of the molecules in the complex with re-

spect to HQ. Before these formulae can be used to interpret data obtained 

with frozen solution samples, it is necessary to form a suitable average over 

all the orientations of the complex that contribute to the echo signal at a 

particular selected value of HQ in the EPR spectrum. If all the relevant 

information were to be available, this average would be readily obtained by 

computation. More commonly, however, the problem presents itself in the in-
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y e r s e form, yery little is known at the outset, and the parameters have, for 

the most part, to be inferred by fitting computations based on sets of trial 

values to the experimental results. 

Fortunately, it is possible to simplify the inverse problem by making 

some fairly coarse approximations. One of the most useful of these is to 

assume that the directions of the electron-nuclear line, and of the principal 

quadrupolar axes, are spherically distributed and uncorrelated with one 

another. Thus, for instance, in the case of a frozen solution of a para-

magnetic ion in H20 it may be assumed that the angle Θ in Eqns. 2.4 and 2.7 
takes on all values from 0° to 180°, and that a summation of computed echo 

envelopes, weighted by the spherical factor sin0, will provide a curve that 

is good enough for comparison with experimental data. For the same complex 

in D20 a double summation, incorporating a summation over Θ and a second 
summation over 0n, the latter weighted by sintfg, must be made. Where the 

modulation pattern is due to 14N, an even coarser approximation has been 

found useful in some situations. The factor governing the depth of modu-

lation is simply ignored, and a spherically averaged ENDOR frequency spectrum 

is computed without it. This spectrum has been found helpful in assigning 
14N transitions, although, since the amplitude values are incorrect, it 

cannot be transformed into a time wave to be compared with the echo envelope 

itself. A spherical averaging approximation is also useful when applying the 

product formula [2.15]. It is assumed here that the angular coordinates of 

each nucleus are uncorrelated with each other, so that the echo envelope in 

the multinuclear case can be found by multiplying the spherically averaged 

envelopes for each nucleus considered separately. 

Of course, approximations such as these should be tested whenever pos-

sible by comparing the results of the calculation with experimental data on 

well characterized complexes, or by comparing the computations with others 

made at higher levels of sophistication. It should also be remembered that 

in using the spherical approximation one may sacrifice useful experimental 

information. By making measurements at a number of different H0 settings 

one can work in an intermediate realm, somewhere between single crystal spec-

troscopy and spherically averaged frozen solution spectroscopy. For example, 

in the limiting case, one can approximate to single crystal conditions, by 

setting H0 at the gma x or gmin ends of the frozen solution spectrum of 

a center with 3 different principal g values. Analyses along these lines 

have proved useful in ENDOR experiments, and are being tried out in ESEEM 

experiments. 

When computing the frozen solution modulation pattern for deuterium, one 

can avoid lengthy simulations and take a short cut that involves the assump-

tion that the angles Θ and 0n are uncorrelated. The rationale of this pro-
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cedure is as follows. We assume that the magnetic dipolar interaction and 

the quadrupolar interaction are both small in relation to the Zeeman energy 

so that the ENDOR frequencies can be approximated to the first order as in 

Eqn. 2.9. If there is, in addition, a small contact interaction of the form 

ACI*S this can be included by adding a further first order correction of 

+(1/2)AC to 0)2,̂ )2 and -(1/2)AC to 0)3,0)4. Let us suppose that 

envelope simulations that take everything except the quadrupolar interaction 

into account, have already been made. Then the effect of introducing the 

terms ±O)Q in Eqn. 2.9 is to spread each monochromatic element in the fre-

quency spectrum that corresponds to these simulations (other than the d.c. 

term) into a spectrum described by the function (13) 

*Q(f) = *Ql(f) + *Q2(f) 

where 

0Q1(f) = 1/(0.Si^-f)
1/2; (f = -υ* to Ο.δυ*, 0g l = 0 elsewhere), 

0q2(f) = 1/(0.Su* + f )
1 / 2 ; (f = -Ο.δυ* to υ±, 0 Q 2 = 0 elsewhere), [2.21] 

and υ± ~ υ+ ~ v" as in Eqn. 2.12. 

This convolution of functions in the frequency domain becomes a multiplica-

tion in the time domain. The existing simulations can therefore be converted 

into simulations that include the deuterium quadrupolar interaction by multi-

plying them by the Fourier transform of 0g(f), which is denoted in the fol-

lowing discussion by Dn(t). Moreover, since o)g is not dependent on the 

electron nuclear distance r, the multiplication need only be performed once, 

on the products of the time waves for all similarly bonded (e.g. D2O) deu-

terons in the problem. The required multiplying function Dg(t) is shown in 

Fig. 3. For deuterated ice this function crosses zero at ~ 4.2 ^seconds and 

again at ~ 10.8 #seconds; between these two times the quadrupolar interaction 

causes a phase reversal in the deuteron modulation pattern. 

The short cut method outlined above can be applied without further modifi-

cation to three-pulse envelope computations. (The effect of introducing o)n 

into the sin2(o).j7/2) factors in Eqn. 2.20 is small enough to be ignored 

if, as in many experiments, r is set to a constant value of approximately 

half a deuterium cycle.) Two-pulse experiments involve an additional com-

plication since the sum and difference terms give rise to distributions cen-

tered on zero frequency and on the second harmonic of the NMR frequency. The 

quadrupolar contribution cancels out for the former and is doubled for the 

latter (see Eqn. 2.14). The component in the time waveform corresponding to 

the very low frequency distribution is therefore unaffected by the intro-

duction of the deuterium quadrupolar interactions, whereas the time waveform 

corresponding to the second harmonic must be multiplied by the function in 

Fig. 3 with time in units of 1/υ± instead of 2/υ± on the horizontal scale. 

This explains a frequently noted difference between two-pulse *H and 2H 
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Fig. 3. A 3-pulse deuterium ESEEM pattern, computed without taking the nuc-
lear quadrupolar interaction into account, can be converted into one which in-
cludes the nuclear quadrupolar interaction by multiplying it by Dn(t). (The 
d.c. term and other modulating functions that do not involve deuterium must 
first be removed.) Time is in units of 2/υ± where υ± - w+ - w- (the quadru-
polar field is assumed to be roughly axial). For deuterium in deuterated ice 
the graph covers times from 0 to approximately 12 microseconds. 

modulation patterns. After a certain number of cycles ^H patterns tend to 

be dominated by the second harmonic frequency, since the broadening effect of 

the dipolar interaction is absent for this harmonic component [see Eqn. 

2.8]. But, in the case of 2H patterns, both harmonics are broadened by the 

quadrupolar frequency offsets, the decay for the second harmonic being twice 

as fast as for the fundamental, so that there is no longer a tendency for the 

second harmonic to prevail at later times in the two-pulse envelope. Only if 

A(j or Ac are large do they become the major determinants and cause the 

Ĥ type of modulation pattern to be seen in a deuterated sample. 

2.4 Isotopic labelling and the method of waveform division 

As pointed out earlier, the ESEEM method is especially useful for detect-

ing nuclei that are weakly coupled to an electron spin. This suggests appli-

cations in which a substrate molecule is labelled with a nucleus such as 2H 

or 13C, so that the substrate to enzyme bonding can be studied by observing 

the magnetic interactions between the labelling nucleus and the metal ion at 

the enzyme active site. The problem is to disentangle the ESEEM component 

due to the nucleus in question from components due to all the other nuclei 
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present. 
As an introductory illustration we cite an early experiment in which the 13 

binding between the metalloprotein complex Cu(II)-conalbumin and 10C la-
belled oxalate anion was studied in this way (14) (Fig. 4A). The measure-
ments were done in the two-pulse mode, though later experience suggests that 
a three-pulse study would probably have yielded better data and been more 
informative. Two two-pulse envelopes were recorded, one for Cu(II) conal-
bumin bound by normal C1 2 oxalate and one for Cu(II) conalbumin bound by 
13C-labelled oxalate. Certain minor differences between these two enve-
lopes could, with some difficulty, be detected, but both patterns were domi-
nated by modulation due to protons and due to 14N nuclei belonging to an 
imidazole ligand (see section 2.7). 

In order to enhance these small differences the echo envelope obtained 
with the 13C-labelled oxalate was divided by the envelope obtained with the 
normal C1 2 oxalate (Fig. 4B). If the samples had been single crystals, 
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13f and 12C-Fig. 4. A. ESEEM patterns for Cu(II) conalbumin with 10C-
oxalate. B. Ratio of envelopes in A. C. ESEEM patterns for stellacyanin 
in D20 and H20. D. Ratio of envelopes in C. 
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then, according to Eqn. 2.15, one would in this way have factored out all the 

modulation components due to the *H and *4N nuclei, since these nuclei 

were present in both samples alike, and the quotient waveform would have con-

tained only those V^(I^) components associated with the 13C nuclei in 

oxalate. For the frozen solution samples that were actually used, this 

simple conclusion does not necessarily follow, however. Each of the two en-

velope measurements corresponded to an average over complexes with many dif-

ferent orientations, and the effect of the division was to give the quotient 

of the two averages. This is not the same thing as the average of the quo-

tient waveforms for each orientation of the complex considered separately. 

In practice, however, the envelope-dividing procedure turned out to be reason-

ably successful in removing modulation due to *H and *4N nuclei, and in 

revealing the ESEEM component due to 1 3C. In spite of the smallness of the 
13C contribution in the two pulse envelope, it was easily established that 

oxalate was closely bound to the metal ion in Cu(II)-conalbumin. 

More recently, studies of the same type were carried out with V(r+ 

pyruvate kinase using specifically labelled pyruvate to establish that both 

carbons 1 and 2 of the substrate are bound to the metal ion (15). Here con-

tact interactions arising from each 13C atom were observed, clearly demon-

strating metal ligation. 

The envelope dividing technique was further explored in some experiments 

on the heme-iron center in met-myoglobin (16). Three-pulse envelopes were 

measured for a sample prepared in a normal aqueous medium, and for a sample 

that had been exchanged against D20. Again, only minor differences were 

seen in the envelopes themselves, the modulation pattern being dominated by 
14N interactions from the heme and imidazole ligands, but the quotient en-

velope clearly showed a periodicity at -2 MHz, i.e. at the frequency to be 

expected for weakly coupled deuterium nuclei. However, in this experiment 

the quotient envelope was not a simple cosine wave. Fourier transformation 

(Fig. 5) revealed a spectrum with three closely spaced peaks, a central peak 

at the frequency for weakly coupled deuterium, and two flanking peaks due to 

deuterium nuclei coupled via a small ACJ/S term. The flanking peaks were 

assigned to a water molecule directly coordinated to the Fe(III) ion in met-

myoglobin, and the central peak to other deuterium nuclei, either replacing 

exchangeable hydrogen in the protein or occurring in ambient water. 

Since the substrate labelling technique is likely to find numerous appli-

cations in metalloprotein studies, we note here some experimental require-

ments. First, it is desirable to make the measurements on the labelled and 

unlabelled materials under conditions that are as nearly identical as pos-

sible. Various minor errors, due to insufficient Hj fields, decay of the 

three-pulse echo amplitude because of cross relaxation effects, etc., will 
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(A). Cosine Fourier transform of the echo envelopes for metmyo-
(upper trace) and in HoO (lower trace). Differences can be 

seen in the D20 spectrum in the vicinity of 2 MHz. (B). Spectrum obtained 
by Fourier transforming the quotient of time wave forms for metmyoglobin in 
D20 and in H20. Lines due to 14N and lH are greatly reduced in in-

and c are due to ZH on a water 
Peak b is due to other weakly 

tensity in the quotient spectrum. Peaks a 
molecule directly coordinated to heme Fe(III). 
coordinated deuterium atoms. 

then tend to cancel in the quotient. It is also important to have reliable 

baseline measurements. (This would matter less if one were simply making a 

subtraction instead of calculating a quotient.) The baseline can be record-

ed, together with each modulation tracing, by programming the ESE spectro-

meter so that the boxcar gate is moved off the echo signal for the last few 

percent of the envelope recording (see e.g., Figs. 11,12). Proton modulation 

can be eliminated by filtering e.g. by applying a Gaussian notch filter to 

the transformed envelope. But, it is better to eliminate as much of the pro-

ton modulation as possible by setting τ (in a three-pulse experiment) to a 

multiple of the proton period, thus using the suppression effect [see Eqn. 

2.16]. This is not merely an alternative way of filtering the waveform. By 

suppressing proton modulation one (ideally) leaves the echo amplitude un-

affected, whereas filtering leaves it reduced by half the proton depth para-

meter. 

Although it can be shown to follow from the fundamental ESEEM formulae, 

the necessity for dividing time waveforms rather than subtracting frequency 
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spectra (i.e., taking 'difference spectra') may not be physically obvious. 

The product of the individual ESEEM waveforms contains, in addition to the 

individual nuclear frequencies, harmonics and combination frequencies (see 

Section 2.9) that are factored out, more or less successfully, by the wave-

form dividing procedure. These harmonics and combination frequencies corres-

pond to what might be described as semi-semiforbidden microwave transitions, 

i.e., transitions that involve the flip of more than one coupled nucleus (see 

e.g., Fig. 5 in Ref. 17). If the modulation is very shallow, then the semi-

forbidden transitions are already quite weak, and the semi-semiforbidden tran-

sitions can be ignored. In this case there is no distinction between the 

'difference spectrum' and the spectrum obtained by transforming the quotient 

of two time waveforms. 

2.5 Deuterium labelling and the measurement of electron nuclear 

distances 

In the metmyoglobin experiment illustrated in Fig. 5 the presence of a 

contact interaction, implying some degree of covalent bonding, established 

that the water molecule was directly coordinated with Fe(III). Often, 

however, there is no measurable contact interaction for hydrogen or for 

deuterium in a ligating or substrate molecule. If the magnetic dipolar 

interaction were large enough, the frequency offsets due to A^ might be 

used to establish proximity and to estimate the nuclear distance (see Eqn. 

2.7), but these offsets are often too small, and in frozen solution samples 

are distributed too smoothly over the spectrum to be reliably interpreted. 

The problem is worse for ESEEM than for ENDOR since the modulation depth, 

which depends on the factor sin220, approaches zero for the angles 0=0 and 

0=90 where the coefficient A^ reaches its extremal values. At the angle 

0=50.8°, where the sin220 factor weighted by the spherical factor sin0 

reaches its maximum, the 3cos20-l factor in A^ has the value 0.2. 

Quadrupolar broadening tends to obscure the contribution due to A^ still 

further in the case of deuterium. 

Fortunately, there is a good alternative method. Measurements may be 

made on the modulation depth, which is a more sensitive indicator of the 

electron-nuclear distance than A^, since, for weakly coupled nuclei, it 

varies as 1/r6 (Eqns. 2.2, 2.4) rather than as 1/r3. For the best 

results and for simplicity of interpretation, experiments should be performed 

in the three-pulse mode with r set equal to one half of the free deuterium 

nuclear precession period (i.e. τ ~ 250 nsec for X-band experiments). The 

deuterium modulation depth is then at or near its maximum value, the factors 

sin2(a).j7/2) are effectively unity, and the small discrepancies between 

o)j, ω2, ω3, α>4 and ω^ only affect the result to the second order 

for the first few modulation cycles. Eqn. 2.20 becomes 
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W 7 ' 7 ' ) = l-(l/4)kD[4-cos(a)1r')-cos(a)2r')-cos(a)3r')-cos(iü4r')]. [2.22] 

(A correction factor, representing the spherical average of the deviations 

from unity of the factors sirr(&)i7/2) etc., can easily be computed, but 

the errors introduced by omitting this factor are probably too small to 

matter in comparison with errors resulting from other approximations.) 

The function Vmo(j might be simplified still further by setting 
ω1»ω2,ω3'ω4 to a common value <dD in [2.22]. We then should have 

W 7 ' 7 ' ) = I'Ml-cos«^') t2·23] 
where substitution of the spherically averaged value 

kD = (16/5)(gß/H0)
2(l/r6) [2.24] 

in place of kg would lead at once to the required value of r. (To obtain 

this mean value, approximate all frequencies to ω0, apply the kal(l+l) 

rule, and average over the sphere.) However, somewhat more care must be 

exercised in approximating the cos(td^T') terms than in approximating the 

sin2(û)^r/2) terms in [2.20], since τ' is usually several times longer 

than r and the error is substantially larger. Errors which arise as a result 

of ignoring the quadrupolar interaction in [2.23] can be allowed for by 

applying a correction factor based on the spherical averaging assumption as 

in Fig. 3. It will be clear from this figure that there is a great advantage 

in making the measurement of modulation depth on the earliest available 

deuterium cycle. The size of the correction factor, and errors in the 

assumptions used to derive it, increase rapidly with time r'. Measurements 

of modulation depth made on a single early cycle, or made on a least squares 

fit to this cycle, are likely to yield a more reliable result than a least 

squares fit to the whole of the deuterium modulation pattern. 

The metmyoglobin result (Fig. 4) illustrates another problem often encoun-

tered in a deuterium labelling experiment. One peak in the spectrum obtained 

in this experiment was assigned to deuterons that did not belong to the ϋ20 

molecule bound to the Fe(III) ion, but it was not possible to obtain any de-

tailed structural information from the amplitude of this deuteron peak (i.e. 

from the depth of the associated modulation pattern), since it was not clear 

how many nuclei were involved. In the weakly coupled case, one nucleus at a 

small radial distance r modulates the envelope as deeply as several nuclei 

situated farther away. The modulation depth yields, in effect, the sum 

Sn-jr^6 where ni is the number of nuclei at distance ri. Small dis-

placements of the spectral line and observations of the accelerated decay of 

the modulation pattern, caused by the dipolar term A^, offer an alternative 

means for estimating nuclear distances. But it is better to make measure-

ments of this kind on protonated samples, free from the complications arising 

from the deuterium quadrupolar interaction. 

In spite of these ambiguities, the sum Sn^/r^ is often useful as 
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an indicator of the degree to which the metal ion active site is accessible 

to water or other components in the ambient medium, although the interpreta-

tion then depends on assumptions made about the form of the protein surface 

and should be supported by comparisons with model systems (18). 

2.6 Problems arising from contact and pseudodipolar coupling 

As pointed out earlier, the electron nuclear dipolar coupling must often 

be considered in conjunction with a contact coupling of the form ACI*S 

when interpreting ESEEM data. In 13C labelling experiments, such as the 

Cu(II)-conalbumin oxalate experiment used as an introductory example in sec-

tion 2.4, and in experiments that involve the interpretation of ESEEM pat-

terns due to 14N and 15N nuclei (see section 2.7), the observed contact 

term is often as large as the Zeeman term. In such cases, it is necessary to 

review the simple assumptions made hitherto. 

The first and most obvious effect of a large contact term is to shift the 

nuclear frequencies. If the contact term is appreciable but still not as 

large as the Zeeman term, the ESEEM spectrum for an 1=1/2 nucleus will con-

tain two lines at approximately gnßnH0±(l/2)Ac, as in the D2O co-

ordinated met-myoglobin experiment cited in section 2.5. If the contact term 

is of roughly the same order of magnitude as the Zeeman term, as in the 

Cu(II)-conalbumin oxalate experiment, one of the frequencies will be very low 

and may be hard to detect. If the contact term is comparable with, but 

larger than the Zeeman term, then there will be lines at approximately 

(l/2)Ac±gnßnH0. When the contact term is yery much larger than the 

Zeeman term, the modulation effect becomes shallow or vanishes altogether 

since, in this limit, the "allowed" transitions are almost 100% allowed, and 

the "semiforbidden" transitions are exceedingly weak (see the introduction to 

section 2). 

A secondary effect of the shift in nuclear frequencies is to change the 

modulation depth. This can be seen from Eqn. 2.2. If, because of the con-

tact interaction, one of the two frequencies ωα,α)β becomes very small, 

the depth factor k is much larger than it would be otherwise. But there is a 

different reason why the modulation depth may be anomalously large in cases 

such as this, and to understand the reason it is necessary to take into ac-

count the full expression for the electron-nuclear interaction. 

The interaction associated with the partial covalency of a coordinating 

bond is described by the product I/A'S, where I is a vector made up of 

the nuclear spin operators Ix>Iy>Iz> S is a vector made up of the 

electron spin operators Sx,Sy,Sz, and A is a 3 x 3 matrix containing 

the elements Axx>A
Xy>

Axz>Ayx>Ayy> e t c · If tne z axis is P a r a l 1 e 1 

to H0, and if the electron spin is aligned along this axis (i.e., if H0 

is set at the gz end of the EPR spectrum), the component A
Z Z I Z S Z in 
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the expansion of I/A'S, together with the dipolar and Zeeman inter-

actions determine (to the first order) the superhyperfine frequencies. The 

terms A X ZI XS Z and AyzIySz, together with terms of similar form in 

the dipolar interaction determine the modulation depth. If, however, H0 is 

moved from the gz end of the EPR spectrum to the gx end, then the com-

ponent AX XI XS X replaces A Z ZI ZS Z in the determination of the super-

hyperfine frequencies, and AZ XI ZS X together with A„xIySx replace 

AX ZI XS Z and AyZIySz in the determination of modulation depth. 

Changes of this kind are usually described by rotating the x,y,z axes to new 

axes x',y',z'. The interaction then becomes 1/*A'*S', where I',S' are 

new spin operators, and where A' is a matrix derived from A by making a 

similarity transformation. Once the transformation of axes is made, it is 

convenient to drop the primes, remembering that the numbers in the A matrix 

will be different after the transformation (i.e., after the rotation of H0 

relative to the principal g axis). 

The contact term ACI*S represents only a part of i'A'S, the 

number Ac being 1/3 x the trace of the matrix A, i.e., Ac = (1/3)(Αχχ 

+Ayy+Azz). The ACI
#S term has the useful property that it remains 

unaltered when the axis system is rotated (i.e., when the H0 setting is 

changed). In the case of the electron-nuclear coupling this contact term 

often accounts for most of the coupling energy. But, the residual term 

I'A'S - A c r s also contributes to the superhyperfine frequencies, 

and can cause line broadening, because of the inhomogeneous distribution of 

orientations, as well as shifts in the ENDOR line positions as the field H0 

is scanned from one end of the spectrum to another. Also important to note 

is that this term contains components A X ZI XS Z and AyZIySz (i.e., 

modulation depth terms) that vary with the rotation of the axes (or with the 

H0 setting), and which can outweigh the effect of the magnetic dipolar 

interaction, thus invalidating the formula for the coefficient B in equation 

2.4. Together with the changes in the frequencies ωα, ωβ caused by Ac, 

etc., these components of A can radically modify the depth parameter k (see 

Eqns. 2.2 and 2.4), rendering it no longer a usable measure of the electron-

nuclear distance r. 

The residue I'A'S - ACJ/S is sometimes referred to as the "pseu-

dodipolar coupling". This is an easily remembered name, but it should be 

noted that the pseudodipolar coupling involves covalency effects and is not 

merely an enhancement of the "classical" dipolar coupling used in deriving 

Eqns. 2.4, 2.7, etc. "Classical" dipolar coupling signifies the electron 

magnetic interaction between small bar magnets with centers a distance r 

apart. For low symmetry electron nuclear coupling geometries such as those 

that occur in metalloproteins, (for example, in the oxalate coordinated 
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Cu(II)-transferrin complex discussed in section 2.4, where coupling is trans-

mitted from Cu(II) through oxygen to 13C in the coordinated ligand) it is 

quite unlikely that the interaction has the simple cylindrical symmetry of 

the classical dipolar interaction. There is also no reason to suppose that 

the principal axes of A and of the classical dipolar interaction are the 

same. In general, caution is needed when interpreting modulation depths for 

materials that show a sizeable A c r s term. This term may be symptomatic 

of the presence of a significant I'A*S coupling, containing pseudo-

dipolar elements that enhance (or possibly reduce) the modulation depth in 

unforeseeable ways. In order to fit the full I'A'S to experimental 

data, 6 new variables are needed (5 in addition to A c ) , and these still do 

not give the one structurally important quantity, namely the electron-nuclear 

distance. 

Similar reservations apply to the interpretation of modulation depths due 

to other labelling nuclei, including deuterium. Fortunately, deuterium label-

ling often occurs at positions where the I/A'S term is small compared 

with the Zeeman term, as evidenced by the lack of any large displacement of 

the NMR frequency. But 15N, which often coordinates a metal ion directly, 

or which can occur in the structural backbone of a labelled molecule, tends 

to resemble 13C in being subject to large I*A*S couplings, equalling 

or exceeding the Zeeman energy (see section 2.8). 

2.7 Coupling with nitrogen nuclei 

The 14N (1=1) nucleus has a quadrupole moment that, in many organic 

molecules, leads to zero field splittings which are comparable with the 14N 

Zeeman energy encountered in X-band ESE experiments (0.92 MHz at 3000 G). 

There can also be a contact interaction of the same order of magnitude, e.g. 

for nitrogen directly coordinating Fe(III), or for nitrogen nuclei indirectly 

coordinating Cu(II) such as from bound imidazole. These different terms in 

the electron nuclear interaction may be separated and analyzed by substitut-

ing " N (1=1/2) for ^ N . The situation is then similar to that described 

for 13C in the previous section. But more information can often be obtain-

ed from the nitrogen modulation pattern in unsubstituted material, in which 

it is possible, through the nuclear quadrupole parameters, to identify the 

ligand molecule chemically. 

This can be illustrated by the much studied case of the Cu(II)-imidazole 

complex (19), which occurs in many copper proteins. Imidazole consists of a 

five membered ring containing two nitrogens and three carbons, the two nitro-

gens being separated by a carbon. The Cu(II) ion coordinates one nitrogen, 

the other, the "remote" nitrogen usually being protonated. The Cu(II):14N 

interaction for the directly coordinating nitrogen is dominated by a large A 

term and cannot be observed by the ESEEM method (although it can be studied 
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by ENDOR). For the remote nitrogen the term Ac is (in X-band experiments) 

comparable in magnitude with the Zeeman interaction. The full J/A'S 

term consists of a pseudodipolar component (see section 2.6), which enhances 

the modulation depth, so that the modulation is easy to observe in spite of 

the considerable electron nuclear distance (4.16 A), and a contact term 

which, as will shortly appear, greatly facilitates the measurement of the 
14N quadrupolar parameters. 

As was pointed out in the previous section, it is the component 

A Z ZS ZI Z in the spin Hamiltonian operator I*A*S and not the con-

tact term Acj/S that concerns us here. However, if the value of 

AZ ZI ZS Z does not vary greatly as the z axis is rotated (i.e as the 

electron spin reorients itself in response to changes in the direction of 

H0) then the effect on the superhyperfine frequencies is largely determined 

by the ACJ/S component in the electron nuclear interaction, and we can 

for convenience speak of the contact term, bearing in mind that, in careful 

measurements, it might become necessary to take the anisotropic part of 

1'A'S into account. 

In the case of the Cu(II)-imidazole complex the description in terms of a 

simple contact interaction will suffice for the purpose of the present dis-

cussion (Fig. 6). For the remote nitrogen of the imidazole ligand, in the 

protonated state, Ac has a value of approximately 2 MHz. The Ms = +1/2 

superhyperfine states are therefore shifted up by 1 MHz, and the Ms = -1/2 

states are shifted down by the same amount. For one set of states the 

0.5AC shift adds to the 14N Zeeman component (0.92 MHz at 3000 G), and 

for the other set, it almost cancels the Zeeman component. The situation can 

be described in physical terms by saying that the Ac term generates a local 

magnetic field at the 14N nucleus that roughly doubles the Zeeman field for 

one set of states and reduces the Zeeman field almost to zero for the other 

set. This results in an interesting situation. The energy levels for the 

latter set of superhyperfine states are almost the same as they would be in a 

zero-field nuclear quadrupole spectroscopy experiment, (if indeed, an experi-

ment could be performed in the presence of the Cu(II) paramagnet). 

In an experiment on the copper protein stellacyanin (Fig. 7), the fre-

quencies obtained by Fourier transforming an experimental three-pulse echo 

envelope recorded at 3170 Gauss, were 0.7, 1.47 and 4.0 MHz (20). Of these 

the first two are close to the zero field quadrupolar frequencies v~ and 

υ+ for protonated imidazole, (υ+, υ", υ°) = (1.42, 0.72, 0.70). The 

high frequency corresponds to a transition between the Mj = +1 and 

Mj = -1 levels of 14N in protonated imidazole in a field HQ ~ 6000 G, 

i.e. twice the Zeeman field. This accounts for all the 14N ENDOR transi-

tions except the two corresponding to Mj = +1 * 0 and Mj = -1 ^ 0 at the 


