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PTCP Aim and Scope

Progress in Theoretical Chemistry and Physics

A series reporting advances in theoretical molecular and material sciences, including
theoretical, mathematical and computational chemistry, physical chemistry and chemical
physics and biophysics.

Aim and Scope

Science progresses by a symbiotic interaction between theory and experiment:
theory is used to interpret experimental results and may suggest new experiments;
experiment helps to test theoretical predictions and may lead to improved theories.
Theoretical Chemistry (including Physical Chemistry and Chemical Physics) pro-
vides the conceptual and technical background and apparatus for the rationalisation
of phenomena in the chemical sciences. It is, therefore, a wide ranging subject,
reflecting the diversity of molecular and related species and processes arising in
chemical systems. The book series Progress in Theoretical Chemistry and Physics
aims to report advances in methods and applications in this extended domain. It will
comprise monographs as well as collections of papers on particular themes, which
may arise from proceedings of symposia or invited papers on specific topics as well
as from initiatives from authors or translations.

The basic theories of physics — classical mechanics and electromagnetism, rela-
tivity theory, quantum mechanics, statistical mechanics, quantum electrodynamics —
support the theoretical apparatus which is used in molecular sciences. Quantum
mechanics plays a particular role in theoretical chemistry, providing the basis for
the valence theories, which allow to interpret the structure of molecules, and for
the spectroscopic models employed in the determination of structural information
from spectral patterns. Indeed, Quantum Chemistry often appears synonymous
with Theoretical Chemistry: it will, therefore, constitute a major part of this book
series. However, the scope of the series will also include other areas of theoretical
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chemistry, such as mathematical chemistry (which involves the use of algebra and
topology in the analysis of molecular structures and reactions); molecular mechan-
ics, molecular dynamics and chemical thermodynamics, which play an important
role in rationalizing the geometric and electronic structures of molecular assemblies
and polymers, clusters and crystals; surface, interface, solvent and solidstale effects;
excited-state dynamics, reactive collisions, and chemical reactions.

Recent decades have seen the emergence of a novel approach to scientific
research, based on the exploitation of fast electronic digital computers. Computation
provides amethod of investigationwhich transcends the traditional division between
theory and experiment. Computer-assisted simulation and design may afford a
solution to complex problems which would otherwise be intractable to theoretical
analysis, and may also provide a viable alternative to difficult or costly labora-
tory experiments. Though stemming from Theoretical Chemistry, Computational
Chemistry is a field of research in its own right, which can help to test theoretical
predictions and may also suggest improved theories.

The field of theoretical molecular sciences ranges from fundamental physical
questions relevant to the molecular concept, through the statics and dynamics of
isolated molecules, aggregates and materials, molecular properties and interactions,
and to the role of molecules in the biological sciences. Therefore, it involves the
physical basis for geometric and electronic structure, states of aggregation, physical
and chemical transformations, thermodynamic and kinetic properties, as well as
unusual properties such as extreme flexibility or strong relativistic or quantum-field
effects, extreme conditions such as intense radiation fields or interaction with the
continuum, and the specificity of biochemical reactions.

Theoretical Chemistry has an applied branch — a part of molecular engineering,
which involves the investigation of structure-property relationships aiming at the
design, synthesis and application of molecules and materials endowed with specific
functions, now in demand in such areas as molecular electronics, drug design and
genetic engineering. Relevant properties include conductivity (normal, semi- and
supra-), magnetism (ferro- and ferri-), optoelectronic effects (involving nonlinear
response), photochromism and photoreactivity, radiation and thermal resistance,
molecular recognition and information processing, biological and pharmaceutical
activities, as well as properties favouring self-assembling mechanisms and combi-
nation properties needed in multifunctional systems.

Progress in Theoretical Chemistry and Physics is made at different rates in these
various research fields. The aim of this book series is to provide timely and in-depth
coverage of selected topics and broad-ranging yet detailed analysis of contemporary
theories and their applications. The series will be of primary interest to those whose
research is directly concerned with the development and application of theoretical
approaches in the chemical sciences. It will provide up-to-date reports on theoretical
methods for the chemist, thermodynamician or spectroscopist, the atomic, molecular
or cluster physicist, and the biochemist or molecular biologist who wish to employ
techniques developed in theoretical, mathematical and computational chemistry in
their research programmes. It is also intended to provide the graduate student with
a readily accessible documentation on various branches of theoretical chemistry,
physical chemistry and chemical physics.



Preface

During the last ten years, significant progress has been made in the study of free
radical processes in solids by applying modern EPR (ESR) methods. The progress
has been possible by instrumental advancements in continuous wave (CW) and
pulse EPR, by development of sensitive detection methods, by the application of
sophisticated matrix isolation techniques and by the advancement in quantitative
EPR, to mention a few recent experimental trends. On the theoretical side, methods
based on first principles have been developed and applied for the calculation
of hyperfine couplings, zero-field splittings and g-factors as well as in spectral
simulations. Software for these purposes, developed during the last decade, is also
available. Not all of those developments can be treated in detail in a single volume.
We have therefore asked several main contributors to the development of the field to
present chapters in selected areas, where recent reviews seem to be missing. In this
respect, the book is an update of a previous edition of this work, with a similar
organization of the content.

The first volume is concerned with trends in experimental and theoretical
methods. In the first chapter, CW EPR and ENDOR methods for studies of radical
structure in single crystals and powders are reviewed. Most of the following seven
chapters give accounts of novel developments that so far are only available in the
journal literature. The chapter by Brustolon and Barbon describes the different
pulsed techniques as applied to radicals and spin probes in solid matrices. Methods
to extract dynamical parameters from CW and pulsed EPR are summarised in the
chapter by Benetis and Dmitriev, which also contains an account of relaxation
phenomena. New simulation schemes, including the influence of dynamics, are also
presented. Single crystal measurement is the most straightforward but not always
applicable method for complex systems, where often only powder spectra can be
obtained. For these systems, analyses by simulation techniques based on exact
diagonalisation are beginning to replace the previously used perturbation methods,
as described in the chapter by Hanson and coworkers. An extended version of the
software presented in the previous edition is outlined, including now also procedures
for the analysis of pulse EPR and several other new features. The software is
marketed by Bruker. Studies of quantum effects in isotopically labelled methyl

vii
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radicals trapped in inert matrices at low temperature is a major part of the chapter
by Shiotani and Komaguchi. A detailed theoretical analysis was possible due to
the extremely high resolution of the EPR spectra at low temperature. The chapter
by Boyd and coworkers illustrates the usefulness of advanced quantum chemistry
methods for the theoretical interpretation of hyperfine coupling tensors. Ab initio
and density functional methods are applicable even for the biological systems.
The calculated parameters have been frequently employed for the assignment of
experimental spectra in recent work. The methods for the calculation of g-tensors
have been developed even more during the last ten years as described in the chapter
by Kaupp. The accurate g-tensor data obtained by high-field EPR measurements
can for instance now be analyzed taking into account environmental interactions
with the radical. A new chapter on the calculation of the zero-field splitting tensors
was introduced in this edition. The subject is of relevance for high-spin clusters
and molecules treated in two chapters in the second volume. The theory is also
applicable in EPR studies of systems containing pairs of radicals.

The second volume presents applications involving studies of radiation and
photo-induced inorganic and organic radicals in inert matrices. High-spin molecules
and complexes are also considered as well as radical processes in photosynthesis.
Recent advancements in environmental applications including EPR dosimetry are
summarised. There are trends both towards simplification by using matrix isolation
in frozen noble gas matrices with accompanying increase of resolution as illustrated
in the chapter by Kunttu and Eloranta and in the work by Shiotani and Komaguchi
in the first volume, and towards studies of complex systems treated in the chapters
by Takui et al., by Baumgarten, Kawamori and by Feldman. In the former case,
an overview of the matrix isolation technique for the studies of atoms and small
radicals embedded in solid rare gases is presented, while Feldman presents recent
development in the EPR studies of reactive intermediates from irradiation of
moderately large organic molecules using matrix isolation. Two chapters address
the issue of high-spin systems, the one by Baumgarten in organic systems, the other
by Takui et al. also in metal-based molecular clusters. Both subjects have relevance
for the development of molecular magnets. The potential application of EPR for
quantum computing is also considered in a newly written chapter, with emphasis
on pulse ENDOR methods. The chapter by Kawamori describes studies of plant
photosystem II by pulsed EPR, dual mode CW EPR and pulsed electron-electron
double resonance, the latter to obtain distances between radical pairs trapped after
illumination. Accurate measurement of the concentration of radicals is an important
issue in EPR dosimetry and other kinds of quantitative EPR, which is addressed in
the chapter by Yordanov et al. This subject relates to other applications of EPR in
the environmental sciences, discussed in a chapter by Rhodes. In this context, myon
spin resonance provides new means to considerably lower the detection limit in
heterogeneous systems. In the final chapter, recent developments of optical detection
to lower the detection limit and to obtain time-resolution in the characterisation of
defect centres in semiconductor materials are presented by Chen.

The titles of the chapters have been retained from the old edition, with one
exception. The content of each chapter in the new edition differs in general from that



Preface ix

in the old by the addition of new results and deletion of older material, however. The
size has nevertheless increased, in part also due to the inclusion of two new chapters.
Some technical problems with the printing of figures, figure legends and the index
of the previous work have been corrected. The chapters of the first edition were
frequently referred to as additional reading in a work we recently prepared for a
broader audience [Anders Lund, Masaru Shiotani, Shigetaka Shimada: ‘Principles
and Applications of ESR Spectroscopy’, Springer (2011)]. We hope that the new
edition will be of value for this purpose as well as for future research involving free
radicals.

May 2012 Anders Lund
Masaru Shiotani
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Chapter 1
EPR Studies of Atomic Impurities in Rare
Gas Matrices

Henrik Kunttu and Jussi Eloranta

Abstract In this article we give an overview of the matrix isolation technique
combined with electron paramagnetic resonance (EPR) detection for embedded
atomic impurities in solid rare gases. A special emphasis is put on impurity — matrix
coupling effects combining both experimental and theoretical approaches.

1.1 Introduction

Chemical dynamics in condensed phases forms a rapidly evolving field of research
dealing with a wide range of phenomena from simple point defect diffusion to
the broad field of chemical reaction dynamics. In the strict sense such dynamics
in dense media is always dictated by interactions with strong many-body nature,
thus detailed understanding of even the most elementary events at a molecular level
remains a challenge. A convergence of quantitative modelling and interpretation
of various processes is attained only by synergy between experiment and theory.
Experimental methods at one’s disposal range from optical absorption and emission
based techniques to magnetic spectroscopies among which electron paramagnetic
resonance (EPR) has a long tradition as a versatile tool for interrogation of
open shell species [1]. Due to the rapidly increasing computational resources and
development of new efficient algorithms, microscopic description of the observed
spectroscopy, optical and magnetic, can now be pursued at the first-principles
level in highly multi-dimensional models approaching the size and complexity of
a realistic chemical system.

H. Kunttu (<)
Department of Chemistry, University of Jyviskyld, P.O. Box 35, FIN-40351 Jyviskyld, Finland
e-mail: Henrik. M.Kunttu@jyu.fi
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Rare gases (Rg) solidify in cryogenic conditions and form more or less or-
dered structures, namely, glassy crystalline or strongly light scattering powder
like substances which are commonly called matrices. The inertness of the Group
VIII elements against chemical reactivity is reflected in their other name, the
noble gases. As such, they provide a versatile medium for studies of elementary
physico-chemical processes. In particular, doping these solids with atomic or
small molecular impurities, i.e. matrix isolation, is ideally suited for spectroscopic
observations of highly reactive transient species in inert frozen environment. This
was, in fact, the original goal of the matrix isolation technique [2]. Besides providing
spectral reference data for investigations in related fields [3], such as atmospheric
and combustion chemistry, understanding of trapping, transport, and reactivity in
these conceptually simple solids has also more practical applications. Chemical
energy storage in cryogenic solids by trapping reactive atoms, radicals or chemical
intermediates, and controlling their subsequent recombination by annealing is an
example of such developments [4]. Moreover, matrix isolation in solid hydrogen
is actively used is research aiming at development of advanced propellants called
“high energy density materials” [5, 6]. Besides their role in isolation, Rg matrices
can be used as excellent media to investigate chemical species containing rare
gas atoms [7, 8]. A new development in the field comes from the application of
superfluid helium in condensing nanometer scale inert gas clusters to form a porous
solid -like structure within the liquid (“impurity helium solid”) [9—15]. Extremely
high concentrations of hydrogen and nitrogen atoms (densities in the range of
10"°-10?° cm™?) have been isolated in such structures, which are much higher than
achieved earlier in traditional matrix isolation experiments [12, 13].

The information gathered from experiments in solids is subject to perpetual aver-
aging processes of dynamical and structural origin. Therefore, as the spectroscopic
methods become blunted in this respect, the need for theoretical aid in interpretation
becomes evident. On the other hand, cryogenic solids provide an ideal testing
ground for theoretical treatments. Either way around, the theoretical approaches
encounter challenging obstacles due to the immense number of interacting species
and degrees of freedom that need to be considered. This is why purely quantum
mechanical approaches, that is, solving the time-dependent Schrédinger equation by
some affordable way are rarely used in large-scale simulations and, instead, various
approximations of semi-classical nature are usually employed [16].

EPR spectroscopy has proven to be a powerful experimental technique for
elucidating details of the electronic structure of open shell molecules and ions in
crystals and solutions. Because EPR transitions (1) are dominated by the properties
of the electronic ground state, (2) exhibit very narrow line widths in dilute samples,
and (3) are very sensitive to small changes in the environment of the paramagnetic
species under investigation, this method seems conceptually ideally suited for
studies of atomic trapping and dynamics in low temperature matrices. However,
detection of atoms with orbitally degenerate ground states has turned out to be
difficult, and most of the available EPR data on atoms or ions in Rg matrices
have concerned cases with isotropic g values and hyperfine interaction [1]. Even
for these spherical atoms theoretical treatment of the isotropic hyperfine coupling
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(IHC) is a relatively problematic task for modern ab initio electronic structure
methods. The challenge here is the local nature of the spin density, and the
isotropic component of the hyperfine interaction, which may also be composed
of indirect effects such as spin polarization and electron correlation [17-19]. A
proper theoretical approach would therefore necessitate a high quality basis set
combined with a substantial effort in treatment of electron correlation. Since a
typical matrix shift for the IHC of an atom is some tens of MHz, the accuracy needed
for such computation is exceedingly high. Consequently, a combined quantum-
classical approach with an assumption of pair additive hyperfine coupling is by far
the only choice for computation of magnetic properties of atoms trapped in matrix
environments [20-22].

In this review we briefly summarize some of the previous EPR spectroscopic
observations of atomic impurities isolated in rare gas matrices and impurity helium
solids as well as introduce the theoretical tools applicable for analysis of the
obtained spectra.

1.2 Experimental Techniques

In this section we consider some of the special experimental aspects related to matrix
EPR measurements. A detailed overview of the experimental techniques can be
found from the existing literature [1, 23, 24]. For impurity helium solids, the early
work of Gordon et al. and the recent work of Lee et al. and Kunttu et al. describes
the relevant experimental techniques [9, 13, 15].

Most of the matrix EPR experiments that have been carried out below 10K
have employed a liquid He bath cryostat. For example, the first study of Bow-
ers et al. on atomic impurities in rare gas matrices employed this type of ar-
rangement [25]. For studies above 10K, a standard closed-cycle He cryostat
is a convenient choice. An example of such setup is shown in Fig. 1.1, where
both EPR and optical measurements can be performed from the same sample.
In both approaches the cryostat is used to cool down a copper or sapphire
substrate (cold target) on which the thin matrix film is grown at low temper-
ature. During the measurement the substrate resides in the microwave cavity
of a EPR spectrometer, and thus care must be taken in designing the sub-
strate geometry and in its proper positioning inside the cavity. For example,
a copper substrate interacts strongly with the electrical component of the mi-
crowave radiation field, and even small mechanical vibrations will greatly increase
noise in the EPR signal. In the case of a standard TE102 microwave resonator
the signal-to-noise ratio can be improved by making the copper substrate flat
(for example, 4mm x 30mm X 0.4mm) and placing it carefully in the nodal
plane of the electric field. Mechanical vibrations do not exist when He bath
cryostats are used but most of the closed cycle cryostat based systems suffer
from this problem.
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Fig. 1.1 Sketch of a matrix
EPR/luminescence apparatus
is shown [26]. The flat copper
substrate can be moved from
the area with optical access to
the quartz tube fitting the

microwave cavity of the EPR |
spectrometer
Quartz windows
Deposition
Laser beam > ports
Copper
[ +— substrate
Fiber optics -------- U --------- : Quartz

EPR cavity area —-

Once the cold substrate is at a suitable temperature, a gaseous mixture can be
slowly sprayed on it. In magnetic measurements the optical quality of the matrix is
not important, and thus low temperature (4—10 K) deposition, which usually results
in very “snowy” looking and strongly scattering solids, can be applied. In some
cases low temperature deposition has a great advantage over high temperature de-
position (20-50K) as it prevents diffusion of the impurity atoms or molecules during
the freezing stage of the matrix. The impurities can be premixed with the rare gas
before deposition, or they can be deposited from separate inlets as shown in Fig. 1.1.

Reactive species, like most atoms, can not be premixed in the rare gas due to
practical limitations. Hence, various alternative methods have been developed for
producing such species in the rare gas matrices. The most common techniques
include in situ photolysis of a suitable parent molecule in the matrix, laser
ablation, various thermal vaporization sources, chemical reactions in the matrix,
and discharge based methods. For example, photodissociation of hydrogen halides
will yield hydrogen atoms and halogen atoms in the matrix [27]. A comparison of
the laser ablation and Knudsen oven based techniques for generating trapped atomic
species rare gas matrices has been studied in detail [28]. A sketch of a laser ablation
apparatus is shown in Fig. 1.2.

Atomic species in impurity helium solids are typically produced by directing
a gaseous jet on the surface of superfluid helium forming a porous solid, which
eventually falls to the bottom of the liquid helium bath cryostat by gravity and can
then be studied directly by EPR. The gas jet consists of a dilute mixture of the
atomic precursor, the matrix inert gas and the main component is helium gas. To
produce the atomic species in the jet prior to injection into the superfluid, a radio
frequency discharge is typically used to dissociate the molecular precursor into the
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Fig. 1.2 Laser ablation/EPR apparatus [22,28]. To preserve laser ablation efficiency the copper
target was rotated periodically

corresponding atomic species. For example, a dilute N, in helium gas leads to the
formation of impurity helium solid consisting of N, matrix with N atoms embedded
inside N, clusters or on their surface [9, 11, 15]. This technique has been applied
to prepare atomic hydrogen and nitrogen trapped in solid H,, Ne, Kr and N, at
T < 2.1K (i.e., below the superfluid lambda temperature) [9—15].

1.3 Atomic Impurities in Rare Gas Matrices

1.3.1 S State Atoms

For 28 state atoms trapped in rare gas matrices the EPR spectrum is highly isotropic.
Depending on the impurity, the spectrum may contain resonances due to multiple
trapping sites of different size and symmetry with slightly different g and/or
A values. For example, in the case of hydrogen atom doped argon matrix, two
distinct trapping sites occur as shown in Fig. 1.3 [25, 29]. These sites have been
identified as singly substitutional (12 nearest neighbors) and interstitial octahedral
sites (6 nearest neighbors) in the face-centered-cubic (FCC) lattice [21, 30]. This
assignment is based on a theoretical treatment which will be discussed in Sect. 1.4.
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EPR signal intensity

3100 3105 3110 3115 3120
Field/Gauss

Fig. 1.3 Low field resonance lines of H atom trapped in Ar matrix as produced by UV
photodissociation of HCI precursor. Two distinct trapping site resonances (interstitial octahedral
and substitutional) are separated by approximately 4 G. In this sample the interstitial octahedral site
is more populated than the substitutional site. Center of the spectrum is located at ca. 3,350 Gauss

An empirical and relatively well justified rule of thumb is that when the interaction
pair potential between the impurity atom and the rare gas atom is much more
repulsive than the rare gas — rare gas potential, then a distribution of trapping
sites with varying number of lattice vacancies is usually observed. An example of
such situation in rare gas matrices is provided by the alkali metal atoms, where
the atoms may reside in sites involving multiple lattice vacancies [20, 28]. In this
case, thermally activated dynamics, characterized by activation barrier of few meV,
within the trapping cavity has been reported [31]. Due to their distinct structures,
different trapping sites have usually characteristic thermal stabilities, which allows
one to use sample annealing at suitably high temperatures to simplify the observed
spectrum significantly. In most favorable cases EPR resonances due to a single
trapping configuration is observed after annealing. Annealing of impurity helium
samples above the superfluid lambda temperature leads to the recombination of the
trapped atomic species, which releases large amounts of excess energy leading to
the destruction of the sample.

The resulting EPR spectra can be simulated by standard methods using isotropic
g and hyperfine coupling matrix A. It should, however, be carried out with caution
since atomic species may have large A and therefore higher than first order
corrections become very important. An interesting example of such case is provided
by Cu atoms trapped in rare gas matrices as this species shows rather peculiar EPR
spectrum in which only two lines are seen for a particular Cu isotope [32, 33].
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Fig. 1.4 Energy level diagram as a function of magnetic field strength for a single Cu atom. At
X-band only two transitions are seen below 10,000 G which can be approximately classified as
being electron spin and nuclear spin types by numerically evaluating the transition moments

The origin of this spectrum can be understood by inspecting the energy level
diagram of Fig. 1.4. In order to carry out a rigorous theoretical analysis for these
systems, one must obtain both g and A matrices with proper accuracy. For this
reason, it is suggested that spectrum simulation with iterative parameter fitting with
highly accurate evaluation of the exact spin Hamiltonian is used (see Sect. 1.4.4).
Furthermore, the transition moments should be evaluated based on the proper
eigenvectors in order to get the intensities reliably. In the previous Cu atom example
both dominantly electron spin and dominantly nuclear spin transitions are observed.
Summary of experimental magnetic parameters for S state atoms trapped in solid
rare gases is shown in Table 1.1.

Trapped atoms may be thermally activated provided that the barrier for diffusion
can be overcome with thermal energies. By measuring the time decay profiles of
the EPR signals at specified temperatures one can obtain kinetic information of the
impurity atom diffusion. Thermal behaviour usually depends on the site structure
around the impurity as was already noted in the context of sample annealing. For
example, this method has been used to determine the diffusion rates of atomic
hydrogen in rare gas matrices [29]. In this case the substitutional sites are thermally
stable up to the matrix evaporation temperatures, whereas the octahedrally trapped
atoms are mobilized at low temperatures (in Ar at 16 K and in Kr at 24K). No
new resonances are observed as the final products are not paramagnetic (H, and
thermally formed rare gas compounds) [7, 8]. In the case of metal atoms (Li [36],
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Table 1.1 Summary of relevant magnetic parameters of 2S state atoms in solid rare gases is shown

Atom I Matrix Ziso Aiso Site Source

H Ar(l) 2.0012 +17 Int. Refs. [21,25,29,30]
H Ar(l) 2.0017 —6 Subst. Refs. [21,25,29,30]
H Kr(1) 1.9992 +8 Int. Refs. [21,25,29,30]
H Kr(1) 2.0013 —11 Subst. Refs. [21,25,29,30]
H Kr(4) - —12 Subst.? Ref. [13]

H H,(4) - —4.4 Subst.? Ref. [13]

H Xe(5) - —15 Int. Ref. [34]

'H 12 Free 2.00226 1420.4 Ref. [1]

Li Ar(2) 2.0018 -7 12 vac. Refs. [20,35]

Li Ar(2) 2.0010 +12 8 vac. Refs. [20, 35]

Li Ar(3) 1.9984 +56 Subst. Refs. [20, 28]

Li Ar(3) 1.9998 +14 8 vac. Refs. [20,28]

Li Kr(2) 1.9987 -7 12 vac. Refs. [20, 35]

Li Kr(2) 1.9966 +9 6 vac. Refs. [20, 35]

Li Kr(3) 1.9860 +44 Subst. Refs. [20,28]

Li Xe(2) 1.9914 -5 12 vac. Refs. [20, 35]
"Li 32 Free 2.00231 401.7 Ref. [1]

Na Ar(2) Broad distribution of sites Refs. [28,35]
Na Ar(3) Broad distribution of sites Refs. [28,35]
Na Kr(2) 1.9917 —14 12 vac. Refs. [20,28,35]
Na Kr(2) 1.9872 +11 6 vac. Refs. [20,28,35]
Na Kr(3) 1.9832 +115 Subst. Refs. [20, 28]

Na Xe(2) 1.9925 —12 12 vac. Refs. [20,28,35]
Na Xe(3) 1.9925 +97 Subst. Refs. [20,28]
2Na 3/2 Free 2.00231 885.81 Ref. [1]

K Ar(2) Broad distribution of sites Ref. [35]

K Kr(2) 1.9964 -3 - Ref. [35]

K Kr(2) 1.9849 +15 - Ref. [35]

K Xe(2) 1.9857 +4 - Ref. [35]

¥K 32 Free 2.00231 230.86 Ref. [1]

Rb Ar(2) Broad distribution of sites Ref. [35]

Rb Kr(2) Broad distribution of sites Ref. [35]

Rb Xe(2) 1.9821 —16 - Ref. [35]

8Rb 512 Free 2.00241 1,012 Ref. [1]

Cs Ar(2) 2.0051 +11 - Ref. [35]

Cs Kr(2) 2.0015 —21 - Ref. [35]

133¢g 7/2 Free 2.00258 2,298 Ref. [1]

Cu Ar(2) 1.9994 +282 - Ref. [33]

Cu Kr(2) 1.9955 +176 - Ref. [33]

Cu Kr(3) 1.996 +181 - Ref. [32]

Cu Xe(2) 1.9942 +29 - Ref. [33]

Cu 3/2 Free 2.0023 5,867 Ref. [1]

(continued)
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Table 1.1 (continued)

Atom 1 Matrix Ziso Aiso Site Source
Ag Ar(2) 1.9998 +98 - Ref. [33]
Ag Kr(2) 1.9942 +65 - Ref. [33]
Ag Xe(2) 1.9922 +17 - Ref. [33]
l07Ag 172 Free 2.0023 —1,713 Ref. [1]
Au Ar(2) 2.0012 +85 - Ref. [33]
Au Kr(2) 1.9962 +43 - Ref. [33]
Au Xe(2) 1.9970 —27 - Ref. [33]
Au 3/2 Free 2.0023 3053 Ref. [1]

Atom preparation method is denoted as: (1) photodissociation, (2) thermal
source (Knudsen oven), (3) laser ablation, (4) impurity helium solid or (5)
electron bombardment. Hyperfine coupling shifts with respect to the gas phase
values (labelled as free) are expressed in MHz. Data for most abundant isotopes
are shown

Na [37], K [37,38], Cu [39,40] and Ag [39]) formation of paramagnetic clusters
has been observed. However, the alkali metal clusters were formed during sample
deposition within the semiliquid interface between the solid and vacuum, and Cu
and Ag were mobilized thermally in solid neon only. Therefore, these atoms do
not exhibit real diffusion behavior in solid Ar, Kr, or Xe. It appears that only
hydrogen exhibits diffusion mediated propagation in these solids, which suggests
the importance of tunneling in the mechanism. This is consistent with the observed
different thermal behaviour for H and D atoms [29]. When the initial concentration
of the H/D atoms is high, interesting spin-paired species can be observed without
thermal activation [41]. Based on the magnetic parameters it was estimated that the
distances between the impurity centres was greater than 7 A in the matrix.

1.3.2 High Spin S State Atoms

Atoms having half-filled np shells (e.g., N (4S), P (*S), As (*S)) all have isotropic
electron distribution and hence the rare gas — atom interaction potentials are
isotropic. The matrix — impurity interaction ground state potentials dictate the
trapping site symmetry and for purely substitutional trapping the site symmetry
will be spherical. Thus, the EPR spectra are expected to be isotropic. If multiple
substitutional trapping occurs then deviation from the spherical symmetry results
and electron spin—spin interaction may be observed. For rare gas matrices this can
not be seen but, for example, N atoms in N, matrix shows signs of this interaction
[42]. Both g and hyperfine coupling A experience deviation from their gas phase
values and similar analysis as presented for the >S atoms may be applied. In general,
it has been observed that the relative matrix induced shifts for these atoms are
larger than for the 2S atoms indicating stronger impurity — matrix coupling. Data
for some *S state atoms is listed in Table 1.2. A simple theory employing isotropic
hyperfine coupling shifts predicts that these atoms occupy sites that resemble closely
substitutional sites in the FCC lattice.
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Table 1.2 Summary of relevant magnetic parameters for *S state atoms in
solid rare gases is shown

Atom 1 Matrix Ziso Aiso Site Source

N Ar(1,2) 2.0020 +1.6 Subst.  Refs. [26,43]
N Kr(1,2) 2.0019 419 Subst.  Refs. [26,43]
N Xe(1,2) 2.0019 +19 Subst. Refs. [26,43]
N N,(3) 2.0019  +1.2 - Refs. [44,45]
4N 1 Free 2.0022 10.45 Ref. [1]

P Ar(2) 2.0012 426 Subst.  Ref. [43]

P Kr(2) 2.0001 +28 Subst.  Ref. [43]

P Xe(2) - +30 Subst.  Ref. [43]

3p 1/2  Free 2.0019  55.06 Ref. [1]

As Ar(2) 1.9960 —31 Subst.  Ref. [43]

As Kr(2) 1.9951 —35 Subst.  Ref. [43]

As Xe(2) 1.9943 - - Ref. [43]

T As 3/2  Free 1.9965  —66.20 Ref. [1]

Atom preparation method is denoted as: (1) photodissociation, (2)
y-irradiation of suitable molecular species or (3) impurity helium solid.
Hyperfine coupling constant shifts with respect to gas phase values (labelled
as free) are expressed in MHz. Data for most abundant isotopes are shown

Thermal mobility of *S state atoms has not been reported in the literature. The
experimental data show that at least nitrogen atoms [26], produced by photolysis,
were stable up to the evaporation temperatures of the matrix. The N—Ar pair poten-
tial (minimum located approximately at 3.6 A with a depth of 8 meV; CCSD(T)/aug-
cc-pvqz level calculation) is comparable to the H-Ar (minimum at 3.6 A with 4 meV
well depth) pair potential and yet no thermal mobility is observed [21]. However,
only one trapping site was observed for nitrogen atoms and therefore it is quite prob-
able that N atoms occupy pure substitutional sites in the lattice. Hydrogen atoms
trapped in substitutional cavities are also stable and this thermal stability can also be
related to the site structure. No reports for diffusive cluster formation in this group of
atoms has been reported. In highly concentrated matrices N atoms show spin-pairing
spectra similar to the H atoms [46]. Other observed high spin atoms in rare gas
matrices include Cr (’S) and Mn (°S), which yield nearly isotropic EPR spectra [47].

1.3.3 Superhyperfine Interaction

Both 83Kr (11.6% of I = 9/2) and '**!3Xe (26.4% of I = 1/2; 21.2% of 3/2)
atoms have magnetic isotopes, which may affect the observed EPR spectra. If the
interaction between impurity and the matrix atom is sufficiently strong (i.e., there is
sufficient mixing of matrix atom and impurity orbitals) then the EPR spectrum may
exhibit additional structure due to electron spin (impurity) — nuclear spin (matrix)
coupling. This effect is usually called as superhyperfine coupling. An interesting
demonstration of this effect was given by Morton et al. who isolated hydrogen
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Fig. 1.5 Superhyperfine structure of Na atoms trapped in solid Xe (only single Na resonance line
is shown). Simulation assumes statistical distribution of 12 Xe atoms with their natural isotope
distribution around the alkali metal center. Only isotropic hyperfine interaction (A4;5, ~ 115 MHz)
has been included in calculation [28]

atoms in solid isotopically enriched '?*Xe (37%) [34,48]. The authors were able to
simulate the resulting anisotropic EPR spectrum by assuming octahedral trapping
site and proper statistical distribution of magnetic matrix atoms. A similar approach
was used in explaining the observed superhyperfine structure for sodium atoms
trapped in solid Xe [28]. Experimental and simulated spectra for one of the sodium
EPR lines are shown in Fig.1.5. Accurate EPR spectrum simulations can be
effectively used to predict the number of magnetic matrix atoms around the impurity
and therefore conclusions on the trapping site structure can be made.

1.3.4 2P State Atoms

Detection of 2P atoms in rare gas matrices has turned out to be a difficult task [1].
Atoms with a single electron in their outer p-shell (B, Al, and Ga) show powder
spectra with axial symmetry and, consequently, EPR detection sensitivity is greatly
reduced [22,49-51]. As will be justified in Sect. 1.4, the axial symmetry is caused
by locking of the unpaired electron orbital to a preferential direction with respect
to an origin placed on the impurity. On the other hand, the sample will contain
atoms with random distribution of p-orbital orientations with respect to the direction
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of the external magnetic field. The other extreme, a hole in the p-orbital frame
(e.g., halogens), is even more difficult to detect by EPR [1]. The only clean obser-
vation of this group of atoms concerns F atom in a Kr matrix, which appear to form
a relatively tightly bound tri-atomic Kr,F molecule, again in axial symmetry [52].
Other halogen atoms have only been observed in strongly quenched states [53, 54].
However, in these few observed cases, the EPR spectrum revealed detailed informa-
tion about the lattice structure around the impurity. Simulation of the EPR spectra
of 2P state atoms involves powder integration along axial symmetry, and depending
on the atom, higher order corrections may be necessary to include. For loosely
bound atoms (i.e., B, Al, and Ga), by explicitly including spin-orbit coupling, orbital
Zeeman, and crystal field interactions, one can obtain the associated parameters
from the spectrum. This has been carried out in detail for B atom in Ar, Kr, and Xe
matrices by Kiljunen et al. [22]. In this case the Hamiltonian was written as:

H=,BeH-(L+geS—gNI)+§L-S+S-A-I+H,e,,(L)
where Hyerr (L) = o [BLfl —L(L + 1)1] ,d=x,y,2 (1.1)

and was solved numerically in the uncoupled representation. Note that oty = —A /2
where A is the crystal field splitting parameter. By performing parameter fitting
between simulated and experimental powder EPR spectra, values for spin-orbit
and crystal field parameter «; can be obtained. As explained in more detail in the
theoretical part of the text, the external heavy atom effect can be included in this
model by artificially reducing the value of the spin-orbit coupling constant. By way
of an example experimental and simulated EPR spectra of boron atoms trapped in
solid Ar and Kr are shown in Fig. 1.6. The external heavy atom effect is seen clearly
as exchange in the magnitude of g, ,, and g, as the EPR spectrum changes its
overall phase completely. A summary of magnetic parameters for selected atoms in
solid rare gases is shown in Table 1.3.

The theoretical analysis of boron atom has accounted for the external heavy
atom effect, whereas Al and Ga were treated essentially by assuming the gas-phase
values for the spin-orbit coupling constants. As already demonstrated for boron,
this assumption fails for heavier rare gases. It is thus expected that the crystal
field splitting in Table 1.3 for Al and Ga is too large for Kr and Xe matrices. This
was noted in the work by Schlosnagle et al. [49], where the calculations indicated
that the crystal field splitting is infinite in Xe matrix. Since the experimental EPR
spectrum can only yield information on the ratio between the crystal field splitting
and the spin-orbit coupling constant, additional theoretical calculations are required
to determine either of the free parameters separately.

As was noted by Kunttu et al. [22] and Weltner et al. [50], diffusion of B atoms
can be thermally activated, and in some cases formation of B, as well as impurity
related products H;BO (presumably originating from the H,O + B reaction) and
BO (from O, + B) are observed. The existence of these species clearly demonstrate
that the matrix environment is well suited for studying reactions between molecular
species and B atoms. No information of thermal stability of Al and Ga atoms is
available in the literature.
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Fig. 1.6 Experimental and simulated EPR spectra of boron atoms in solid Ar and Kr: (a) experi-
mental, (b) axially symmetric simulation [22], (c) axially symmetric simulation [50]. The methyl
radical impurities are marked by M, '°BO by *, and ''BO by #*

1.4 Theoretical Treatment of Atomic Impurities

The first theoretical analysis of matrix induced shifts of the isotropic g and A values
was presented by Adrian [30]. For isotropic hyperfine coupling shifts, the impurity
atom — matrix interaction was assumed to be pair-wise additive and to consist of
two types of interactions: van der Waals attraction and Pauli repulsion. The van
der Waals attraction causes expansion of the impurity atom electron cloud and, in
simple cases like H atom, yields reduced spin density at the nucleus. This is the
origin of the negative shift in the isotropic hyperfine coupling constant. The Pauli
repulsion has an opposite effect for the shift since it causes compression of the
unpaired electron orbital. The experiments on atoms in rare gas matrices measure
the delicate balance between these two effects. For this reason different trapping
sites exhibit distinct isotropic hyperfine coupling constants. The origin for g-value
shift is more difficult to visualize but essentially it is caused by mixing of the outer
atomic orbitals of the rare gas into the wavefunction of the impurity by exchange
interaction. This increases the effective spin-orbit coupling of the atom, and hence
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Table 1.3 Summary of relevant magnetic parameters for 2P state atoms in solid rare gases
is shown

Atom I Matrix g, Exx,yy A, Axxyy £ A Source

g Ar(l) 2.0012  1.9645 126 —33 10.7 380 Ref. [50]
1B Ar(2) 2.0014  1.970 126.1 —46.9 7.8 361 Ref. [22]
1B Kr(2) 2.0018  2.032 1223 —449 —4.7 224 Ref. [22]
g Xe(2) 2.002 2.10 100 —36 —11.4 168 Ref. [22]
1B 3/2  free - - 11.6 11.6 10.7 - Ref. [1]

27A1 Ar(1) 2.000 1.954 1430 —101.5 749 2,100  Ref. [49]
27A1 Kr(1) 2.001 1.989 135.8 —89.9 74.9 7,540  Ref. [49]
2TAl Xe(1) 1.997 1.962 173.9 =758 74.9 - Ref. [49]
27A1 5/2  free - - —4.6 —4.6 74.9 - Ref. [1]

“Ga Ar(l) 1.943 1.591 433 —598 550.8 2,068  Ref. [49]
“Ga Kr(1) 1.956 1.688 394 —536 550.8 2,643  Ref. [49]
“Ga Xe(1) 1.968 - 342 - 550.8 3,460  Ref. [49]
“Ga 3/2  free - - —146  —146 550.8 - Ref. [1]

Atom preparation method is denoted as: (1) thermal source or (2) laser ablation of the solid.
Hyperfine coupling constant shifts with respect to gas phase values (labelled as free) are expressed
in MHz. Data for most abundant isotopes are shown. 4;; (ii = xx, yy, zz) refers to the anisotropic
components of the hyperfine coupling, £ is the effective spin-orbit coupling constant (cm™"), and
A is the crystal field splitting parameter as defined by Eq. 1.1 (cm™"). When clearly distinguishable
sites for Al and Ga exist then the data shown is the average over these sites

we expect a negative shift in isotropic g-value. This is, indeed, observed for 2S
impurities as shown in Table 1.1. In the following paragraphs, we will consider
theoretical calculation of g and A shifts using the pair-wise additive model.

1.4.1 Calculation of Isotropic Hyperfine Coupling Constants

A number of theoretical studies have demonstrated that ab initio calculation of
isotropic hyperfine coupling constants is very sensitive to the proper treatment of
electron correlation and the quality of the applied basis set. The same conclusion
applies for calculation of pair potentials, which similarly consist of the van der
Waals attraction and the Pauli repulsion contributions. To a good approximation
the Pauli repulsion can be described by single determinant calculations (Hartree-
Fock), whereas the van der Waals part requires the inclusion of electron correlation.
For atomic hydrogen the maximum negative IHC shifts have been calculated to
occur at slightly larger internuclear distances than the van der Waals potential energy
minimum. The simple interpretation of van der Waals expansion / Pauli compression
fits these results very well.

As arepresentative case, we will consider the pair interaction between atomic hy-
drogen and Ne, Ar, Kr, and Xe atoms. For Ne and Ar Dunning’s augmented basis set
aug-cc-pvqz [55] was applied, whereas for the heavier rare gases the effective core
potential basis set of the Stuttgart group [56] with additional augmentation was used.
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In the latter case the effective core potential basis set reduces the number of explicit
electrons and makes the calculation computationally more affordable. In both cases
the diffuse basis functions are important for obtaining accurate results. The isotropic
hyperfine coupling constant a can be obtained from the Fermi contact analysis [57]:

a= ;hﬂogegNMBMN [y (0)? (1.2)
where (1o is the vacuum permeability, g, and gy are the electron and nuclear g
values, and pp and puy are the Bohr and nuclear magnetons, respectively. The
spin density | (0)|* can be obtained from the single particle density matrices by
standard methods [57]. Efficient methods for including electron correlation are
provided by the coupled cluster (CC) and Mgller-Plesset (MP) theories [58]. For
evaluation of the pair potentials, methods such as CCSD(T) (single, double, and
perturbative triple excitations) and MP4 have proven to be very accurate. For
hydrogen atom — rare gas systems the calculated van der Waals minima account
for about 80% of the binding energy when compared with experimental results.
Unfortunately, most of the available quantum chemistry programs allow evaluation
of the required single particle density matrices only at the less accurate CCD and
MP4(SDQ) levels.

Since finite basis expansion calculations are prone to artificial basis set superposi-
tion errors, one must use the counterpoise procedure of Boys and Bernardi for both
pair potentials and isotropic hyperfine coupling shifts [59]. In both cases it is not
necessary to obtain fully converged results for the asymptotic region (e.g., infinite
nuclear separation) since we are only interested in relative energies and shifts (Aa).
In the latter case the following equation is applied [21]:

Aa(R) = arcu(R) — argu(R) (1.3)

where argn(R) is the calculated isotropic hyperfine coupling constant shift for H-
RG system and arg u(R) is the same quantity when the rare gas atom is included as
a “ghost atom”. For ghost atoms the calculation involves all basis functions for the
center but no electrons. By way of an example, the calculated isotropic hyperfine
coupling shifts for {Kr, Xe}—H as function of internuclear distance are shown in
Fig. 1.7. All the obtained curves show sudden collapse at short distances. The onset
for Xe—H can be seen in Fig. 1.7, whereas for Kr—H the turn over occurs at shorter
bond lengths. At short distances it is expected that the contribution of diatomic
Rydberg states increases dramatically and this, consequently, causes shielding of
the unpaired electron from the impurity nucleus. Most of the available ground
state optimized basis sets are not sufficient in describing these Rydberg states
properly, and the collapse in Aa may in fact occur even at longer distances than
the calculations have indicated so far. This may have, for example, considerable
effect for line broadening in the Xe—H system. In fact, experiments show that
sensitivity for detecting hydrogen atoms in Xe matrix via EPR is strongly reduced
[34]. However, the lack of sensitivity is mostly caused by broadening caused by the
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Fig. 1.7 The distance dependence of THC shifts for {Kr, Xe}-H systems from MP4(SDQ)
calculations is shown [21]

superhyperfine interaction. Finally, we note that the anisotropic hyperfine coupling
will exhibit small shifts as well, but comparison with the experimental observations
is not easy because of the poor resolution in the powder spectra.

1.4.2 Calculation of g Shift and Anisotropy

The g value shift may be estimated by calculating the induced spin-orbit coupling
change by the approaching rare gas atom. In the case of free hydrogen atom, no spin-
orbit interaction exists, and thus the rare gas atom is solely responsible for spin-orbit
interaction in this case. The spin-orbit matrix elements in a diatomic system can be
conveniently evaluated by a method presented by Knowles et al. by using multi-
reference configuration interaction wave functions [60]. Both regular and effective
core potential basis sets can be applied in these calculations. This type of calculation
has been carried out in detail for boron atom trapped in rare gas matrices where
anisotropic interactions also occur [22]. The g-shift can be approximated by the
sum over states bilinear formula [57,61]:

(0LaSa|n) (n|Lp|0)
ab = ZeBab + 8o Y (1.4)
= E, — Eq
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where a,b = x,y,z, L,S, is the spin-orbit operator, L, is the orbital Zeeman
operator (gauge dependent) and summation is taken over the excited states. Provided
that the matrix element of L, would not change much for different impurity —
rare gas combinations, then it can be seen that it is the spin-orbit operator that is
responsible for mixing in the electronically excited states. These excited states have
considerable contributions from the rare gas atoms and, in the case of Xe, the ionic
charge transfer state (B~ Xe™) plays a significant role. In this case it was possible
to account for the isotropic g shift by reducing the effective value of the spin-orbit
coupling constant as shown in Table 1.3.

In addition to the isotropic g value shifts, the 2P state atoms experience strong
splitting of the p-orbital frame by the surrounding crystal field. For example, boron
atom trapped in rare gas matrices produce axially symmetric powder spectra. This
can be understood in terms of the X and [T pair potentials for B-Rg, which are
sufficiently different to produce an axially symmetric trapping site (see Fig. 1.8).
In terms of the crystal field theory, this means that the surrounding matrix removes
the orbital degeneracy and therefore quenches the orbital angular momentum. It can
be shown that a simple relation between the crystal field splitting energy (AE) and
Agyxyy holds:

Agxxyy = 8e — ZAS_E (1.5)
In most previous theoretical analysis the spin-orbit (§) coupling has been taken as
a constant corresponding to the free atom limit. However, as discussed earlier, the
external heavy atom effect of the matrix atoms alters the effective value of spin-orbit
coupling, and therefore the above expression will yield increasingly incorrect results
when heavier rare gas matrices are treated. This behaviour was in fact observed by
Ammeter et al. in their study of crystal field splitting in Al and Ga atoms embedded
in rare gas matrices (see Table 1.3), where too large crystal field splitting were
observed [49]. Furthermore, this expression does not allow for a change of sign
in Ag, which was observed experimentally for B atoms in Kr matrix. Thus a careful
analysis of the effective spin-orbit coupling constant must always be carried out
when using this equation.

1.4.3 Molecular Dynamics Simulations

Once the pair-wise additive potentials and isotropic hyperfine coupling shifts have
been calculated, trapping of the impurity in the rare gas lattice can be simulated.
Although light atoms such as H and B have considerable quantum mechanical
zero-point spread associated with them, to a first approximation we can treat them
classically. Classical molecular dynamics simulations for these systems have been
carried [21,22]. Electronic and nuclear degrees of freedom were separated in these
calculations by assuming that the electronic part adiabatically follows the nuclear
motion. For hydrogen atoms these simulations are able to yield correct trapping
sites (i.e., they produce the experimentally observed isotropic hyperfine coupling
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Fig. 1.8 The potential a
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shifts as shown in Table 1.1). This method was the basis in identifying the trapping
sites for atomic hydrogen. Simulation of 2P state atoms requires a more complex
way of evaluating the potential energy surface used in the molecular dynamics
simulations because the B-Rg X' and IT potentials are different from each other.
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For this purpose a minimal diatomics-in-molecules (DIM) description is well suited.
The DIM Hamiltonian is given as [22]:

E; (CIT) + x7 A; xi yi Ai Xizi Aj
HPM =N"E( ) @1+ xi i A E; (3M) + y? 4 yizi Ai
i<j i X;zi A Vizi Ai E;i (PIT) + 22 A

(1.6)

where A; = E; (22 ) — E; (21'[ ), Xi, Vi, zi denote the direction cosines between
the 2P atom and matrix atom i, E(i, j) is the Rg—Rg pair potential and 1 is the
3 x 3 unit matrix. The first summation is over the 'S matrix atom pairs and the
second over the surrounding matrix atoms. Numerical diagonalization of this real
symmetric matrix can be efficiently performed, for example, by the DSYEV routine
in LAPACK [62]. This diagonalization yields three eigenstates and the effective
orientation of the unpaired electron orbital is given by the eigenvectors. It should
be noted that atoms that have a hole in their p-orbital frame must be treated
differently as the ionic states have major contributions to the ground state. By
including vacancies around the boron atom, it was observed that in the lowest state
the p-orbital direction became locked in space. Based on the experimental EPR
spectrum this is the correct behavior. The calculated crystal field splitting (i.e., the
difference between the eigenvalues) correspond very nicely with the experimental
observations. Spatial locking of the p-orbital can be conveniently represented by the
orbital autocorrelation function of the i th state:

C(1) = (ci(1) - ci (0)) (1.7)

where c; (¢) is the eigenvector of the ith state at time ¢. By way of an example, the
autocorrelation function of the unpaired electron orbital of boron in various Rg hosts
is shown in Fig. 1.9.

The calculated crystal field splittings obtained by this method are listed in
Table 1.3. From the simple g value shift expression in Eq. 1.5 it can be seen that
experiments can only yield the ratio between the effective spin-orbit and the crystal
field splitting. In practice this means that the theoretical calculations are mandatory
in order to obtain proper results. The DIM model can be easily extended to include
interactions that are important for EPR spectroscopy (DIM-SH). When spin-orbit
interaction is included the Hamiltonian becomes a complex 6 x 6 matrix since
electron spin has to be added to the basis set. It then depends on the problem weather
Cartesian, uncoupled, or coupled basis representation is the most efficient one to use.
One should observe that a consistent phase convention is used in transformations
between different schemes [63].

The DIM-SH method combined with molecular dynamics calculations is
expected to be very useful, for example, in modelling of spin dynamics in
solids. Ensemble averages for spins can be performed by averaging over multiple
trajectories with different initial conditions. Even inhomogeneities can be included
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Fig. 1.9 The p-orbital
autocorrelation function for B
atom in Ar, Kr, and Xe
matrices are shown [22]. Case
(a) no vacancies, (b) one
vacancy, and (c¢) two
vacancies. The solid lines
correspond to the lowest
eigenstate (z) and the dashes
lines to nearly degenerate
excited eigenstates (xy)
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1.4.4 Simulation of EPR Spectra

Simulation of EPR spectra for 2S atoms in rare gas matrices can be carried out
very efficiently by using effective isotropic g and a values. However, the 2P state
case requires a more complex approach as the spin Hamiltonian of Sect.1.3.4
must be solved numerically. Furthermore, as the orientation of the p-orbital is
most often locked in solids, a powder spectrum with an axial symmetry must be
generated. For this purpose, we have implemented a generic spin engine, which
can deal with an arbitrary number of spins and their operations in the uncoupled
representation. Given the spin Hamiltonian of (1.2), this routine builds the required
spin Hamiltonian matrix efficiently, diagonalizes it, and calculates the transition
moments between the requested states. In most EPR experiments the magnetic field
is varied instead of the microwave field frequency and therefore the simulation
algorithm obtains transition energies and moments at several different magnetic
field values within the spectral range and uses a linear interpolation to obtain
the intermediate values. Since the obtained energy levels may cross within the
interpolation interval, it is important to correlate correct states with each other. To
find the state that correlates with state i, state k is chosen such that it maximizes the
overlap between i and k:

max |{c; (B;) lex (Bj+1))’ (1.8)

where B’s indicate the magnetic field values and ¢’s are the eigenvectors of the spin
Hamiltonian obtained at the given magnetic field values.

For powder spectrum integration, a cubic spline interpolation of the transition
energies and transition moments was applied. This greatly reduces the number
of orientations at which the spin Hamiltonian must be diagonalized. After the
powder integration procedure, the EPR lineshape is convoluted into spectrum
by using the Fast Fourier Transform (FFT) approach where the convolution is
carried out in the Fourier space as a direct multiplication [64]. For boron atom
trapped in rare gas matrices, we have used different linewidths for parallel and
perpendicular transitions, which makes the lineshape calculation computationally
more demanding by requiring the FFT convolution to be carried out for each
single crystal orientation separately. In this particular case, it was observed that the
perpendicular lines were 7-9 times broader than the parallel lines. Coupling of the
p: orbital with py , by the external magnetic field is the most likely source for this
effect. The x-y frame is more strongly coupled to the lattice and hence its presence
causes severe line broadening. This type of effect is in fact quite general and it has
been observed in more complex systems as well [65].

The simulated EPR spectrum can be fitted to the experimental spectrum by using
the least squares minimization process where any of the parameters of Hamiltonian
in Eq. 1.2 can be simultaneously optimized. Since the analytic gradients are very
difficult to obtain, a minimization method that does not require gradients is pre-
ferred. Three such methods were used in the simulations: Monte Carlo, Simplex, and
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Marquardt [66]. Restrictions on the optimized parameters were included by penalty
terms, which essentially increase the object function value if some parameters
are out of their allowed range. In a typical application, the optimization starts
with several thousand Monte Carlo cycles to avoid local minima, the solution is
improved by the simplex method and then finally the Marquardt method is used to
obtain a fully converged result. All the described spectral simulation methods have
been implemented in Xemr program, which is available for free download through
Internet [32].
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Chapter 2

Organic Radical Cations and Neutral Radicals
Produced by Radiation in Low-Temperature
Matrices

Vladimir I. Feldman

Abstract Paramagnetic species produced by ionizing radiation in organic materials
were studied extensively by EPR for 60 years. Using low temperature matrices made
it possible to characterize a wide class of highly reactive radicals. More recently, the
focus was shifted to the investigations of ionized molecules (radical cations). Several
approaches based on frozen solution technique, trapping in porous media and
rigorous matrix isolation method has been developed up to 1990s. The knowledge
on structure and properties of radical ions is crucial for understanding fundamental
processes in radiation chemistry and important for a number of various areas,
including, radiobiology, physical organic chemistry and molecular electronics. This
chapter presents a review of progress in the field during the past two decades with
particular attention to the EPR studies of radical cations and radicals generated
by high-energy irradiation of moderate-size organic molecules in solid noble
gas matrices. The mechanisms and selectivity of the primary radiation-induced
processes in organic solids are discussed with special impact on the role of “fine
tuning” and matrix effects.

2.1 Introduction

Organic radicals and radical ions are the key reactive intermediates in a wide
variety of chemical and biological processes induced by oxidising agents, heat,
light, ionizing radiation, etc. Unstable radicals produced in thermal chemical
reactions normally occur in very small concentrations, and their lifetimes are quite
short (especially, in liquid phase), which limits direct detection of these species.
Meanwhile, in the case of irradiation of organic solids and polymers, various-type
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radicals and radical ions are easily produced and trapped in high concentrations,
which makes it possible to investigate their structure and properties in detail.
Probably, the first EPR study of organic radicals generated by high-energy radiation
(X-rays) was reported in 1951 [1], so now we can celebrate 60 years of using
EPR for characterization of the radiation-induced damage in organic materials. It is
worthwhile noting that both EPR spectroscopy and radiation chemistry benefited
greatly from these studies. Indeed, ionizing radiation has proved to be the most
common tool to obtain various organic radicals, including highly reactive “high-
energy” species, which can be hardly produced by other techniques. Many basic
results concerning the structure and dynamics of free radicals were derived from
the studies of irradiated systems. As an illustrative example, one can mention
classical works on determination of proton hyperfine coupling tensors for aliphatic
radicals trapped in irradiated single crystals [2]. On the other hand, high sensitivity
and unique structural informativity of EPR spectroscopy gave invaluable help in
elucidating the radiation-chemical mechanisms, and since the 1960s EPR was
accepted as one of the basic experimental tools of radiation chemistry [3]. Extensive
studies carried out during the first 30 years (1951-1980) resulted in dramatic
progress in the field. In particular, the radicals trapped in different organic systems
and polymers irradiated at 77 K were identified unambiguously, and the radiation-
chemical yields were determined for a number of systems. A comprehensive
review of the early work can be found in the book by Pshezhetskii et al. [4].
An important problem addressed (but not solved) in these studies is concerned
with the possibility to differentiate primary radiation-induced chemical events from
secondary reactions. At first, it was supposed that the secondary processes should be
completely stopped in rigid media at 77 K. However, further experiments revealed
that some reactions activated by local molecular motion in organic solids and
polymers could occur well below this point [5—10]. Furthermore, although the EPR
data on the radiolysis of organic systems at cryogenic temperatures (below 77 K) are
still rather limited, it is clear that some primary radical species cannot be trapped
even at lowest attainable temperatures. In general, it is suggested that the radical
reactions occurring at very low temperatures are due to tunnelling phenomena.
Meanwhile, in the case of radiation-induced radicals, one should also bear in mind
possible involvement of “hot” or “unrelaxed” species.

At this point, it should be stressed out that even detection of “primary” neutral
radicals resulting from dissociation of organic molecules is not sufficient to establish
the basic mechanisms of radiation-induced damage. Actually, the primary event
induced by radiation is ionization or electronic excitation rather than chemical
bond rupture. The ionization process specific for high-energy radiation is generally
favoured in condensed phases. An important role of ionic processes is clearly
demonstrated by the observations of trapped electrons and radical anions in a
number of irradiated organic systems [4]. Thus, from fundamental viewpoint, it is
crucial to characterise the structure and reactivity of the primary ionized molecules,
or radical cations. The radical cations are paramagnetic species, so they should be
detectable by EPR. Nevertheless, most aliphatic radical cations were not observed
in early studies. An obvious reason is extremely high reactivity of ionized aliphatic
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molecules, which may undergo recombination with electrons, fast reactions with
neighbouring neutral molecules, and “hot” fragmentation. In fact, none of these pro-
cesses requires molecular diffusion, so the reactions of the primary radical cations
cannot be stopped at low temperatures. To avoid the ion—molecule reactions, it is
practicable to use matrix isolation, whereas the ion—electron recombination may
be ceased in the presence of electron scavengers. A simple and efficient solution for
the EPR studies of reactive radical cations, the so-called Freon matrix technique,
was suggested by Shida and Kato in 1979 [11]. The method is based on irradiation
of frozen solutions of organic substances in fluorinated halocarbons (mainly freons)
at reasonably low temperatures (typically, 77 K). Detailed scheme, advantages and
problems of the method will be discussed below. Extensive studies of a wide class
of organic cations were carried out using this approach [12-14], and the up-to-
date knowledge on electronic structure, geometry, and chemical properties of these
species relies essentially on the data obtained in halocarbon matrices.

As a whole, up to early 1990s, the basic information on the structure of the
radiation-induced paramagnetic species (radicals and radical ions) was available
for many organic compounds and a number of important polymers (including
macromolecules of biological interest). Nevertheless, general understanding the
primary radiation-induced events in organic materials was still lacking. In particular,
the following issues could be defined as major unresolved problems:

1. The problem of localization. Typically, molecular solids and polymers consist
of molecules or units, which are chemically similar, but physically not ex-
actly equivalent, because of conformation difference, variations in molecular
interaction, packing, etc. The role of this dispersion in localisation of primary
radiation-induced events is not clear.

2. The problem of matrix effects. Even in the case of chemically inert environment,
the primary radiation-induced effects in solid media can be sensitive to the
matrix nature, especially if we consider the relaxation and reactions of strongly
interacting primary ionized molecules. However, the data on matrix effects on
the early processes are rather ambiguous.

3. The problem of excess energy (involvement of “vibrationally hot” species). In
general, it is assumed that the high-energy reaction paths involving “hot” species
(vibrationally excited radical cations or radicals) are less significant in solids
than in the gas phase. However, the formation of fragment radicals at low
temperatures may imply effect of excess energy. The conclusions on this problem
are speculative and not based on any direct experiment.

4. The problem of selectivity. Despite the intuitive reasoning on statistical primary
bond rupture in “high-energy processes”’, the EPR data suggest non-random
mode of radical formation. The interpretation is not straightforward since it is
not easy to discriminate between primary and secondary events. The “selection
rules” in the radiation chemistry of molecules in solids are still unclear.

It is worth noting that EPR spectroscopy is the most suitable experimental tool
to shed a bit of light on these issues. Indeed, EPR spectra are quite sensitive to
chemical structure and conformation of radicals and radical ions; matrix effects
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can be often seen in magnetic parameters of the radical species. Although the EPR
studies of the radiation-induced species during the past two decades were not as
extensive as in early period, the results provide some important clues for basic
problems outlined above. In addition, they have demonstrated new opportunities
of using the radiation-chemical methods for detailed studies of structure, dynamics
and reactivity of organic radicals and radical ions.

This chapter will present a review of results obtained mainly in the past 15 years
with specific impact on experimental studies carried out in our laboratories. It will
focus primarily on matrix isolation studies, but also include other kinds of relevant
low-temperature works. The main goal is to show experimental basis of the matrix
EPR experiments using high-energy radiation and to illustrate their potential for
elucidation of the most spurious issues of solid-state radiation chemistry and
related fields, with a large number of various implications (ranging from molecular
electronics to biophysics and radiobiology).

2.2 Experimental Approaches and Overview of Results

2.2.1 Low-Temperature Radiation-Chemical Techniques
Jor EPR Studies

Most commonly, the low-temperature EPR studies of radiation-induced radicals
in organic solids are carried out at 77 K using standard equipment for irradiation
and measurements, which is commercially available for tens of years. Meanwhile,
as mentioned above, some chemical reactions of active species and local physical
processes in matrices cannot be stopped at this temperature. Using “helium-range”
temperatures (below 77 K) may be significant both for trapping of highly reactive
intermediates and for visualisation of spatial distribution of the primary chemical
events. Early EPR studies of the radiation damage in organic materials at very
low temperatures (down to 1.5 K) were focused mainly on spatial distribution of
the primary radicals, in particular, on the structure and dynamics of radical pairs
produced by irradiation. Linear alkane crystals and polyethylene were the most
popular objects in these works [5-10, 15-17]. In a few cases, it was possible to
identify the radicals, which are unstable at 77 K (e.g., methoxy radicals in methanol
[18]). An extensive work was made on DNA crystals irradiated at 4 K.!
Considering early studies from experimental viewpoint, one should note that the
irradiation of organic crystals in ampules with X- or y-rays was typically carried out
in a liquid-helium bath (Dewar) at 4.2 K (or at even lower temperature, if the pump-
out procedure was used [5]). The EPR measurements were made in the same Dewar
at 4.2 K, or at higher temperatures (using liquid nitrogen Dewar or nitrogen-flow

IThe results of the DNA-related studies are discussed in a separate chapter of this book.
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Table 2.1 Mass absorption coefficients (in cm?/g) for photons with E = 30 keV for
some typical matrix media

H20 C6H14 C2H50H MTHF CFClg SF() Ar Kr Xe
0.156  0.0583  0.0971 0.0804 1.68 0.588 2.31 13.65 1797
Calculated from the data presented in Ref. [25]

cryostat for the measurements at 77 K and above). Such an approach is somewhat
limited, especially for detailed studies at intermediate temperatures (between 4 and
77 K); furthermore, it is not suitable for matrix isolation studies. A more versatile
approach is based on using continuous-flow or closed-cycle helium cryostats
operating in a wide temperature range. At present, the general-purpose helium-flow
cryostats for the EPR measurements are commercially available and widely used
in many laboratories. However, the cryostats for high-energy irradiation and EPR
measurements under the conditions strictly avoiding intermediate heating of the
sample are still custom-made devices used by a few groups. Most of these devices
make use of X-ray radiation [19-21]. A different approach using fast electron
irradiation produced by a Van-de-Graaf accelerator (typically, 1-1.2 MeV) has been
developed at Karpov Institute [22—-24]. One advantage of using fast electrons results
from easy tunability of the beam parameters, i.e., electron energy and beam current.
Thus, it is possible to tune the penetration depth and to vary the dose rate over a
wide range. On the other hand, irradiation with X-rays is often more practicable
because of easier experimental setup and opportunity of using local protection.

Beyond these technical features, one should bear in mind a basic physical dif-
ference in the energy absorption mechanisms between fast electrons and X-rays. In
the case of fast electron irradiation, the absorption is mainly determined by inelastic
collisions with the electrons of medium (ionization losses) and typically there is a
rather weak effect of the chemical nature of absorber (at least, for materials used
in matrix isolation studies). In other words, the absorbed dose is roughly similar
for different substances irradiated under the same conditions. The same is also true
for irradiation with y-rays (high-energy photons with the energy of about 1 MeV),
because the basic mechanism of photon interaction with matter in this energy range
is Compton effect and the mass absorption coefficients for different substances are
rather similar. However, in the case of X-rays with typical energy of 20-50 keV, the
most important mechanism is photoelectric absorption and the absorber nature has
dramatic effect on its cross-section. For most elements (except for H) the atomic
absorption cross-section for photoelectric effect in this energy region is roughly
proportional to Z* [3] (Z is atomic number of the absorber), provided that the photon
energy is above K-edge. This means that the mass absorption coefficient increases
approximately as Z* for heavier elements. The effect of heavy atom for irradiation
of selected matrices 30-keV photons is illustrated by Table 2.1 (the data for different
elements and photon energies may be found elsewhere [25]).

In practice, it means that, for instance, the dose in Freon-11 (CFCl3) and in a
hydrocarbon matrix may differ by more than an order of magnitude, when these
matrices are irradiated with X-rays in the same geometry. This effect (often ignored
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in qualitative structural studies) should be definitely taken into account for proper
planning of the experiment in terms of irradiation time and uniformity of dose
distribution. The latter factor is especially important for heavy noble gases (the mass
absorption coefficient of xenon is lower than that of krypton, because the K-edge
for xenon lies above 30 keV). Indeed, due to huge mass absorption coefficient, the
photons with energy of ca. 30 keV are mainly absorbed within the thin layer of
krypton or xenon (200—400 um) and the dose in this layer is quite high. As follows
from experiments in our laboratory, a short-time exposure to X-rays often yields
large amounts of trapped guest radicals in krypton and xenon matrices, whereas
more prolonged irradiation is required for molecular media.

The EPR cryostat for matrix isolation studies used in our studies (Fig. 2.1)
contains a cylindrical (Hyp;; mode) vacuum resonator cavity. An early version
designed at Karpov Institute was based on a continuous-flow scheme with the
lowest attainable temperature of 8 K. The latest version of a portable cryostat
used at present in our laboratory is based on a closed-cycle cryocooler (the sample
temperature down to ca. 6 K) and can be applied for both X-ray and fast electron
irradiation. A sample is obtained by slow controlled deposition of gaseous mixture
onto the tip of a 4-mm cylindrical sapphire rod inserted into the cavity. There are
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two options of rod tips: (a) a truncated conical tip, which corresponds naturally
to the symmetry of the resonator cavity and (b) a cut-off at 45° (more suitable
for photobleaching experiments). If the deposition is slow enough and the nozzle
comes close to the tip, the shape of the growing sample follows the tip shape.
In this case, the paramagnetic species produced in the sample show essentially
random orientation in macroscopic scale. For this reason, the effect of preferential
orientation often observed in the spot-like samples obtained on a flat rod [26] is
of minor importance, especially for the samples prepared on the truncated conical
tip. After the deposition is complete, the sample is irradiated with X-rays or fast
electrons through an aluminium foil window, and then the cavity is connected to the
microwave bridge of spectrometer.

2.2.2 Matrix Isolation for Radiation Chemistry

Matrix isolation is a widely used experimental approach for the studies of highly
reactive intermediates. In general, it implies trapping of a reactive species in a
rigid, chemically inert environment at low temperature. Classic procedure makes use
of deposited matrices obtained mainly from noble gases; however, “compromise”
techniques using dilute frozen solutions are also often referred to as matrix isolation
methods. Meanwhile, the matrices used for the EPR studies of radiation-induced
radicals and radical cations should meet a number of specific requirements. First, the
matrix substance should have relatively high ionization and/or excitation potential.
Indeed, the high-energy radiation is absorbed primarily by matrix, and the species
from guest molecules are produced only by positive hole or excitation transfer.
Second, as mentioned above, trapping of the primary radical cations is possible only
in the presence of electron scavengers, which blocks ion—electron recombination.
Third, the EPR spectra of paramagnetic species produced by matrix radiolysis
should not overlap with the spectra of radicals under study (ideally, the matrix
should yield no paramagnetic species under irradiation). Finally, the magnetic
interactions of trapped radical with matrix nuclei should be negligible (the best
choice is matrix without magnetic nuclei). These requirements result in significant
restriction in the choice of suitable matrices for the radiation-chemical studies.
Nevertheless, a number of approaches have been developed to overcome the above-
mentioned limitations.

2.2.2.1 Low-Temperature Organic Glasses

Molecular glasses stable at 77 K (e.g., branched alkanes, MTHF, methylcyclohex-
ane, alcohols and alkyl halides) have been used as matrices for optical spectroscopic
studies of structure and photochemistry of organic radicals produced by different
methods [27]. Using glassy matrices was found to be especially valuably for
investigations of trapped electrons and radical anions [14]. In general, these media
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are less suitable for the EPR studies of radical cations and neutral radicals produced
by radiolysis, because the matrix radicals yield quite intense and complicated EPR
signals. Among a few examples, it is possible to mention identification of the
EPR signals of radical cations of tetramethylethylene and some long-chain alkanes
with relatively low ionization potentials in 3-methylpentane and 3-methylhexane
glasses [28, 29]. The problem of background signal can be partially solved by using
perdeuterated matrices. Indeed, the hyperfine coupling constants for deuterons are
6.51 times smaller than the corresponding values for protons, so the EPR spectra
of perdeuterated radicals show much smaller total spread. For this reason, the outer
lines of the species produced from protiated solute molecules can be easily detected
in perdeuterated glassy solvents. Such an approach was used for the studies of
hydrogen atom abstraction from guest alkane molecules in glassy perdeuterated
alcohols [30].

2.2.2.2 Freon Matrices

Freons are chemically inert fluorinated halocarbons widely used in general-purpose
technologies. Actually, the “Freon matrix technique” is a modification of the
halocarbon method for optical spectroscopic studies of radical cations suggested
by Shida and Hamill [32]. As mentioned in Introduction, application of freons to
the EPR studies of radiation-induced radical cations has been uniquely successful.
General scheme of production of organic radical cations in the most popular matrix,
Freon-11 (fluorotrichloromethane), may be represented as follows:

CFCl; — /\/\ — CECL3 " + e~ 2.1
CFCI{" 4 RH — CECl; + RH" (2.2)
CFCl; 4+ ¢~ — (CFCl; ™) — CFCI, 4 CI~ (2.3)

Here symbol “- A/\->" denotes the action of ionizing radiation, and RH is
a solute organic molecule. The problem of background EPR signal from matrix
radicals is not crucial, because fluorinated radicals yield very broad and weak signals
in macroscopically disordered media due to large anisotropy of '° F hyperfine cou-
pling. Other popular matrix substances are the isomers of trifluorotrichloroethane
(Freon-113), mainly CFCI,CF,Cl and CF;CCl;. The former matrix is especially
useful for the studies of ion—molecule reactions, whereas the latter one may be
helpful for investigation of unimolecular transformations of the radical cations.
The mixture of CF,BrCF,Br (Freon-114B2) and Freon-11 suggested for optical
studies [33] was also used in combination with EPR. In addition to freons, some
other fluorinated compounds (in particular, perfluoroalkanes and SFs) were applied
for the EPR studies of radical cations.

The “golden age” in Freon matrix studies is associated with the 1980ths, and
comprehensive reviews in the field are available [12—14]. Here I have to mention in
short some later results (not covered in early reviews).
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Identification of a large number of hydrocarbon radical cations was made in
early works; meanwhile, new data became available during the past two decades.
Despite the extensive studies of linear alkane radical cations in halocarbon matrices
in the previous period, the discussion on the structure of these species is not closed,
and some additional experimental and theoretical arguments have been presented
[34, 35]. The peculiarities of ion—molecule reactions of the linear alkane radical
cations occurring in alkane aggregates in frozen halocarbon solutions were studied
by Ceulemans et al. [36-38]. EPR spectra of radical cations of some branched
alkanes have been characterised in various Freons [39].

Several studies were concerned with the structure and reactions of the radical
cations of unsaturated hydrocarbons, namely, long-chain linear alkenes (pentenes,
hexenes and octenes) [39-43] and terminal alkynes [44]. Recently, the EPR
spectrum of a branched terminal alkyne (3,3-dimethylbutyne-1) was first reported
in freonic matrices [45]. An interesting feature of these species is remarkable
weakening of a specific C—H bond in one of the methyl groups, which results in a
very large hyperfine coupling constant for a corresponding y-proton (3.0 mT) and
may lead to specific reactivity. The radical cation of vinyl cyclopropane (VCP) and
other CsHg-related species has been studied extensively in various Freon matrices
[46, 47]. The reactions of primary and distonic radical cations produced from
VCP are quite sensitive to environment, which leads to a very diverse chemistry,
depending on the experimental conditions.

A number of papers reported EPR and ENDOR studies of structure and
rearrangements of bicyclic and polycyclic hydrocarbon radical cations in halocarbon
matrices [48—54]. The application of the Freon matrix technique for general organic
chemistry may be illustrated by a study of trimethylene methane radical cation
produced from methylene cyclopropane [55] and comparative investigation of
benzene and Dewar benzene derivatives [55a].

In the case of aromatic hydrocarbons, the main problem is precise determination
and assignment of small hyperfine couplings. Recent progress is associated with
the application of ENDOR. The latter technique made it possible to characterise
in detail the structure of both monomeric and dimeric cations [56-58]. Also to
be mentioned, the EPR studies revealed dramatic effects of halocarbon matrix
nature on the conformation of some alkyl benzene radical cations [59, 60]. In
addition, the Freon matrix technique was applied to characterize the structure of
diphenylamine radical cation [61] and dimeric radical cations of partially fluorinated
benzenes [62].

A number of recent investigations using halocarbon matrices were related to
heteroatomic aliphatic radical cations. An interesting example is given by char-
acterisation of structure and reactions of methyl fert-buty ether (MTBE) radical
cation [63]. This cation shows a major hyperfine coupling of a(3 H) = 3.3 mT due
to methoxy group protons, which is substantially smaller than the corresponding
value for dimethyl ether (a(6 H) =4.2—4.3 mT [64, 65]). Unlike the radical cations
of linear ethers, the MTBE radical cation easily undergoes methane loss at the
temperatures above 100 K. Another example is represented by the studies of
structure and reactions of various-type amine radical cations (including alkylamines,
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allylamines and propargylamine) [66, 67]. One feature of these works is real-time
kinetic monitoring of reactions in the Freon matrices by low-temperature EPR spec-
troscopy (the data of this kind are still rather limited). It has revealed intramolecular
rearrangements via a hydrogen shift in the primary radical cations to yield the cor-
responding distonic-type species, which may occur by both classical and tunnelling
mechanisms (the latter is probably the case for 1,2-shift). Kinetic aspects of the
intramolecular H-shift were also analyzed for lactone radical cations [68].

Several papers reported the studies of the radical cations of vinyl monomers
and related compounds, including vinyl ethers [69-71], dihydrofuranes [70-74],
dihydropyranes [75, 76], and acrylates [77]. The latter species appear to be of
special interest in view of practical significance of acrylates and confusing data
of early studies. It was shown that ionization of acrylates occurred from the non-
bonding orbital of carbonyl oxygen, which implies small hyperfine couplings in the
primary cation yielding a broad unresolved singlet in the EPR spectra. The primary
species easily undergo intramolecular H transfer (in the case of ethyl acrylate, the
transformation starts at 40 K). Further reactions depend crucially on the matrix.
In general, these studies provide a new insight into early stages of the radiation-
induced polymerisation of vinyl monomers initiated by radical cations.

During the past decade, Freon matrices were applied to investigate the structure
of heterocyclic radical cation with two heteroatoms, which present a challenge from
the viewpoint of structural chemistry and considerable interest for model purposes.
These works included re-examination of the radical cations of 1,4-dioxane [76]
and s-trioxane [78] and characterization of previously unknown species (the radical
cations of piperazine, morpholine, thiomorpholine and thioxane [79]). The EPR and
ENDOR studies supported by extensive DFT calculations have clearly shown that
all the studied radical cations of 1,4-diheterocycles adopt chair (or distorted chair)
conformations, so there are no reasons to consider boat structures with intramolec-
ular o*-bonding. In the cases of 1,4-dioxane, piperazine and thiomorpholine, the
spin population is almost equally distributed between the two heteroatoms, whereas
for morpholine and thioxane the unpaired electron is mainly located at nitrogen and
sulphur atoms, respectively.

For the most recent example of application of the Freon matrix technique for
detailed characterization of complex heteroatomic species, one can refer to a study
on aromatic thioether radical cations [80]. Interestingly, in this case, spin and charge
were found to be almost equally distributed between the sulfur atom and the adjacent
phenyl ring (unlike that for other aromatic cations).

Also to be mentioned, some new studies were made on the radical cations of
organometallic compounds [81].

The results of our studies on “bridged” bifunctional radical cations will be
discussed in detail in Sect. 2.3.2 and an extensive work of Shiotani group on specific
deuterium labelling to analyse the low-temperature dynamics of the radical cations
in halocarbon matrices is presented a separate chapter of this book (Chap. 4 of
Volume 1).

Recent development in the field of “Freon matrix technique” also included
extensive application of this method to the photochemistry of the radical cations.
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Early investigations of the phototransformations of organic radical cations in solid
halocarbons used mainly optical absorption spectroscopy [82, 83], whereas the
application of EPR was restricted to the qualitative “photobleaching” experiments
and photochemical studies of some hydrocarbon cations [12-14]. Systematic
quantitative determination of the kinetic parameters of the photochemical reactions
of a series of aliphatic functional radical cations based on combination of EPR
and electronic absorption spectroscopy was made mainly in the past 15 years.
The optical characteristics, quantum yields of decay and reaction products were
determined for a number of various radical cations (including ethers and acetals,
amides, alkanes, acetone and acetaldehyde). The results obtained before 2000 are
summarized in a mini-review [84]. An important step for further studies was quan-
titative determination of optical and photochemical characteristics of the radiation-
induced intermediates resulting from Freons [85]. More recently, this approach was
applied to the radical cations of organotin compounds [86], and cyclic oxides and
sulfides [87-89]. In general, these studies reveal three kinds of photoreactions of the
radical cations: (i) “trivial pathway”, i. e., photostimulated charge transfer to matrix
followed by charge recombination, (ii) deprotonation, and (iii) specific reactions.
The first channel is typically characterised by high quantum yields. It occurs
in different freons, but shows maximum efficiency in a polycrystalline Freon-11
matrix. The proton loss occurring with much lower quantum efficiency (except for
tetrahydrofuran and dimeric radical cations) can be revealed clearly in a sulphur
hexafluoride matrix with high ionization potential, because the photoinduced charge
transfer in this matrix is energetically unfavourable due to large “IP gap” (>5.5eV).
Such a process also may occur in some other media (e.g., in Freon-113); the nature
of proton acceptor is not fully clear. Specific reactions (determined by chemical
nature of the system under study) include fragmentation, intramolecular H transfer,
ring cleavage, and other types of rearrangements. An unusual photochemical
reaction, methyl group migration, was found for the radical cations of methyl tert-
butyl ether [63] and 3,3-dimethylbutyne-1 [45].

In summary, the “Freon matrix technique” has played a very important role in
the studies of radiation-induced radical cations, and it is still of certain potential
value due to its simplicity and versatility (some examples will be shown below).
Meanwhile, this approach suffers from several significant limitations:

— in fact, this method is not a true matrix isolation technique. Indeed, the typical
procedure makes use of frozen solutions. The microstructure of these samples
is unknown, and the aggregation of solute molecules cannot be excluded. Fur-
thermore, the concentrations of guest molecules are often quite high (typically,
1 mol%, or even higher), so, in general, the assumption of isolation is invalid;

— the assumptions of “matrix inertness” and “low disturbance” for freons are
questionable. Although irreversible chemical reactions of radical cations with
these matrices were not observed, the formation of strong matrix—cation
complexes was detected for in a number of cases [12];

— frozen halocarbon solutions, which seem to be excellent media for the EPR
studies, are not so attractive for UV/VIS absorption studies because of strong
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scattering (except for glassy Freon mixture matrix); they are even less suitable
for IR spectroscopy due to intense absorption in the low-frequency region.

In order to overcome some of these limitations, we suggested to use matrix
deposition technique for EPR and optical spectroscopic studies in halocarbon
matrices [23]. However, in any case, one should look for some alternative (or
complementary) approach to answer a number of basic issues.

2.2.2.3 Zeolites and Other Porous Media

The idea of using inorganic sorbents as matrices for the EPR studies of paramagnetic
species produced from organic molecules by ionizing radiation was first tested
for benzene adsorbed on silica gel more than 40 years ago [90], which led to
identification of monomeric and dimeric benzene radical cations. However, the
application of silica gel was probably limited to the studies of simple aromatic
radical cations [91, 92]. A crucial step was turning to specific cavity-type hosts,
namely, synthetic zeolites [93, 94]. In principle, the scheme of formation of radical
cations in zeolites is similar to that given above for the halocarbon matrices; the
nature of electron traps in this case is not fully clear. The basic difference between
the radical cations trapped in halocarbon matrices and zeolites results from the
fact that the cages (trapping sites) in zeolites have regular, well-defined geometry.
Both trapping and reactions of radical cations in zeolites occur in a completely
rigid environment. Extensive EPR studies of structure and reactions of hydrocarbon
radical cations produced by y-irradiation in zeolites’> were made by the Argonne
group (one may refer to reviews [95, 96]). The most popular matrices used for these
studies were zeolites of ZSM family (mainly, ZSM-5). Other hosts tested were X,
Y and Beta zeolites, mordenite, silicalite, and MCM-41 molecular sieve. Also to be
mentioned, the studies of dynamics of amine radical cations produced by radiolysis
in zeolites have been reported [97].

In general, zeolites are less suitable for specific studies of the structure of organic
radical cations than halocarbons. For example, the radical cations of n-hexane and
n-octane were stabilized in a ZSM-5 zeolite only at 4 K [96], whereas smaller
alkane cations were not detected at all. The same problem occurs with the radical
cations of small alkenes [96]. Furthermore, an attempt to observe the EPR spectra
of radical cations produced by irradiation of many organic molecules (e. g., ethers
or esters) in zeolites failed, probably, due to secondary reactions [96]. The stability
of radical cations and neutral radicals produced in zeolites depends strongly of the
size of guest species. Small paramagnetic species often decay rapidly even at 77 K,
whereas larger radicals and radical cations may be observed at 200 K or above. On
the other hand, large cations cannot be accommodated in the pores of ZSM-5, and

21t should be noted that radical cations and radicals in zeolites can be also produced from some
organic molecules due to chemical or photochemical one-electron oxidation; these processes are
not considered in the present chapter.
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their trapping requires using the zeolite hosts with larger cage size (e.g., mordenite)
[95, 96]. These “size effects” resulting from size-dependent molecular diffusion and
geometrical constraints reveal both limitations and advantages of zeolites. As to the
latter, one should note that the EPR spectra of radicals in zeolites typically show
better resolution than in halocarbon hosts. This result is understandable in view of
larger pore size in zeolites, which allows more rotational freedom for small guest
species. Geometrical constraints also play an important role in selection of reaction
channels in zeolites. Thus, zeolites can be described as “microreactors” with tunable
pore size, polar interactions and acidity [95, 96].

Formation of radical cations is not the only process occurring upon radiolysis of
hydrocarbon molecules adsorbed in zeolites, because of the importance of formation
of H adducts for olefins, dienes and aromatic molecules [98].

Generally speaking, zeolites are fascinating matrices for the EPR studies of
structure and dynamics of some radical cations and neutral radicals. Furthermore,
radiolysis of adsorbed molecules in zeolites provides a powerful tool for designing
“spin probes” of adsorption and valuable models for heterogeneous catalysis [96].
However, a wide-scale application of zeolites for basic studies of the radiation-
induced processes in solids is questionable because of a lot of complications
resulting from inhomogeneous adsorbate distribution, strong chemical interac-
tions, etc.

2.2.2.4 Solid Noble Gas Matrices

Solid noble gases are classical media for matrix isolation studies, which have been
used extensively for spectroscopic characterization of highly reactive intermediates
for several decades. In particular, organic radical cations (mainly, of aromatic
and conjugated systems) were widely studied in noble gas matrices by optical
absorption spectroscopy [82, 83, 99]. A number of neutral organic radicals produced
by different techniques (i.e., photolysis, pyrolysis, glow discharge, or chemical
reactions) were characterized in solid argon and neon by EPR since the 1960s
[100]. Meanwhile, up to recently, the application of solid noble gas matrices
to the EPR investigations of paramagnetic species produced by the solid-state
radiolysis was limited. First EPR studies of methane radiolysis in solid argon,
krypton and xenon at 4.2 K reported by Bouldin and Gordy [101] used frozen
solution technique (“ampule method”) rather than the classical matrix isolation
procedure. Several other groups applied the same technique to radiolysis of larger
hydrocarbons in solid noble gases [102—-104]. Obvious limitations of this method
are concerned with aggregation of solute molecules, which is especially important
for noble gas matrices since the solute—solute interactions are much stronger
than the solute—matrix interactions. More recently, Qin and Trifunac reported the
EPR spectrum of 1,1,2,2-tetramethylcyclopropane radical cation in a frozen xenon
solution containing Freon-113 as an electron scavenger at 77 K [105]. To my
knowledge, it was the only EPR observation of a large organic radical cation in
solid noble gas matrices before 1996.
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Rigorous matrix isolation technique was applied by Knight and co-workers for
the studies of inorganic and small organic radical cations in neon matrices (see
Refs. [106, 107] for review; recent results concerning organic cations may be
found in Refs. [20, 26, 108—110]). Early studies of this group used a number of
different techniques for generation of radical ions during the matrix deposition (in-
situ photoionization, electron bombardment, pulsed laser and discharge treatment)
[106, 107]. Meanwhile, it was found later that the X-ray radiolysis of solid
deposited matrices was quite effective for producing of organic radical cations in
high concentrations [20, 26]. Using neon as a matrix material made it possible to
characterise the radical cations generated from small molecules with high IP (e.g.,
methane and methanol), which cannot be produced in halocarbon matrices. In some
other cases (e.g., for acetaldehyde), the neon matrix provides a benefit of superior
resolution of the EPR spectra (in comparison with freons). However the matrix
isolation studies of organic radical cations in neon were restricted to a few small
species (maximum, two carbon atoms). Other applications of this matrix for EPR
studies of the species produced by solid-state radiolysis included investigations of
small organometallic compounds [110].

Somewhat surprisingly, up to recently, the radiation-induced radical cations were
not characterized by EPR in solid argon, which is the most common medium for ma-
trix isolation studies. Attempts to produce very small cations in argon were reported
to be unsuccessful [20, 26], whereas this matrix was not applied for the studies of
larger species. Investigations of the X-ray radiolysis of several small molecules (in
particular, methane) in argon [21] were concerned mainly with the studies of the
low-temperature dynamics as considered in Chap. 4 of Volume 1 of this book.

Some 15 years ago we started an experimental program aimed at characterization
of intermediates resulting from irradiation of various organic molecules in solid
noble gas matrices. In contrast with the work of other groups, our main interest
was focused on chemical aspects rather than spectroscopic or molecular dynamics
problems. The experimental technique and apparatus used for these studies are
described above.

The first experiments with heptane in a xenon matrix [23, 24, 111] revealed that
irradiation of solid deposited mixtures (mole ratio of 1: 400 to 1: 1,000) yields nearly
balanced amounts of trapped hydrogen atoms and alkyl radicals. Addition of an
electron scavenger results in dramatic drop in the yield of hydrogen atoms, whereas
the spectrum of neutral alkyl radicals is replaced by the spectrum of radical cation
(known from previous studies in halocarbon matrices [12—14]). These observations
may be rationalized in the frame of simple scheme [24, 112]:

Ng—/\/\ — Ngt +e” (2.4)
Ng© + RH — Ng + RH" (2.5)

RHT +e¢” > RH* >R + H (2.6)
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Here Ng denotes a noble gas atom, and RH" is an excited organic molecule. In
the presence of an electron scavenger S, the ion—electron recombination (2.6) is
ceased, and the radical cation is trapped in the matrix:

S+te —S™ 2.7)

RH™ — RH™ (tr) (2.8)

Formal meaning of reaction (2.8) is trapping (stabilization) of the radical cation
in matrix. It implies that the primary radical cation resulting from the positive hole
transfer is in “unrelaxed” state (the sense of this difference will become clear from
the later discussion). A strong effect of electron scavenger clearly suggests that
the main primary process is positive hole transfer rather than excitation transfer.
Further studies [113-119] have shown that the scheme given above should be
basically valid for different organic molecules in solid noble gases. Indeed, in
the absence of an electron scavenger, the yields of trapped radicals and hydrogen
atoms were nearly balanced (in the case of xenon) or, at least, comparable (for
argon and krypton matrices).’ In all the cases, addition of electron scavengers
resulted in drastic decrease in the yield of trapped H atoms (by one or two orders
of magnitude). This effect may be used as criterion of electron scavenging (with
Freons, high efficiency was achieved at low scavenger concentration, typically 0.1—
0.2 mol%). Using Freons as electron scavengers is beneficial for spectroscopic
reasons mentioned above. It should be noted that addition of scavenger was found
to be vitally important for observation of the radical cations. Meanwhile, even
in the presence of scavengers, the relative yields of trapped radical cations for
some systems were low (or even zero). As the “hydrogen atom criterion” was met,
the lack of radical cations should not be attributed to low efficiency of electron
scavenging. Moreover, the composition of radicals resulting from organic molecules
is often changed in the presence of electron scavengers. Thus, the most reasonable
explanation implies reactions of “unrelaxed” radical cations before trapping, or in
competition with trapping:

RH™ — products (2.9)

Essential characteristics of the noble-gas matrices are given in Table 2.2. From
the spectroscopic point of view, argon appears to be the most suitable matrix for
the EPR studies of moderate-size radicals and radical ions, because natural argon
contains no isotopes with magnetic nuclei (1 #0). As a result, the EPR spectra

3In principle, dissociation of excited molecules may also yield the products of skeleton bond
rupture. However, the probability of escape from the matrix cage is much lower for heavier
fragments.
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Table 2.2 Physical characteristics of solid noble gas matrices significant for EPR studies of the
radiation-induced radicals

Operating
Melting  temperature Polarizability, =~ Magnetic
Matrix  point, K range, K 1P, eV nm? nuclei
Ne 24.6 Upto 11 21.56 4-104 2INe (I =3/2,0.27%)
Ar 84 Up to 39 — 42 15.75 1.64-1073 No
Kr 116 Up to 60 14 2.48-107° 8BKr (1=9/2)
Xe 164 Up to 90 — 100 12.13 4.16-107° 129%e (I =1/2, 26.44%);

B31Xe (I =3/2,21.18%)

Argon, 15 K

* *

* ;

,/\ Natural xenon, 16 K

136X e matrix, 16 K

325 330 335 340 345
Magnetic field, mT

Fig. 2.2 Effect of matrix magnetic nuclei on the EPR spectra of ethynyl ('C,H) radical obtained
by irradiation of acetylene in solid argon and xenon (asterisks show the signals from vinyl radical)

in solid argon are often well resolved and exhibit sharp lines (see however, Sect.
2.4.1). A common shortcoming of argon matrix results from limited range of thermal
stability (see Table 2.2).

On the other hand, a xenon matrix offers much wider temperature range, which
makes it possible to study dynamics and reactions of the trapped radical species.
The problem is that natural xenon contains large amounts of magnetic isotopes:
129Xe (I=1/2) and *'Xe (I =3/2). This often leads to severe broadening of the
EPR signals from trapped radicals, which means significant loss in resolution and
sensitivity. In order to overcome this limitation, recently we suggested to use a
specific isotopically pure non-magnetic xenon matrix of '**Xe (I =0) [120, 121].
In fact, this matrix can be described as an “argon-like xenon” from the viewpoint of
EPR. Indeed, its magnetic properties are similar to those of argon, as illustrated by
Fig. 2.2, but it is still xenon in terms of other properties.
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It should be noted that using the '*Xe matrix (instead of natural xenon) provides
not only superior spectral resolution, but also a largely enhanced sensitivity (in
certain cases, almost by two orders of magnitude, taking into account that the
amplitude of the first-derivative EPR signal is inversely proportional to the square
linewidth). The !*Xe matrix has been used to get high-resolution EPR spectra of
ethynyl and vinyl radicals over a wide temperature range [120]. This approach (in
combination with controlled matrix doping with small amounts of magnetic xenon
isotopes) was also applied for detailed assignment of the trapping site structure for
radiolytically produced H atoms in xenon and elucidation of their spatial distribution
and stability [121].

In summary, matrix isolation in solid noble gases in combination with EPR
detection offers wide opportunities for basic studies of the primary radiation-
induced processes in solids. Using these matrices makes it possible to study the
reactions of both ionized molecules (radical cations) and neutral excited molecules.
It is worthwhile noting that physical characteristics or the noble gas matrices
(ionization potential, polarizability, rigidity) vary over a wide range when turning
from neon to argon, krypton and xenon, which allows one to follow the most
general matrix effects. The main disadvantage of this method is concerned with
complex experimental procedure and relatively high cost of the equipment for
matrix isolation studies.

2.2.3 Combination with Other Spectroscopic Methods

Obviously, as we are concerned about paramagnetic species, EPR is a very powerful
structural method and a valuable kinetic tool. However, important information on the
whole radiation-induced process is missing, if EPR is used as the only spectroscopic
probe. Indeed, EPR is “silent” about the diamagnetic species (both neutral and
charged). In particular, it gives no information on the state of parent molecule in the
matrix prior to irradiation, which may be quite important for solid-state processes.
Furthermore, one cannot estimate overall efficiency of a radiation-induced process
from EPR data, so there is a chance that the observed formation of paramagnetic
species represents only a minor channel.

The most widely used complementary method for the low-temperature studies
of the radiation-induced species is electronic absorption (UV/VIS) spectroscopy. In
the case of good absorbers, the sensitivity of this method is comparable to EPR.
A combination of EPR and UV/VIS spectroscopy has been applied extensively to
identification of radical cations and investigation of the photochemical reactions of
the radiation-induced radicals (both neutral and charged) [27, 83, 84]. In certain
cases, using electronic absorption spectroscopy also allows to follow the formation
of diamagnetic ions and some molecular products. However, it should be noted that
the electronic absorption spectra of radical ions in solid matrices typically exhibit
broad featureless bands, which give no detailed structural information. Moreover,
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the absorptions of neutral aliphatic radicals are often not characteristic, and the
parent aliphatic molecules typically absorb only in the far UV region. Thus, being
a valuable kinetic method (especially, for photochemical studies of the radiation-
induced intermediates), UV/VIS spectroscopy is not very helpful for the problems
outlined above.

The IR (vibrational) absorption spectroscopy offers an opportunity of getting
rich structural information on different-type species, regardless of their magnetic
properties. Using this method may allow one to characterise the state of parent
molecule in the solid matrix in great detail, including conformation, molecule—
matrix interactions and association. Often it is supposed that the main drawback
of IR spectroscopy as applied to the studies of intermediate species is relatively
low sensitivity of this method. However, this problem is not so crucial when using
modern FTIR spectrometers, which provide high signal-to-noise ratio and fast scan
speed. In particular, we have shown that it is possible to obtain the EPR and IR
spectroscopic characteristics of radiolytic intermediates using the same dose range,
which makes valid direct comparison of the results.

In general, a combination of EPR and FTIR spectroscopy is an important part
of our experimental strategy in the studies of the radiation-induced processes in
low-temperature matrices [23]. First, it was applied to the studies in halocarbon
matrices [23, 42, 122]. This made it possible to obtain direct evidence for strong
interaction between freon and solute molecules and gave indications of the IR
features of the radiation-induced cations. The main problem is concerned with
the meaning of “combination”. In early studies [122] we just used a comparison
between IR spectra obtained for deposited matrices and EPR data obtained by a
conventional “ampule” (frozen solution) technique. Certainly, the validity of this
approach is not evident, so later we turned to rigorous matrix isolation procedure
(deposition technique) for both EPR and IR studies. In particular, this method was
applied for the studies in noble gas matrices [23]. At present, the “combination”
used in our laboratory implies obtaining the matrix samples in two cryostats from
the same gaseous mixture with the same deposition system followed by irradiation
with fast electrons or X-rays from the same source. Our cryostat for FTIR studies of
electron irradiated matrix samples is described in detail elsewhere [22, 23]. Using
FTIR spectroscopy allowed us to obtain the first direct estimate of overall efficiency
of the radiation-induced transformation of guest molecules in noble gas matrices
by measuring the intensity of IR absorptions of the parent molecules before and
after irradiation. It was found [113, 123] that the total radiation-chemical yields of
consumption of organic molecules in solid argon and xenon were quite high. Thus,
the overall “energy transfer” (i.e., positive hole and excitation transfer) from noble
gas matrices to the guest molecules is very effective, even at high dilution. Also,
the FTIR studies revealed significance of non-radical paths in the radiation-induced
degradation of organic molecules in solid noble gases (e.g., formation of olefins and
methane from n-alkanes [123]).

Probably, the most challenging issue for the above-mentioned combination is
assignment of the vibrational features of radicals and radical ions from comparison
between the EPR and FTIR data. Direct experimental information on vibrational
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spectra of organic radicals and radical ions in condensed phase is still rather limited
in comparison with the EPR data (particularly, for polyatomic species) and EPR
can be used as a reference tool. Such an approach was applied for investigation
of thermally and photochemically produced radicals [124]. Recently, our version
of EPR/FTIR combination was applied to characterisation of vibrational features
of vinyl (C,Hs") and cyclohexadienyl (C¢H7") radicals in solid noble gas matrices
[125, 126]. In the latter case, comparison with EPR, allowed us to assign tentatively
six bands in the IR spectrum of cyclohexadienyl radical, which was previously
unknown. Generally speaking, vibrational characteristics of radicals and radical ions
are directly related to the bond properties, so they may give essential information
for prediction of their chemical reactivity. There is still a large room for future work
in this field, particularly for aliphatic radical ions.

2.3 Positive Hole Migration and Localization

Ionization of complex molecules in condensed phases is followed by a series
of physical phenomena, including intermolecular and intramolecular migration of
positive hole, conformational relaxation, etc. These fast processes typically occur
before the first chemical step and they are of great significance for such fields
as radiation chemistry, radiobiology, and molecular electronics. The time-resolved
methods based on detection of optical absorption, luminescence or microwave con-
ductivity are used for characterization of positive hole dynamics, but, in most cases,
they do not provide any structural details. The low-temperature EPR spectroscopy
is particularly helpful in this aspect since it shows detailed image of a trapped hole
in molecular system. This sub-section presents the results of application of EPR
spectroscopy for characterization of positive holes in two kinds of model systems,
which reveal intermolecular and intramolecular effects.

2.3.1 Trap-to-Trap Positive Hole Transfer in Solid Matrices

The significance of distant positive hole transfer in low-temperature matrices (e.g.,
frozen halocarbons and solid noble gases) is well illustrated by high yields of
guest organic radical cations under matrix isolation conditions. Specific interest
is concerned with the case, when different traps with relatively close ionization
energies are distributed in a rigid matrix. This seems to be a typical model of organic
solid or polymer taking into account occurrence of different-type structural defects,
chemical impurities, etc.; it can be also applied to heterogeneous systems (e.g.,
zeolites with adsorbed organic molecules). The questions are as follows: (i) what
is the minimum “driving force” (AIP) for a distant trap-to-trap hole transfer? and
(i1) what s the role of specific solid-state effects (i.e., the difference in conformation,
molecular interactions, etc.) ?
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2.3.1.1 Two-Trap Model

An indication of the occurrence of trap-to-trap hole transfer between organic
solute molecules upon radiolysis in solid halocarbons was reported by Toriyama
and Okazaki [127]. A simple quantitative model for analysis of this phenomenon
was suggested recently by Werst et al. [128]. It implies irradiation of the frozen
halocarbon solutions containing simultaneously two kinds of dissolved organic
molecules at 77 K. If the EPR spectra of the radical cations resulting from the
two solutes are substantially different, it is possible to determine the relative
contributions of these species from computer simulation or additive least-square
analysis. The bias in final population of the two “hole traps” can be expressed as
R = (S1w/Sn)-(N./Np) [128]. Here indices m and n are related to the two solutes,
Sm.n denote the corresponding integrated intensities of the EPR signals (proportional
to concentrations of the radical cations), and N, , are the concentrations of parent
neutral molecules. In principle, the bias in favor of the low-energy trap (R, > 1)
may result either from different efficiency of the primary hole trapping or from
trap-to-trap hole transfer. The former factor can be estimated by comparison of the
radiation-chemical yields of the radical cations obtained in a usual (“single-trap”)
experiment. In general, the yields of radical cations in halocarbons may vary by
a factor of up to 3, however, these values are rather close for solutes of similar
chemical nature. The latter is most probably true for olefins and dienes used for the
two-trap studies [128]. Anyway, the bias found for some pairs in a CFCl; matrix was
so high (up to 10%), that the dominating role of the trap-to-trap transfer was quite
evident. The study of the concentration dependence made it possible to estimate the
characteristic distance of hole transfer as 2—4 nm, which is supposed to be due to a
single-step tunnelling.

A similar-type trap-to-trap positive hole transfer was observed in our studies
of saturated functional molecules [129]. In particular, a rather effective transfer
(Rmn ~ 6) was found for the system dimethyl ether—acetone (AIP = 0.33 eV).

In addition to halocarbon matrices, the trap-to-trap hole transfer was also
revealed in double loaded zeolites [128]. Meanwhile, in this case, the interpretation
is complicated because of the effects of inhomogeneous adsorbate distribution and
possible difference in the site energy.

2.3.1.2 Fine Tuning Effects in Positive Hole Transfer

Following the approach outlined above, recently we have applied the two-trap
model to the analysis of the trap-to-trap hole transfer between benzene derivatives
in different Freon matrices [60, 130]. Small difference in the gas-phase IP values
(<0.5 eV) and similarity of the chemical structure of the traps warranted similar
efficiency of the primary hole transfer from Freon to solutes. The total concentration
of solute molecules was kept constant (1 mol%), whereas relative concentrations of
the two traps varied by a factor of 5 to 10. The results are summarized in Table 2.3.
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Table 2.3 Positive hole transfer between alkyl benzene molecules in Freon matrices [60, 131]

Direction Controlling
Solute molecule pair Matrix of transfer AlPy,, eV factor
Benzene/toluene (B/T) CFCL,CF,Cl B—T 0.43 AlPgy
Toluene/ethyl benzene (T/EB) CFCl; T — EB 0.06 Conformation
B CF;CCl; EB—T —0.06 Conformation
Toluene/para-xylene (T/p-X) CFCL,CF,Cl T — p-X 0.38 AlPgy
Para-xylene/metha-xylene (p-X/m-X) CFCl,CF,Cl1 No 0.12 -

In the case of pairs benzene/toluene and toluene/para-xylene, the results show
distant hole transfer to a low-energy trap. Meanwhile, for pair metha-xylene/para-
xylene (AIP ~ 0.12 eV), bias in the trap population was not found (Ryn ~ 1).

The most interesting result was obtained for the pair toluene/ethyl benzene [131].
In this case, the gas-phase IP difference is quite small (ca. 0.06 V), so it cannot
provide sufficient “driving force” for the hole transfer. On the other hand, our
studies revealed that ethyl benzene radical cation could be trapped in different
conformations, depending on the Freon matrix used [5]. Conformer I with the
hyperfine coupling constants of a(2H) = 2.85 mT and a(1H) = 1.28 mT is observed
in a CFCl; matrix. In view of well-known “cos@ rule”, in this case, methyl group
lies in the plane of phenyl ring (6; = 6, = 30°; 6; is the dihedral angle between the
Cg—H; bond and unpaired electron orbital axis). Conformer II is observed mainly
in a CF3CCl; matrix (with small contribution from I). This species exhibits the
hyperfine coupling constants of a(2H)=0.95 mT and a(1H) =1.25 mT, which
implies 6; = 6, = 60°. Both conformers were found in a CFCl,CF,Cl matrix [60].
Note that conformer II (“vertical”) corresponds to the most stable configuration of
the parent neutral molecule (minimum steric repulsion between methyl and phenyl
groups). It can be trapped, if the matrix hinders relaxation. On the other hand,
conformer I can be described as “relaxed” conformer. Apparently, the ionization
energy for the two conformers in matrix should be different. In fact, we observed
inversion in the direction of positive hole transfer for the pair toluene/ethyl benzene
in different matrices. This result may imply that the ionization energy of toluene
just falls in the “gap” between the ionization energies of the two conformers of
ethyl benzene in matrix. Different solvation of the two conformers of radical cations
probably plays crucial role since the difference in the gas-phase IP is very small.
The observation of the conformation-controlled hole transfer seems to be the first
evidence of the “fine tuning” effects in distant charge migration in a solid matrix.

The conformation effects may also account for low efficiency of the positive hole
transfer between alkane and alkene molecules found in our later work [129].

In conclusion, our findings suggest that at relatively large IP differences (>0.2 eV
for molecules of comparable size and shape) a distant positive hole transfer
should lead to charge trapping and localization of the primary radiation-induced
chemical event at the low-energy trap. Meanwhile, in the region of small IP gaps
(typical for systems with “natural” trap dispersion, e.g., polymers), specific effects
(conformation, formation dimers, matrix interactions) may be significant.
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2.3.2 “Bridged” Bifunctional Radical Cations

The “bridged” bifunctional molecules of general structure X-(CH;),-Y (X and Y are
functional groups separated by n methylene groups) represent an interesting class of
models for studying the intramolecular aspects of positive hole trapping and transfer.
Recently, we made a systematic EPR investigation of a series of “bridged” radical
cations [132-135]. Basic findings are summarized in Table 2.4.

In the case of symmetrical species (X =), one might expect either localized
or delocalized state of the positive hole, depending on the “bridge” length and
conformation. Our experimental and computational results [132] clearly show that
short “bridged” diketone radical cations (X =Y =MeCO, n = 0-2) are character-
ized by symmetrical delocalization of the spin density between two carbonyl groups,
which yield poorly resolved EPR spectra with small hyperfine coupling constants
(Table 2.4). This delocalization probably explains low reactivity of the ground-state
diketone radical cations towards deprotonation.

Another interesting example is given by the radical cations of 1,n-
diphenylalkanes (“bridged diphenyls”, X =Y = Ph) [136]. In this case, symmetrical
delocalization of spin between the two phenyl ring, again giving small proton
coupling constants, was found for n =2 and 3. However, for 1,2-para-ditolylethane

Table 2.4 Magnetic resonance parameters and structure of “bridged” bifunctional radical cations
obtained in a Freon-113 matrix

X Y n AlPxy, eV?* Type Isotropic hfc, mT References
CH;CO CH;CO 0 0 Delocalized <0.3 (unresolved)  [132]
CH;CO CH;CO > 0 Delocalized <0.3 (unresolved)  [132]
CH;CO CH;CO 2 0 Delocalized 0.67 (2H) [132]
C¢Hs C¢Hs 2 0 Delocalized <0.4 (unresolved)  [136]
CeHs CeHs 3 0 Delocalized ~0.5 (poorly [136]
resolved)
p-CH3-C¢H; p-CH3-C¢Hy 2 0 Localized 3.1 (1H); 1.8 (3H); [136]
1.5 (1H)
delocalized 1.62 (2H); 0.68
(2H); 0.9 (6H)
CH;0 CH;CO 1 0.33 Delocalized 2.3 (1H); 1.2 BH)® [133]
CH;0C(O) (CH3); NC(O) 0-4 1.0 Localized 3.1 (6H)? [134]
(CH3); NC(O) (CH3),N 3 1.4 Localized 2.45 (6H); 3.64 [135]
(1H)
CH;0 (CH3); N 3 22 Localized 2.61 (6H); 3.73 [135]
(1H);
0.45 (1H)?

4See explanation in text

YKetonic form (enolic form is a C-centered p-electron species [132])

¢ Another conformer (also with delocalized spin density) was found in a Freon-11 matrix
9The coupling with nitrogen nuclei is strongly anisotropic with a_L(N) ~ 0
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with methyl substituents introduced to a para-position of both phenyl rings* we
have found primary stabilization of the state with spin density localized at one
phenyl ring at 77 K, as evidenced by relatively large coupling constants with the
protons of one methyl and one methylene protons (similar to those for alkyl benzene
radical cations). Upon slight warming (up to ca. 105 K), this metastable state
relaxes irreversibly to yield a stable delocalized state with reduced proton hyperfine
coupling constants, which clearly demonstrates involvement of two methyl groups
(Table 2.4). This effect of “switching” between localized and delocalized states of a
“bridged” radical cation in a solid matrix seems to be of particular interest and may
have a number of implications.

In the case of non-symmetrical molecules (X # Y), the positive hole localization
should be determined by the electronic properties of functional groups. In a rough
approximation, one can use provisional values of AIPxy (given in Table 2.4) defined
as the IP difference for the corresponding monofunctional prototype molecules (e.g.,
dimethyl ether and acetone for etherketones). If the AIPxy value is small enough
(as for methoxyacetone [133]), the radical cation exhibits substantial (although non-
symmetrical) delocalization of the spin density between functional groups.

Meanwhile, for a rather large AIPxy (at least, 1 eV and above), major spin
population is associated with the functional group with lower IP, independent of
the bridge length (a “localized hole”). This situation was studied in detail for
the substituted “bridged” amidoester radical cations with n =0-4 [134]. The EPR
spectra of all the studied species are similar to those of amide radical cations, i.
e, ionization occurs from the amide moiety. Also, their thermal reactions are rather
similar. However, it was found that the amidoester radical cation with n = 3 revealed
selective and specific intramolecular phototransformation via H atom transfer from
the “bridge’ through a six-member cyclic transition state.

The reactions of this kind were not found for amide radical cations as well
as for amidoesters with a shorter methylene “bridge”. We have described this
as a “magic bridge” A suggested explanation (confirmed by quantum-chemical
calculations [134]) is concerned with specific conformation of the radical cation
with n = 3, which provides a “conformational lock” due to interaction between the
functional groups. Thus, a remote ester functional group (not directly involved in
the primary ionization) may control the properties of the excited radical cation at a
specific “bridge” length. This is a manifestation of a new kind of the “fine tuning”
effect, which may be of significance for radiation chemistry and radiobiology. With
further increasing the “bridge” length (n=4) rearrangement also occurs, but it
becomes non-selective (yielding a mixture of radicals), which may be attributed
to conformational dispersion.

The effect of “magic bridge” (selective intramolecular photoreactions of the
radical cations at n = 3) was also found for aminoamides and aminoethers [135],
for instance:

“4The idea of using methyl substituted molecules for such studies belongs to Prof. C.J. Rhodes, who
kindly donated us 1,2-para-ditolylethane.
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CH30(CH2)3N(CH3)2+' + hy — CHgO CH(CH2)2N+ (H)(CHg)z (210)

It is worth noting that, in both cases, the smaller radical cations (n = 2) show no
photochemical transformations. Although the detailed mechanism of photochemical
reactions is not clear, the results obtained for aminoethers make us suggest that the
first step is intramolecular electron transfer between the functional groups in the
excited state, followed by rapid proton transfer.

2.4 Matrix Effects on Trapping and Reactions
of Radical Cations

Generally speaking, matrix environment has strong and rather complex influence on
different stages of the radiation-induced chemical transformations of molecules in
solids. Some of these effects are common for different-type species (e.g., effects of
matrix rigidity or cage geometry). Meanwhile, the primary radical cations resulting
from ionization of molecules are uniquely sensitive to the medium effects, because
of strong electrostatic interactions of these species with surrounding molecules.
“Matrix effects” for radical cations may imply a wide range of observations—from
spectroscopic effects to matrix-controlled and matrix-assisted chemistry. In the case
of molecular matrices, the nature of the effects may be very complicated, so, in
most cases, it is difficult to rationalize them in clear physical terms. This section
will focus on the basic effects of chemically inert noble gas matrices on trapping
and properties of the radiation-induced radical cations as revealed by EPR studies
in our laboratory.

2.4.1 Spectroscopic Effects: Noble Gas Matrices vs. Freons

In the past 15 years, we have succeeded in obtaining the EPR spectra of a number
of larger cations in argon and xenon matrices, so a wider comparison is possible.
The available data on isotropic hyperfine couplings in the radical cations obtained
in solid noble gas and halocarbon matrices are given in Table 2.5.

In most cases, the coupling constants in rare gas and halocarbon matrices are
rather close. An interesting exception is benzene radical cation. This cation is
a typical Jahn—Teller species. The two distorted states denoted as B, (acute
minimum) and B, (obtuse minimum) show essentially different spin density
distribution, so they can be easily distinguished by EPR (Fig. 2.3).

Basic energy separation between these states is quite small (the *By, state lies 8
cm™! lower as revealed by recent ZEKE studies [146]). Therefore, stabilization of
a specific structure in the solid state should be determined mainly by the matrix
effects. Previous studies gave clear evidence for preferential stabilization of the
szg state in a CFCl;z matrix [57, 141]. Meanwhile, the results of our matrix
isolation studies suggest trapping of the ?Bj, state in an argon matrix [114].
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Table 2.5 Comparison of the hyperfine coupling constants for organic radical cations trapped in
solid rare gas and halocarbon matrices pair

Isotropic hfc in

halocarbon
Radical cation Matrix Isotropic hfc, mT References matrices, mT
CH,0* Neon 13.29 (2H) [137] 13.97 (2H) (CFCl;,
Ref. [138])
CH;CHO™ Neon 12.88 (1H) [108] 13.7 (1H) (CFCl3, Ref.
[108])
CH;0CH; Argon 4.5 (6H) [113] 4.3 (6H) (CFCl3, Ref.
[64])
CH;0CH,0CH;* Argon 14.0 (2H); 3.43 [113, 116] 13.6 (2H); 3.13 (2H)
(2H) (CFCls, Ref. [139])
THEt Argon 8.9 (2H); 4.0 (2H) [117] 8.9 (2H); 4.0 (2H)
(CFCls, Ref. [65])
CH;COCH; Argon <0.25 (unresolved) [117] <0.15 (CCly, Ref.
[1407)*
CeHe Argon  0.64 (4H)° [114] 0.82 (2H); 0.24 (4H)®
(CFCl3, Ref. [141])
CeHsCH; 1 Argon 1.9 (3H); 1.3 (1H) [115] 2.0 (3H); 1.25 (1H)
(CF;CCl3, Ref.
[142])
n-C;H;6 T Xenon 3.1 (2H) [23, 24] 3.0 (2H) (CEC1,CF,(Cl,
Ref. [143])
cis-CH;CH = CHCH; T Argon 2.36 (6H); 1.05 [118] 2.36 (6H); 0.95 (2H)
(2H) (CF;CCl3, Ref.
[1447])
trans-CH;CH = CHCH; V" Argon 2.6 (6H); 1.05 (2H) [118] 2.74 (6H); 0.99 (2H)
(CF;CCl3, Ref.
[144])
CH;CH,OCH = CH, Argon 1.87 (2H); 0.48 [118] 1.9 (2H); 0.32 (2H)
(2H); 0.32 (1H) (CECl3, Ref. [145])
2ENDOR data
2B, state
Cszg state
0.5m T
—_—

1/3
1/4 CFCls, 15K

1/12
Ar, 16K

2By, 2Blg

Fig. 2.3 Spin density distribution in the Jahn-Teller states of benzene radical cation and EPR
spectra observed in Freon and argon matrices (See Refs. [114, 117] for details)
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This difference can be explained by various-type matrix interactions [115]: a
localised asymmetrical interaction with a Freon molecule leads to stabilization of
the 2B, state, whereas more symmetrical delocalised interaction in an argon matrix
may favour stabilization of the *B), state.

It should be noted that superior resolution of the EPR spectra observed for
small cations in neon matrices was not found in our argon matrix studies of larger
organic species. Main reason of relatively poor resolution may be anisotropic line
broadening for randomly oriented species. In conclusion, from spectroscopic point
of view, using solid rare gas matrices may be justified in two cases: (i) for small
radical cations, which cannot be trapped in halocarbon media or (ii) for the radical
cations with nearly degenerate states, which can be extremely sensitive to the matrix
effects.

2.4.2 Matrix-Assisted Deprotonation of Primary Radical
Cations in Xenon

As stated in Sect. 2.2.2.3, in certain cases, the yields of the primary organic radical
cations produced by irradiation in a xenon matrix in the presence of freons were
found to be quite low (or even zero) [113, 116, 117]. Instead of this, we observed
large yields of the radicals resulting from specific C—H bond rupture, which
corresponds formally to proton loss in the primary radical cations (Fig. 2.4).
Similar results were obtained for a number of other compounds (Table 2.6).
It is worth noting that, in all the cases studied, we observed formation of only

H(tr) THF-2-yl + THF-3-yl H(tr)
5mT

—

c

Fig. 2.4 EPR spectra of the radicals resulting from irradiation of THF in a xenon matrix at 16 K
(a) in absence of electron scavenger and () in presence of Freon-11; (c¢) simulated EPR spectrum
of THF-2-yl radical
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Table 2.6 Radicals observed
upon irradiation of organic

51

Parent radical cation

Observed radical

molecules in a xenon matrix CH;0CH; CH30CH’
in the presence of Freon-11 CH;0CH,0CH; T CH;0'CHOCH;
at 16 K [113, 116, 117] CH3CHO™* CH; CO

THFt THE-2-yl

1,3-Dioxolane ™ 1,3-Dioxolane-2-yl

one specific radical for each parent cation. This means that deprotonation of the
primary radical cations is a regioselective process (in contrast with the C—H bond
cleavage in excited molecules observed in the absence of electron scavengers). The
selectivity of this process correlates with spin density distribution in the radical
cation (proton loss occurs at the maximum spin density position). The implication
of this correlation will be discussed in more detail below.

Concerning the mechanism of proton transfer, the main problem is assignment
of the proton acceptor site in a xenon matrix. At first glance, deprotonation might
occur in dimers or larger molecular aggregates. However, such a possibility can be
ruled out in view of the following arguments: (i) only deprotonation products were
found even at high dilutions (above 1: 1000), when major part of guest molecules
should be in monomeric form; (ii) under similar conditions, isolated monomeric
radical cations were observed in an argon matrix, and there is no reason to suggest
that aggregation of organic molecules in xenon is much stronger than in argon (in
fact, the opposite is probably true for some systems). Thus, the observed reaction
involves essentially isolated molecules, and the matrix plays an active role. Actually,
the proton affinity of a xenon atom is relatively high (5.2 eV), that is, comparable
to proton affinities of simple organic molecules and neutral radicals [147]. This
means that, even in a gas-phase approximation, direct proton transfer from some
highly acidic radical cations to xenon should be only slightly endothermic process.
Meanwhile, in the case of solid xenon matrix, additional stabilization of proton
results from specific collective solvation (formation of protonated xenon clusters of
the Xe,H™ type) and long-range medium polarization. In particular, the formation
of linear centrosymmetrical cation XeHXe™ in solid xenon is well documented
[148, 149]. Thus, direct deprotonation of radical cations to matrix may be justified
reasonably (at least, from qualitative viewpoint). The reaction scheme for ether-type
radical cations can be written as follows:

R;CH,O0R, ™" (Xe) — R;CHOR, + XeHXe™ (2.11)

Verification of this scheme could be made by direct observation of the pro-
tonated species due to its characteristic vibrational spectrum (progression in a
low-frequency region with the strongest band at 731 cm™! [149]). In fact, we
observed such an absorption by FTIR spectroscopy in some experiments; however,
up to now, we were unable to establish the correlation between formation of
XeHXe™ and radical products of deprotonation. For this reason, it is of value to
consider other possible mechanisms [84, 116, 117].
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An alternative explanation can be based on recent theoretical finding [150],
which shows that relatively polarizable rare gas atoms (in particular, xenon) may
facilitate intramolecular rearrangement (H transfer to oxygen atom) in methanol
radical cation due to formation of transition-state complex. In this case, the role of
xenon is lowering potential barrier for the reaction, so the effect may be described as
matrix catalysis. If such a model is applicable to the ether-type radical cations (and
other oxygen-containing species), the observed transformation may be represented
by the scheme:

R;CH,0R, " (Xe) — R;CH(OH)R, (2.12)

Note that the EPR spectra of the distonic radical cations resulting from reaction
(2.11) may be indistinguishable from the spectra of the corresponding neutral
radicals (deprotonation products) since the OH proton coupling should be small.
Formally, reaction (2.11) is a hydrogen atom shift rather than proton transfer;
however, in fact, the process is accompanied by substantial redistribution of positive
charge. Theoretical analysis [150] shows that the catalytic effect directly correlates
with the proton affinity of matrix atom, so the analogy with deprotonation is
reasonable. Verification of this mechanism implies observation of the OH group
in the radical product, which could come from IR spectroscopic studies or ENDOR
measurements.

Finally, one may consider a combination of the two possibilities discussed above,
namely matrix-assisted intermolecular proton transfer to oxygen atom of a distant
molecule (“matrix pseudocatalysis”). In this case, the role of xenon matrix is
providing a system of shallow traps (“conducting chain”) for proton transport to
a deeper trap (organic molecule).

2.4.3 ‘“Hot” Fragmentation and Rearrangements: Effect
of Excess Energy

Deprotonation of some primary radical cations was also observed in a krypton
matrix [113, 116], however, this was not the case for argon. On the other hand, many
aliphatic radical cations were not trapped in an argon matrix, and methylal radical
cations were found only in trace amounts. In this case, the observed radicals result
mainly from the skeleton bond fragmentation (i. e., cleavage of C—C or C—O
bond). Formation of these products was attributed to the effect of excess energy
resulting from high exothermicity of the positive hole transfer in the case of argon
matrix [23, 84, 113, 116, 117]. In first approximation, one can estimate this excess
energy from the difference in the IP values between matrix atom and guest organic
molecule (IP gap). Typical IP values for simple organic molecules are ca. 9-10 eV,
so, in the case of argon, the IP gap is around 6 eV. This value definitely exceeds
the energy of chemical bonds in the resulting radical cations. Taking into account
inefficient dissipation of excess energy to the argon lattice, one can conclude that the
“hot” fragmentation should be highly probable. In fact, an indication of such process



2 Organic Radical Cations and Neutral Radicals Produced by Radiation. .. 53

Table 2.7 Radicals resulting from “hot” reactions of the primary radical cations upon irradiation
of organic molecules in an argon matrix in the presence of Freon-11 at 16 K

Relative yield of

fragmentation/
Parent radical cation Radical products rearrangement References
CH;0CH; CH5’ Low (84, 113]
CH3;0CH,OCH; 1 CHj', CH;Or High [116]
n-C;H ¢, n-CsHp, T CHy' Moderate high (23]
CH;CHO™ CHj- Moderate high [117]
CH;COCH; 1 CHy Very low [117]
(CH3);COCH; T CHy' Very high [117]
CH;CH,OCH = CH, CHy' Low [118]
CH;CH,CH=CH, cis-CH;CH= CHCH; 1" Very high [118]
CH;COCOCH; 1 CHy' Very high [151]
CH3;COCH,CH,COCH;t  CH5’ Moderate high [119]
CH3;0CH,COCH; 1 CH5’ Moderate high [119]

was obtained in early studies of the radiolysis of alkanes in argon and krypton [104].
In addition to fragmentation, excess energy may also result in rearrangement of the
primary radical cations in a solid argon matrix [77, 82, 117]). The results of our
studies on “hot” reactions of aliphatic radical cations in argon are summarized in
Table 2.7.

It is worth noting that, in all the studied cases, the estimated excess energy
(>5.5 eV) is high enough for bond cleavage or rearrangement of the primary
radical cations (the corresponding processes always have lower threshold under the
conditions of mass-spectrometry). However, as seen from Table 2.7, the efficiency of
“hot” fragmentation of the radical cations in solid argon varies strongly, depending
on the molecular structure of the guest species, even for rather similar electronic
structure of radical cations (e. g., to compare dimethyl ether and methylal, or acetone
and diacetonyl). Furthermore, it was shown that radical cations of 2-butene isomers
retained not only molecular structure, but also spatial configuration (cis/trans)
without any fragmentation or rearrangement, even though excess energy was ca
6.5 eV (to be compared with the fragmentation threshold of 2-2.2 eV found in
the gas-phase studies [152]). These findings clearly suggest crucial significance of
intramolecular relaxation of excess energy followed by its dissipation to a matrix
lattice. In general, the relaxation processes are determined by vibronic interactions,
coupling between different vibrational modes, and cation—matrix interactions. This
may imply an important role of molecular symmetry and cage structure, which can
be considered as another illustrative example for fine tuning in the high-energy
chemistry in solids. In any case, it should be noted that the reactivity of “hot” radical
cations generated in argon is quite different from the behaviour of electronically
excited cations resulting from photoexcitation in halocarbon matrices [84]. It seems
to be likely that indirect ionization in argon leads to population of high vibrational
levels, which cannot be reached in photoprocesses. If it is the case, using argon
matrices may provide unique information on the properties of vibrationally excited
radical cations; however, further work is necessary to verify this assumption.
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2.4.4 “Matrix Switching” Between Reaction Channels

One of the most interesting findings is concerned with observation of both reaction
channels for the same species, when the yields of the primary radical cations are low
for both xenon and argon matrices, but the observed products are quite different. An
illustrative example of such effect of nearly complete “matrix switching” between
reaction channels (deprotonation to fragmentation) is given by methylal radical
cation [116]. In the case of xenon, the EPR spectra show dominating contribution
from the CH3;0'CHOCHj; radicals (anisotropic doublet), which corresponds to
selective deprotonation of the primary cation. Mainly fragmentation products (CH3°
and CH3Or, probably in the form of complex with CH,OCH3 ™ ion) were found in
argon [116]. Both processes occur in krypton (Fig. 2.5).

General consideration of the nature of matrix effects in chemically simplest and
apparently inert environment should be addressed to the basic physical character-
istics of the matrices used. As shown in Table 2.1, IP and polarizability of rare
gas atoms vary over a rather wide range. While going from neon to xenon, the IP
value decreases by more than 9 eV, whereas the polarizability increases roughly
by an order of magnitude. In fact, the electronic characteristics of xenon are rather
close to those of molecular matrices. High polarizability implies relatively strong
interaction with the radical cations and appreciable proton affinity (basicity) of the
Xenon matrix.

As discussed above, the fragmentation of the primary radical cations in argon
results from high IP value of the matrix used. From this point of view, one could be
rather pessimistic about obtaining high yields of radiolytically produced complex
organic radical cations in neon, because the excess energy (AIP) in this case is
too large. The fragmentation of some radical cations was also found in a krypton

5mT

Xxenon

Fig. 2.5 Matrix switching
between reaction channels for
methylal radical cation: krypton
radical products resulting
from irradiation of methylal
in rare gas matrices in the
presence of CFClj at 16 K.
Symbol M shows the lines
from methyl radicals;
asterisks indicate the
components of the outer
triplets from methylal radical
cations (See Ref. [116] for
details)
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matrix [113-116], and (in a few cases) in xenon [151]. Thus, formally it is possible
to estimate the threshold excess energy for “hot” fragmentation as 2.5—4 eV. Note,
however, that matrix polarizability may also affect the probability of fragmentation,
because energy dissipation to the matrix lattice becomes more efficient in krypton
and especially in xenon.

Deprotonation of the studied radical cations becomes less important in krypton
and does not occur in an ‘“electronically rigid” (low-polarizable) argon matrix.
Meanwhile, for the most “acidic” small radical cations (e.g., methane or methanol),
even argon probably may act as a proton acceptor. In this case, neon should be the
best choice because of its extremely low polarizability and proton affinity. In sum-
mary, trapping of organic radical cations in solid rare gas matrices is probably a mat-
ter of compromise between different electronic characteristics of the matrix used.

2.5 Selectivity of the Primary Radiation-Induced
Chemical Events

The problem of selectivity of the primary chemical effects induced by ionizing
radiation in molecular materials is of primary significance from both basic and
practical points of view. In general, it implies determination of the factors, which
control the reaction pathways of primary ionized and excited molecules in solid
media. EPR studies in low-temperature matrices are especially valuable for model
purposes, because they may reveal the mode of initial chemical bond rupture in
various molecular systems.

2.5.1 Site-Selective Reactivity of Organic Radical Cations

The phenomenon of site-selective reactivity has been first clearly demonstrated
by Toriyama and co-workers for deprotonation of linear alkane radical cations
in halocarbon matrices, SF¢ and zeolites [93, 153, 154]. It was shown that
ion—molecule reactions of linear alkane cations in the extended (planar zigzag)
conformation resulted in selective proton loss from the chain-end position to yield
terminal alkyl radicals:

CH;3(CH,),CH; 1 + RH — CH;3(CH,),CH;, + RH, ™ (2.13)

Here RH denotes neutral alkane molecule. The reactions of this type occur either
in pre-existing dimers [93] and larger aggregates [36] or in the complexes formed
due to molecular diffusion at intermediate temperatures [153, 154]. This process
was also invoked to explain preferential formation of terminal alkyl radicals in the
irradiated C;p—Cjs linear alkane crystals [17]. Meanwhile, in the case of gauche-C,
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conformers of linear alkane cations, deprotonation occurs at the C, position to yield
penultimate radicals [38, 153, 154]. Thus, in both cases, the most “acidic” proton
is an in-plane proton, which bears maximum spin density in o-delocalized alkane
radical cations. In other words, it implies a correlation between the isotropic proton
hyperfine coupling constant and probability of deprotonation.

The correlation of this kind was also found for linear alkene radical cations
[39]. Meanwhile, extensive studies of alkyl radical formation in halocarbon matrices
containing the parent radical cation has been for various alkyl-substituted cyclohex-
anes did not reveal direct relationship between the location of high spin density
at protons in the cation and the site of the resulting y—type alkyl radicals [155].
The results obtained for ether and acetal radical cations in halocarbon matrices
were also not so definitive [156, 157]. However, the studies in xenon matrices
considered in Sect. 2.4.2, clearly reveal the same trend for all the radical cations
examined. Certain difference between the data obtained in halocarbon and xenon
matrices can be easily understood, if one takes into account that the ion-molecule
reactions observed in halocarbons may imply not only proton transfer from the
radical cation to neutral molecule, but also hydrogen atom transfer in the reverse
direction. In the latter case, the radical cation acts similar to any neutral radical
abstracting an H atom from neutral molecule. The selectivity of such process
should be determined by the dissociation energies of specific C—H bonds in a
neutral molecule; in the case of small difference, the relative yields of radicals
may be essentially controlled by statistical and steric factors. In particular, this may
be the reason for formation of relatively large amounts of the ‘CH,OCH,OCHj;
radicals upon ion-molecule reactions of the methylal radical cation occurring at high
methylal concentrations or at elevated temperatures in halocarbons [158]. As shown
in the previous section, deprotonation in a xenon matrix yields only CH;O-CHOCH3
radicals. Thus, one may conclude that deprotonation of the radical cations controlled
by electronic factors is, in general, much more selective than thermal hydrogen
atom abstraction. It is worth noting, however, that the theoretical interpretation of
the correlation between spin density distribution and selectivity of deprotonation is
still not straightforward, because it requires demanding calculations of the reaction
barriers in the condensed phase taking into account environment effects.

One could note that “bond weakening” may also imply another possibility,
namely hydrogen atom loss (dissociation of RH™" to R™ and H-). This process may
be favourable in gas phase; however, in the case of condensed phase, deprotonation
should be favoured because of large gain in polarisation energy. In fact, H
atoms were never found as significant products of reactions of organic cations in
halocarbons or solid rare gases.

Deprotonation is probably the most important and the most widely studied site-
selective process among the reactions of organic radical cations. Nevertheless, the
concept of selective bond weakening is also applicable to the skeleton bonds in
the radical cations. In particular, large elongation and weakening of specific C—C
bonds upon ionization has been proved for branched alkanes [35]. Experimental
evidences for the C—O bond weakening were reported for the radical cations of
linear and cyclic acetals (1,1-diethers) [158]. In conclusion, the effect of strong
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differentiation in the chemical bond energy upon ionization of organic molecules
should be of key significance for understanding of specific selectivity of the primary
events in the radiation chemistry of molecular systems and macromolecules.

2.5.2 Selectivity of Other Primary Processes

Formation of primary ionized molecules (radical cations) is a specific feature
of the processes induced by high-energy radiation, so the selective reactivity of
these species is of particular interest for radiation chemistry. Meanwhile, the
radicals observed in molecular solids also result from dissociation of neutral excited
molecules. Controversial results concerning the selectivity of the primary C—H
bond rupture were reported for linear alkane crystals [16, 17, 159]. In general,
amixture of different-type radicals (i.e., terminal, penultimate and interior alkyl
radicals) is observed after irradiation of crystalline alkanes at 4.2 K [16, 17].
As deprotonation of the primary cations yields selectively terminal radicals (see
above), other processes of radical formation are probably not so selective. In
recent studies, we tried to estimate the mode of C—H bond rupture in isolated
excited heptane molecules produced in a xenon matrix [24]. The experiment
revealed formation of a mixture of penultimate and interior radicals, the former
being predominated (detailed quantitative analysis was not made). Terminal alkyl
radicals are not formed, as demonstrated in the studies of selectively deuterated
heptane CD3(CH,)sCD3. Thus, the formation of radicals from neutral excited alkane
molecules also seems to be non-random; however, the mode of C—H bond rupture
is not so specific as in the case of deprotonation of the primary cations.

Little is known about the reactions of neutral excited molecules produced in the
radiolysis of other simple aliphatic molecules in solid phase. As shown in Sect. 2.4.2
(Fig. 2.5 and related discussion), dissociation of excited THF molecules in solid
xenon yields a mixture of THF-2-yl and THF-3-yl radicals in roughly comparable
concentrations, which is characteristic of a non-selective process.

In addition to reactions of the primary radical cations and neutral excited
molecules, the composition of radicals resulting from the low-temperature solid-
state radiolysis is also determined by the reactions of hydrogen atoms. Strictly
speaking, it is not a primary process; however, H atoms produced upon radiolysis
are not trapped in solid alkanes (except for methane) and other organic systems
even at 4 K, because they abstract hydrogen atoms from molecules via tunnelling
mechanism [7]. Thus, the radicals produced by the reactions of hydrogen atoms
are often treated as the “primary” radiolysis products. According to [30, 31], the
selectivity of reactions of H atoms with alkanes in the solid phase depends strongly
on the matrix physical state. In the case of crystalline linear alkanes, the abstraction
yields both penultimate and interior radicals, whereas only penultimate radicals are
formed selectively in glassy matrices of perdeuterated alcohols [30]. This effect was
attributed to impeded C—C—C bending motion in low-temperature glasses; similar
data were reported for glassy branched alkanes [31].
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2.5.3 Application to Macromolecules

From practical point of view, studying the mode of radiation-induced damage in
macromolecules and complex polymeric systems is one of the most important tasks
of the solid-state radiation chemistry. It is also a challenging basic problem since
it addresses to a number of issues, i.e., validity of local molecular models for
description of the long-range effects, role of conformational defects, significance of
molecular packing, etc. Numerous data on the radicals trapped in various irradiated
polymers are available, however, the primary distribution of the radiation-induced
events is not known, even for most widely studied macromolecules. A specific
problem is associated with structural and chemical inhomogeneity of real polymers,
which complicates the interpretation.

Here main focus will be made on recent results concerning the role of struc-
tural defects in the radiolysis of polyethylene (PE), chemically the simplest and
practically the most important polymer. For linear polyethylene (if one disregards
branching and chemical impurities), the most important type of defects is conforma-
tional defects, i.e. gauche-trans (GT) conformers. Although theoretical predictions
for ideal macromolecules indicated possible role of the conformational defects in
localization of primary events, experimental evidences for the effects of this type
were unavailable for a long time. It is well known that irradiation of PE at low
temperatures leads to formation of interior-type alkyl radicals ~ CH,"CHCH, ~ [4],
and only the radicals resulting from trans-trans (TT) conformers were detected in
early EPR studies at 77 K [160]. However, the observed distribution of radicals
may be affected by secondary processes, namely, local radical site migration, which
was found to occur below 77 K [5-10]. Also, to make definite conclusions, it is
important to deal with a chemically pure, well-organized and well-characterized
polymer. Taking into account these points, we have reinvestigated the initial mode
of radical formation in high-density linear PE irradiated at 15 K [161, 162]. In
order to get an unequivocal test of the role of structural defects occurring in small
concentrations, we used PE with extended chain crystals (ECC PE) obtained by
high-temperature annealing of linear high-density PE under high pressure. These
samples are characterized by extremely high crystallinity (95-98%) and very
low concentration of conformational defects. In addition, using oriented samples
allowed us to obtain high-quality EPR spectra and to get more information from the
angular dependence.

The EPR spectrum shown in Fig. 2.6 clearly reveals the presence of substantial
amounts of radicals resulting from GT conformers (the lines marked with arrows).
Indeed, when external magnetic field is applied parallel to the draw axis, the TT
conformer (dihedral angles 6 = 30° for all the four B-protons) yields a nearly
perfect sextet spectrum: a(Hy) ~ a(4Hpg) ~ 3.3 mT. An admixture of the GT
conformer (6; =90°, 8, = 63 = 64 = 30°) is easily detected since in the latter case
one P-proton takes a position in the nodal plane in respect to unpaired electron
orbital axes, and the corresponding hyperfine coupling is lost. Detailed analysis
[162] shows that the fraction of the radicals resulting from GT conformers is ca.
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Fig. 2.6 EPR spectrum of oriented ECC PE irradiated at 15 K. Magnetic field is applied parallel
to the direction of draw axis (See Refs. [161, 162] for details)

30%, despite the concentration of such conformers is very small. Thus, it was
the first direct experimental evidence for highly preferential localization of the
primary radiation-induced events at conformational defects in macromolecules. It
is worthwhile noting that annealing of the irradiated samples at 80-90 K results in
irreversible conversion of the defect-localized radicals to “normal” TT conformers,
probably due to local “radical hopping” [162]. This result accounts for failure to
observe the GT conformers in earlier studies carried out at 77 K.

To explain the nature of conformational selectivity in PE, it is logical to turn back
to selective effects observed for the prototype molecules (linear alkanes). As stated
above, deprotonation of the primary alkane radical cations occurs selectively, either
at terminal methyl group (for extended all-trans conformers) or at gauche position
(for gauche-C, conformers). This rule remains valid for rather long molecules
(at least, up to Cps [17]). A similar consideration may be applied to the PE
macromolecules: deprotonation of the primary positive hole may occur selectively
at the defect position (again, the in-plane proton is lost preferentially).

In other words, this model implies that the conformational defects act as
“effective chain-ends” for hole delocalization. Interestingly, the fraction of radicals
localised at conformational defects in PE is very close to the fraction of terminal
alkyl radicals resulting from selective deprotonation of the long-chain linear alkane
cations.

Detailed information on the selectivity of early events in other polymer systems is
lacking. It seems probable that the processes of long-range positive hole migration
are basically important for the radiation chemistry of a wide class of polymeric
systems [161]. In particular, in the case of polystyrene, the trap-to-trap hole
migration may result in favourable localization of the radiation-induced events
at specific conformers or dimeric associates of aromatic rings. In the case of
microheterogeneous systems, the interphase migration of positive hole and electron
may cause specific non-additive effects in the formation of radicals, especially, if
the electronic properties of the components are different [163].
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2.6 Conclusions and Outlook

In summary, EPR studies of the radiation-induced organic species in low-
temperature matrices in the past two decades has led to significant progress in
understanding basic mechanisms of the radiation effects in molecular solids and
polymers and revealed some new trends.

The structure and reactivity of the primary ionized molecules (radical cations)
remains in a focus of basic radiation chemistry and some other areas of physical
chemistry. Using halocarbon matrices for the EPR characterization of organic
radical cations has made a sort of “revolution” in the field some 30 years ago. Recent
studies on “bridged” bifunctional radical cations have revealed new trends in this
area, which may be useful not only for radiation chemistry, but also for radiobiology
and molecular electronics. On the other hand, application of matrix isolation in
solid rare gases to the EPR studies of relatively large organic radical cations was
developed mainly during the past 15 years. Somewhat unexpectedly, this method
has proved to be especially valuable for elucidation of chemical aspects rather than
spectroscopic issues. I believe that the matrix isolation studies will eventually give
the key to understanding of the matrix-assisted and matrix-controlled chemistry of
ionized organic molecules in solids.

A new challenge is concerned with the studies of radiation-induced bifunctional
radical anions. Recently, it was realized that the reactions of excess electrons
producing unstable radical anions might play much more important role in radiation
damage to biomolecules than it was suggested before. On the other hand, compar-
ison of radical anions and radical cations in view of possible switching between
localized and delocalized states may be of specific interest of molecular electronics
and related fields. In particular, it would be of basic interest to establish the criteria
of medium-controlled stabilization of the radical anions with weakly bound electron
produced from molecules with negative electron affinity [164].

Regarding the radicals produced in complex organic systems and polymers, the
most important finding is specific selectivity of the radiation-induced processes. In
fact, it was clearly demonstrated that the primary chemical events induced by high-
energy radiation were far more selective than it might be expected from formal
energetic reasons; furthermore, the radiation damage was found to be sensitive to
very “subtle” effects (e.g., molecule conformation or weak association). To a large
extent, this selectivity is probably determined by long-range hole migration and
specific bond weakening in the ionized molecules. There are still a few studies for
complex systems, and more work should be done.

Important new information on the structure and reactivity of the radiation-
induced paramagnetic species can be obtained using a combination of EPR with
other spectroscopic techniques. In particular, IR spectroscopy is useful since it
yields detailed structural data concerning parent molecules, primary paramagnetic
species and diamagnetic products of their reactions. The most challenging issue is
probably concerned with obtaining vibrational spectra of simple aliphatic radical
cations. These characteristics may provide essential information on chemical
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bonding in the radical cations, which should be crucial for testing the concept of
selective bond weakening.

Recent development in theoretical methods made it possible to describe the
geometry and magnetic resonance parameters of relatively large organic radicals
with reasonably high accuracy. Meanwhile, the theoretical treatment of reactivity
of radicals and, especially, radical cations is not so extensive. Probably, the most
difficult problem is concerned with correct theoretical description of the effect of
matrix environment on the reaction profile. Different ideas, including a concept of
“matrix catalysis”, should be considered.

Generally speaking, the results presented in this chapter have to illustrate the
potential of using EPR spectroscopy for elucidation of the most challenging basic
problems of radical chemistry (in particular, radiation chemistry) in solids. Some
other aspects of the EPR studies of radiation-induced species related to radical
dynamics, radiation damage in biomolecules and dosimetry are considered in other
chapters of this book.
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Chapter 3

Molecule-Based Exchange-Coupled High-Spin
Clusters: Conventional,
High-Field/High-Frequency and Pulse-Based
Electron Spin Resonance of Molecule-Based
Magnetically Coupled Systems

Takeji Takui, Shigeaki Nakazawa, Hideto Matsuoka, Kou Furukawa,
Kazunobu Sato, and Daisuke Shiomi

Abstract Syntheses and magnetic functionalities of exchange-coupled magnetic
systems in a controlled fashion of molecular basis have been the focus of the current
topics in chemistry and materials science; particularly extremely large spins in
molecular frames and molecular high-spin clusters have attracted much attention
among the diverse topics of molecule-based magnetics and high spin chemistry.
Magnetic characterizations of molecule-based exchange-coupled high-spin clusters
are described in terms of conventional as well as high-field/high-frequency ESR
spectroscopy. Off-principal-axis extra lines as a salient feature of fine-structure ESR
spectroscopy in non-oriented media are emphasized in the spectral analyses. Pulse-
ESR-based two-dimensional electron spin transient nutation spectroscopy applied to
molecular high-spin clusters is also dealt with, briefly. Solution-phase fine-structure
ESR spectroscopy is reviewed in terms of molecular magnetics. In addition to finite
molecular high-spin clusters, salient features of molecule-based low-dimensional
magnetic materials are dealt with. Throughout the chapter, electron spin resonance
for high-spin systems is treated in a general manner in terms of theory. Hybrid
eigenfield method is formulated in terms of direct products, and is described as
a powerful and facile approach to the exact numerical calculation of resonance
fields and transition probabilities for molecular high spin systems. Exact analytical
expressions for resonance fields of high spin systems in their principal orientations
are for the first time given.
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3.1 Introduction

Magnetic-ion-based exchange-coupled systems and their fine-structure ESR spec-
tral analyses have been long-standing issues in electron magnetic resonance spec-
troscopy. Many standard or advanced ESR textbooks have been published, which
have dealt with the issues, more or less [1]. Among these, the most compre-
hensive one devoted to the issues appeared in 1987 [1f]. Recently, syntheses of
exchange-coupled magnetic systems in a controlled fashion of molecular basis
have been the focus of the current topics in chemistry and materials sciences;
particularly extremely high spins in molecular frames and high-spin molecular
clusters, or large nonvanishing angular momentum systems have attracted much
attention among the diverse topics of molecule-based magnetics and high spin
chemistry [2]. This is partly due to the potential applications of the quantum
nature of spins and orbital angular momenta controlled in well-designed molecular
frames, emphasizing molecular designs such as for spin-mediated memory devices,
spin magnetization oscillations, single-spin (extremely large S) detection and its
dynamics, and the utilizations of dynamic (transverse) phase transitions of spin
magnetizations; these issues can be termed molecular spinics in future science
and technology. Organic molecular systems give exceptional diversity as subjects
of novel quantum magnetic phenomena or functionalities. Organic super high-
spin magnetics utilizing through-bond approaches is closely related to conceptual
advances in magnetics which underlie novel molecular functionality devices such
as genuine liquid-phase magnets and magnetic spin quantum well effects. In this
context, spin dynamics for superparamagnets or extremely large molecular spins is
expected to develop.

Also, from the theoretical side, molecule-based magnetics underlain by high
spin chemistry is an important testing ground for a variety of theoretical models,
whether they are established or not. In favorable conditions, electron magnetic
resonance of molecular magnetic materials plays a crucial role to understand
novel aspects of their magnetic property. For example, organic ferrimagnetics
demonstrate a breakdown of classical and conventional pictures for ferrimagnetics
[1, 3]. Experimentally direct detection of molecular systems with large fine-structure
constants due to spin-orbit couplings has been challenged in the recent progress with
high-field/high-frequency ESR spectroscopy. Findings of the quantum tunneling
of spin magnetization from exchange-coupled transition metal ion clusters have
affected research trends in interdisciplinary fields between chemistry and physics,
emphasizing general interests in single-molecule magnets (SMM’s) exhibiting
stepwise magnetic hysteresis of the magnetization at low temperatures. Also,
magnetic-ion clustering systems of biological importance have been elucidated,
attracting general attention.

In a magnetically ordered molecular substance, the macroscopic magnetization
as cooperative property is described in terms of dynamics of microscopic details
(molecular spins). There are a variety of magnetic excitations, where the exci-
tation does not remain localized at a given spin site but propagates in the form
of coherent waves. The collectivized coherency (collective excitation) typically
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originates in quantum-mechanical exchange interactions, forming the simplest type
of magnetic excitation as spin waves or magnons. The exchange interaction is of
short range. There is another type of spin waves, which is driven by an electron-spin
dipolar interaction, i.e., a Walker mode. In terms of spin carriers, all documented
spin waves are not molecule-based, but atom-based. These conventional spin waves
are standing waves along the direction perpendicular to the thin film. Recently,
novel types of quantum modes for standing spin waves have appeared which
arise from artificial superlattices of ferromagnetic thin films on a micron size.
One of the novel quantum modes is a lateral Walker’s mode, and another is a
dipolar spin wave from gigantic magnetic moments of one- or two-dimensionally
arrayed ferromagnetic islands. Experimental identifications of the quantum modes
have been carried out by electron spin (ferromagnetic) resonance spectroscopy [4].
Those artificial superlattices of ferromagnetic microstructures are an intermediate
substance between bulk magnetic materials and molecular magnetic clusters with
extremely high spins. In this context, magnetic resonance phenomena on a semi-
microscopic scale are new applications of electron spin resonance spectroscopy.
The spin dynamics of both magnetic substances on a semi-microscopic scale and
molecular superparamagnets with internal spin (polar) structures is one of the
current issues in molecule-based magnetics and spin science.

This chapter surveys the recent progress in fine-structure ESR spectroscopy
of exchange-coupled molecular systems with finite spin multiplicities, both ex-
perimentally and theoretically, focusing on the documentation that has appeared
recently after the book by Bencini and Gatteschi was published [1f]. The molec-
ular systems included in the book are mainly inorganic ones, and genuinely
organic high-spin clusters of chemical and spectroscopic importance are dealt
with as well. Throughout the present chapter, molecular high-spin clusters mean
intermolecularly exchange-coupled spin systems in chemistry terms. Thus, high-
spin oligopolynitrenes or high-spin hydrocarbons such as oligopolycarbenes [4]
or cyclopentanediyl-based hydrocarbons [5] with large high-spin multiplicities,
whose high spins arise from the topological symmetry of their -conjugation
network of chemical bonding, are not dealt with in the present chapter except
in theoretical terms. They are grouped into intramolecularly exchange-coupled
systems and are dealt with in Chap. 5 by Baumgarten. In terms of the effective spin-
Hamiltonian approach, both inter- and intramolecularly exchange-coupled systems
can be treated on the same theoretical background, but in microscopic terms both
systems show remarkably different magnetic properties and they require intrinsic
molecular designs. In harmony with the book title, the issues treated in this chapter
are associated with solid states. Nevertheless, in terms of spin dynamics in high-
spin ESR spectroscopy and future technology, solution ESR spectroscopy for stable
high-spin molecular systems with hyperfine interactions of comparable order to fine-
structure ones is of particular importance. The chapter spares pages for this issue.

Referred to electron magnetic resonance in ordered regimes such as low di-
mensional magnetic systems, superparamagnetic ones and spin frustration ones,
readers are recommended to consult recent reviews and monographs [1f, 2, 6].
The magnetic properties of magnetic materials such as low dimensional magnetic
systems appearing on a macro- or semi-macroscopic scale are characterized by
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invoking both magnetic resonance and magnetic susceptibility measurements.
Approaches in terms of both micro- and macroscopic magnetic measurements are
complementary for molecular exchange-coupled systems. Methodological estab-
lishments for molecular systems with nonvanishing and sizable orbital angular
momenta and their assemblages are one of the current topics in the field of
molecule-based magnetics and related fields [2a, 2f, 7-8]. Electron spin resonance
spectroscopy applied to such molecular magnetic systems and their exchange-
coupled assemblages in the crystal is immature, where analyses include magnetic
interactions between orbital angular momenta. Treatments are beyond conventional
Heisenberg-Dirac types of exchange couplings.

Electron-nuclear multiple resonance spectroscopy devoted to molecule-based
high-spin systems is not included here, although it gives crucially important
microscopic details such as spin density distributions, direct determination of
spin sublevels involved in the ESR transitions, and thus the signs of the fine-
structure constants in the high-spin systems [9]. Electron-nuclear multiple resonance
spectroscopy in solid-state oriented media can afford direct evidence of inverted
large negative molecular spins anticipated for antiferromagnetically exchange-
coupled hetero-spin systems [9]. Applications of the multiple resonance technique
to molecular high-spin systems in solid states are still premature [10].

3.2 Theoretical Background

The most striking feature of electron magnetic resonance phenomena due to
molecule-based magnetically coupled clusters is that a variety of high spin states
arising from the strength of exchange couplings give rise to a diversity of anisotropic
ESR spectra. In this context, single-crystal fine-structure ESR spectroscopy is
apparently the most powerful method for giving us anisotropic information on
various magnetic tensors, which can be related to crystallographic structural data
and electronic spin structures of molecular high-spin clusters. Nevertheless, single-
crystal work is not always feasible simply because well-defined and magnetically
diluted molecular systems are not available for most cases. In order to characterize
magnetic properties of molecules or molecular clusters themselves, magnetically
diluted molecular systems are required to suppress intermolecular exchange inter-
actions, yielding anisotropic information on microscopic details with high accuracy.
Thus, fine-structure ESR spectroscopy in non-oriented media is particularly im-
portant from the experimental side. Magnetically concentrated high-spin molecular
clusters (molecule-based multinuclear high-spin clusters) are intriguing targets for
fine-structure ESR spectroscopy in view of the molecularly controlled exchange
couplings, intramolecular or intermolecular. In most magnetically concentrated
high-spin nuclear clusters, hyperfine structures are smeared out in the ESR spectra.
ESR spectroscopy gives unique microscopic information on their electronic and
molecular structures with the help of their bulk magnetic properties based on
magnetic susceptibility.
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Generally, the fine-structure spectroscopy in non-oriented media requires spectral
simulations to acquire spin Hamiltonian parameters with high accuracy from the
observed fine-structure spectra for most cases except special cases with § =1.
Then, facile and easy-to-access interpretive approaches for high-spin identification
in the ESR spectroscopy are useful. This chapter aims to present those approaches to
readers who do not specialize in high-spin ESR spectroscopy and which allow them
to extract spin Hamiltonian parameters from the observed fine-structure spectra.
Under favorable conditions, the analytical exact expressions for the resonance fields
described in this chapter help to extract the parameters without spectral simulations.
Indeed, the exact analytical expressions for any resonance fields in triplet spin states
are available [1f, 2e, g, 10b], but the counterparts in spin states higher than triplet
have never been documented. This has been conceived of as mainly due to putative
mathematical difficulties. This issue is solved as described in Sect. 3.3.3.

It should be noted that spectral simulations with the help of theoretical consid-
erations for the electronic molecular structures of systems under study can afford
us much information on magnetic properties of both high-spin molecules and
molecular high-spin clusters. The theory-based or theoretically oriented spectral
simulations are applicable to intramolecularly exchange-coupled high-spin systems
under some restrictions, e.g., high-spin oligonitrenes whose high spin alignments
are governed by the topological symmetry of v-spin polarizations [5]. In high-
spin nitrene chemistry, there have been serious controversial issues between the
documented fine-structure constants and quantum-chemistry-based spin structures.
Those apparently puzzling issues have been disclosed by theory-based simulations
[5]. Such a theoretical approach has been underlain by tensor-based analyses for
the fine-structure spin-spin interaction, exemplifying a novel organic-radical-based
molecule in Sect. 3.2.3. The approach is applicable to metal-based dinuclear high-
spin clusters when spin sites are apart in the range of 0.3-0.8 nm and a classical
magnetic dipole-dipole interaction is operative.

In terms of anisotropic ESR spectroscopy, another striking feature is the ap-
pearance of off-principal-axis lines, which correspond to the stationary points with
the static magnetic field By along an off-principal-axis of the fine-structure tensor.
Off-principal-axis absorption peaks in ESR spectroscopy are called extra lines
(or off-axis extra lines). The occurrence of extra lines is inherent in fine-structure
ESR spectra due to high spin molecular systems with S > 1. Referred to triplet states,
an extra line appears only in the region for forbidden transitions [10b, 11]; the extra
resonance line in fine-structure ESR spectra from randomly oriented samples has
been called B,,;,,, The occurrence of extra lines complicates the fine-structure spectra
from molecular high-spin systems, but correct identifications give a rationale for
experimentally determined sets of spin Hamiltonian parameters with high accuracy
[10b, 11].

Molecule-based infinite systems of exchange couplings feature low dimension-
ality of the systems. A long-time transverse relaxation occurring in the magnetic
assemblages with extremely high purity depends on the dimensionality of the
systems under study. This issue will be treated in a later section of this chapter.
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3.2.1 Effective Spin Hamiltonian Approach
to Exchange-Coupled Systems: Tensor Analyses
Underlying Theoretical Spectral Simulations

Spectral and theoretical analyses in fine-structure ESR spectroscopy formolecular
exchange-coupled high-spin clusters require the following two-site spin Hamilto-
nian to start,

ﬁsPin = ﬁASpin + ﬁBSpin + (—ZJAB) SA‘SE + SA-Dag-Sg + dag-Sa xSg (3.1)

ﬁaspin = IBBO'g(x'sa + So('DOL'SOl + Zk Ik.AOﬁk'SOL (OL = A’ B) (32)

where we simply assume an isotropic exchange interaction between spins, So and
SB, and also we neglect nuclear Zeeman terms, nuclear quadrupolar interactions
and group-theoretically allowed quartic or higher-order fine-structure terms of even
numbers such as BoSy>, Sn’S,2, and S,,S,° (n, m = x, y, z). The term of BySy,*
is required for some cases with high symmetry such as distorted tetrahedral or
octahedral symmetry and high spin multiplicity. In the strong exchange-coupling
limit, the isotropic exchange interaction term, (—2Jap)Sa-Sp dominates and the
other terms are considered to be perturbation ones. The z-component of S =
Sa +Sg and S? commutes with (—2Ja5)SA-Sg, giving the common eigenstate
belonging to (—2J4p)Sa-Sp and to S? and S,. The resultant spin quantum number S
is given as | Sa — Sp | <5 < Sa + Sg, and the corresponding eigenenergy, E(S) is as
follows;

ES)=—Jap[SS+1)=Sa(Sa+1)—Sg (S + 1)] (3.3)

with | So — Sg | <S < Sa + Sg.

In the strong exchange-coupling limit, no ESR transition occurs between differ-
ent spin multiplicity states, giving superimposed fine-structure spectra with weights
of Boltzmann distributions at a given temperature. It is to be noted that particular
relationships of resonance fields and transition probabilities between the different
spin states hold when superimposed fine-structure spectra appear from the same
molecular magnetic origins. For example, the transition probabilities inherent in
the quintet and triplet states arising from an Sy= Sg = 1 coupled system with an
equivalent Dy, assuming J > | Ds |, strongly depend on the ratio of |Ds|/hv, where
Ds stands for the fine-structure constant for the quintet or triplet state and hv is
the microwave transition energy. For the experimental condition of the ratio much
smaller than unity, the transition probability for the | S = 1; Mg= +1) <=
| S = 1; Mg=0) allowed transitions becomes, to first order, one half of that for
the | S = 2; Mg= £2) <= | S = 2; Mg= +£1 ) transitions. This is one of
the reasons why a thermally accessible triplet state originating in intramolecularly
interacting triplet-triplet systems has been difficult to identify experimentally in
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Table 3.1 Formulas for the coefficients, c, ¢, and c. for a given set of

Sa and Sp*

c={SAa(Sa+1) —Ssg(Sg+1}/S(S+1)

cr =[B{Sa(Sa+ 1D —SpSp+DP+SS+D{3S(S+1) -3
=28, (Sa+ D}/ 2S+3)2S—=1)S(S+1)

ce =4S+ D{Sa(Sa+1) —Sg(Sg+ 1)} —3{Sa(Sa+ 1)
—Sg S+ D}/ 2S+3)2S—DSES+1

“The coefficients are taken to be zero for spin-singlet states (S = 0), and

also the coefficients should be zero for the vanishing denominator

non-oriented media such as organic glasses. In general, high-field/high-frequency
resonance conditions are most favorable for identifying experimentally the different
spin states from the same magnetic origin. The fact that the resulting resonance
fields and transition probabilities from the different spin states in exchange-coupled
systems are interrelated has been overlooked in the documentation so far except for
a few cases [12]. The interrelation is crucially important for comprehensive analyses
of the electronic structures of molecular exchange-coupled systems based on their
fine-structure spectra.

Fine-structure spectra due to any spin state with a well-defined spin quantum
number S whose energy is given by Eq. (3.3) are described by the resultant spin
Hamiltonian, ﬁSSPi“ as follows;

-~ spin

Hs"" = BBo-gsS+SDsS+ Zk 1458 (3.4)

where the similar neglect of tensor terms as in Eq. (3.2) is made. Intrinsic
relationships between a set of spin Hamiltonian parameters, gs, Ds, Ag® and those
of the A and B components, gq, Dy, Af (. = A, B) are acquired by invoking
Wigner-Eckart theorem with irreducible tensor operators and using Clebsch-Gordon
coefficients as follows [1f, 2f, 13];

spin

Hs'" = B[Bo-(1/2) (g4 +cg_) S|+ 8 (1/2)[(1 —c4) Dap +c4 D
k k _ IS
+c_D_] S+Zkl (1/2)[(1 +c) Aa* + (1 —c) A5*] S
—JaB[S(S+1)—Sa(Sa+1)—Sg(Sg +1)] (3.5)
where the term of dap- SaxSp is neglected. The set of the coefficients, c, c, and
c_, are expressed as functions of S, Sa, and Sy only. Formulas for the functions
are given in Table 3.1 [1f, 2f]. The relationships between the resultant tensors in

the resultant spin Hamiltonian and those in the component spin Hamiltonians are
given by

gs=c18x+ 285 (g+=8a%85p) (3.6a)
Ds=dDp+dyDg+dinDag (D+ =Da =+ Dyp) (3.6b)
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ASk = C]AAk+C2ABk (3.6¢)
cg=004+¢)/2, co=(1-¢)/2

di= (e +c)/2 dy=(cr—c)/2 dp=(—-cy)/2

All the relationships above are given in terms of tensor-based expressions in
their own coordinate systems. There have been seen many documentations which
commit errors in the expressions and the understanding of the relationships. Thus,
it is worthwhile noting that unitary transformation procedures are required for
theoretical calculations of the resulting tensors from the component tensors [12].
For example, a given component tensor D; in a convenient reference frame (e. g.,
a common coordinate-axis system such as a molecular principal-axis system) is
given by

D; ='U;-D{-U; (i=A,B,AB) (3.7)

where D;¢ denotes the given component tensor in the diagonal (principal axis and
local molecular) frame and Uj is a rotation (unitary) matrix in which the three
rows are constructed by the three set of the corresponding direction cosines for
the three principal values of D9, and 'U; stands for the transposed matrix of Uj.
During this procedure, the local molecular structure relevant to D;¢, theoretically
or empirically, should be known. The resultant Dg (e.g., Eq. (3.6b)) in terms
of the convenient reference frame is diagonalized to give Ds¢, i.e., the principal
values and corresponding direction cosines of Dy in the reference frame. In order
to produce theory-based spectral simulations, all the resultant theoretical tensors
are transformed to the field-based coordinate axes defined by both By and B;
(microwave oscillating field).

In the weak exchange-coupling limit and for intermediate exchange-coupling
cases, general and group-theoretical treatments have been made also by Bencini and
Gatteschi [1f], and analytical expressions for the spin Hamiltonian parameters are
given in their book together with examples of ESR spectra. Extended applications
of the above approach to three- or four-spin exchange-coupled systems in the
strong coupling limit are feasible. In the case of intermediate exchange coupling, a
remarkable change in fine-structure ESR spectra takes place due to spin quantum
mixing between interrelated spin states. The changes depend on the ratio of
|Ds/2J| and the group-theoretical symmetry of the systems under study. Figure 3.1
exemplifies a quantum spin mixing occurring in an exchange-coupled triplet pair,
showing typical fine-structure ESR spectra at K-band (~25 GHz) calculated for
the static magnetic field By along a given direction. For symmetry arguments,
D, = Dy is assumed in the calculation [14]. As the spin quantum mixing with
|2J| comparable to |Ds| grows, new ESR transitions arise with intensity borrowing
and a considerable amount of shifting of the resonance fields occurs. In the case
of complete mixing, the characteristic spectral features arising from the quintet
and triplet states disappear, giving the appearance of only two triplet-state fine-
structure spectra. They are not independent, but interrelated. In this example, a
singlet-quintet complete mixing takes place due to the group-theoretical symmetry
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Fig. 3.1 Fine-structure ESR transitions from an exchange-coupled triplet pair undergoing spin
quantum mixing. A K-band microwave frequency is assumed with the fine-structure constants
comparable to | 2J |

requirement for a pair of equivalent S; = 1 spins (i = A, B), while the resultant triplet
state is isolated because of symmetry requirements. The permutation symmetry for
Bose (Si = 1) particles is symmetric, preventing the mixing between the triplet
and the other spin multiplicities. Thus, remarkable spectral changes are anticipated
when complete spin quantum mixing occurs with a nearly vanishing exchange
coupling. In conventional X-band ESR spectroscopy, the transition probabilities
which gain intensity owing to the high-field resonance conditions in high-frequency
ESR spectroscopy are reduced a great deal. As a result, the characteristics of
intensity distributions in the high-field approximation are weakened. In this sense,
the practical advantages of X-band ESR spectroscopy are limited for the cases
of spin quantum mixing. High-field/high-frequency ESR spectroscopy is desirable
for the detection of spin quantum mixing in terms of the transition probability of
intermediate spin states. For these reasons, molecular designs for the fine-tuning
of on-and-off quantum spin mixing with spin-mediated devices are the current
topics of molecular spin science. Effects of the quantum mixing in hetero-spin
systems are shown more remarkably for molecular exchange-coupled systems [15].
Under favorable conditions, the relative signs of the fine-structure constants for the
resultant spin states can be determined.

Referred to the higher-order terms of fine-structure tensors in spin Hamiltonians,
Egs. (3.2) and (3.4), the group-theoretical arguments apparently allow the inclusion
of them for molecular high spins of relatively low molecular symmetry (S = 2, 3).
Indeed, for even high-spin hydrocarbons in the electronic ground state the inclusion
may yield apparent better agreement between observed fine-structure spectra and
simulated ones, where different spin-state species gave complicated superimposed
fine-structure spectra [16]. Nevertheless, additionally derived spin Hamiltonian
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parameters cannot give a rationale for such high-spin hydrocarbons with small spin-
orbit couplings of carbon atoms. The obtained result has been misleading in terms
of the physical meaning of the derived terms. A refined set of spin Hamiltonian
parameters has produced much better agreement between the observed spectra and
simulated ones by invoking similar spectral simulation methods without incorpo-
rating the higher-order, quartic terms [17]. Due care is necessary to incorporate the
higher-order fine-structure terms in spin Hamiltonians for genuinely organic high-
spin systems to avoid artifacts and over-parameterization in spectral simulations.

3.2.2 Appearance of Off-Principal-Axis Lines
in Fine-Structure Spectra in Molecular
High Spin Systems

One of the salient features appearing in the fine-structure spectra due to high
spin systems is the appearance of off-principal-axis absorption peaks, called extra
lines (or off-axis extra lines), in fine-structure ESR spectroscopy for randomly
oriented media. Extra lines inevitably appear when high spin systems have sizable
fine-structure constants compared with the magnitude of the microwave excitation
energy. In general, lineshapes of forbidden transition peaks are anomalous, com-
pared with those of the allowed ones. This is because the angular dependence
(anisotropy) of forbidden transitions is constrained and thus undergoes angular
anomaly, which corresponds to stationary points with By pointing off the principal
axis of the fine-structure tensor. As described above, a typical example is By
appearing in the fine-structure spectra from triplet states in non-oriented media. The
Bnin anomaly underlies the stationary behavior of the extra lines from high spins
(S > 1) [10b, 11]. Appearance of off-axis extra lines is general for anisotropic ESR
spectroscopy, and physical origins of “hyperfine-structure” extra lines have been
elucidated by several authors [1g, 18]. The hyperfine-structure extra lines originate
in large anisotropic g- and hyperfine tensors.

The first extensive study of fine-structure extra lines has been made in terms
of higher-order (second- and third-order) perturbation treatments, giving general
conditions and formulas for the appearance of extra lines for arbitrary high spins
as well as recipes for the analyses of fine-structure extra lines [11]. The formulas in
the literature [11] also enable us to identify off-principal-axis orientations within the
frame work of the perturbation theory. In order to complete the analyses of all the
fine-structure stationary peaks including extra lines, it is desirable to invoke exact
numerical diagonalization approaches which execute the calculation of resonance
fields, transition probabilities and their angular dependence with high accuracy.
Such a good example is illustrated in Fig. 3.2, where a quartet ground state from
m-phenylenebis(phenyl-methylene) monoanion in an organic glass is shown. High
spin states with odd spin quantum numbers show strong characteristic peaks of extra
lines from the My = —1/2 <= My = +1/2 transition, as illustrated in Fig. 2.2.
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Fig. 3.2 Appearance of extra lines in fine-structure ESR spectroscopy from random orientation;
Fine-structure spectra from m-phenylenebis(phenylmethylene) monoanion in the quartet ground
state [19]. (a) Observed spectrum; H’s denote the absorption lines due to hydrogen atom.
(b) Simulated one; X, Y and Z denote the absorption lines corresponding to the canonical
orientations. F’s denote the lines from AMg = =2 and %3 forbidden transitions. A’s denote
the extra lines

The inevitable occurrence of the angular anomaly corresponding to this transition
arises from the disappearance of the first-order fine-structure term in the resonance
field in terms of perturbation theory. High-field/high-frequency ESR spectroscopy
affords to simplify fine-structure spectra, weakening the importance of extra line
analyses for spin multiplicities of odd numbers. Nevertheless, the simplification is
hampered by the anisotropic nature intrinsic to molecular systems with both even
spin multiplicities and sizable fine-structure constants.

For smaller fine-structure constants, first-order perturbation treatments have been
invoked for the sake of simplicity in order to extract fine-structure constants and
g-values. It has turned out that in most of the documented first-order-perturbation
analyses for molecular high spins in the ground state, where -y spin-spin interac-
tions dominate in the contribution to the fine-structure parameters the appearance
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conditions for extra lines from those high spins are not fulfilled. During the
simulation procedure, readers are recommended to check the appearance conditions
by substituting any trial fine-structure parameters and the microwave frequency
employed into the formulas given in the literature [11]. Whether or not extra lines
appear also depends on the line width of the single ESR transition used for the
simulation. If the difference in resonance fields between extra lines and principal-
axis lines is comparable to or smaller than the line width, the extra line will not be
distinctly observed. Instead, an asymmetry of the line shape or an intensity anomaly
will be appreciable.

3.2.3 Theoretical Spectral Simulation of Molecular High-Spin
Clusters: Direct Comparison Between Theoretical
Simulations and Observed Spectra of a Triplet-State
Cluster

This section gives a theoretical spectral simulation approach to molecular high-
spin clusters, exemplifying a direct comparison of simulated fine-structure spectra
with the observed one from a novel exchange-coupled triplet-state molecule,
calix[4]arene-based biradical with two nitroxide spin sites [20]. The system is
composed of two NO-based radical centers within the molecule. Thus, spectral
simulations require the incorporation of hyperfine tensors due to two nitrogen atoms.
The crystal and molecular structures of the exchange-coupled triplet molecule are
not known, but the X-ray crystal structure analysis of the corresponding precursor
of a new nitroxide-based biradical has been made. The local molecular structures
of the two nitroxides have attracted attention. With the help of theoretical spectral
simulations, the molecular geometry of the biradical of the two-site spin exchange-
coupling can be evaluated, as given below.

For the exchange-coupled system under study, we adopt spin Hamiltonians as
follows;

A=0 +M, + 1, (3.8)

H, = fBog,Si + I1-4:S 3.9)
H, = BBy-g,-S2 + 142, (3.10)
Hi = S1-J 128, (3.11)

where gi, A; (i =1, 2) and J;, stand for the g tensor, hyperfine coupling tensor
for the i-th nitroxide site and the exchange coupling tensor, respectively. Here an
anisotropic exchange coupling interaction is assumed for theoretical arguments.
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In the case of biradicals where the interacting spins are sufficiently far from each
other, magnetic dipole-dipole interactions dominate the exchange interaction. The
present two-nitroxide-based biradical is of this type. The classical magnetic dipole-
dipole interaction between two spins is given by

Jo, = Mo [lkel'l‘«ez 3(Wey - 1)(r - lkez)i|
2= 3 - 3
T r r

:ﬂﬁz 81-8, 3(g-nN(-gy) (3.12)
A 3 r
with e = —Bgi-Si, noting B = up throughout this section. This equation indicates

that the interacting tensor based on the classical magnetic dipolar interaction
depends on both the anisotropy of the g tensor of the two spins and the distance
between the spins.

Relationships between the anisotropic g tensors reflect the molecular geometry
of the biradical. J; is a dyadic, and it can be decomposed into the sum of a scalar
product, a symmetric traceless tensor and an antisymmetric tensor. Then, ﬁlz can
be rewritten as

where J), is a scalar, D, is the symmetric traceless tensor, and d; is a polar vector
which is constructed by the off-diagonal elements of the antisymmetric tensor part
of Ji». Each term is termed an isotropic, anisotropic, and antisymmetric spin-spin
interaction, respectively. Relationships between J, and the decomposed terms are
given by the following equations,

Jiz= (1/3)Tr (J12) (3.14)
D= (1/2) (Jio +'J12) — Ji2 (3.15)

dix = (1/2) (J12 —tle)yz iy = (1/2) (12 —"T12),,.
dio, = (1/2) (J12 =T 12, (3.16)

where 'J |, stands for the transposed matrix of J 5.

Considering the spin Hamiltonian parameters of the coupled spin system in terms
of the coupled eigenbase of S}, and S,,, the exchange interaction term reflects the
relative orientation of the two radical sites. The isotropic term makes the energies
of all eigenstates shift, not affecting the spectrum at all in ESR spectroscopy. The
antisymmetric interaction arises from a second-order term of the spin-orbit coupling
in terms of perturbation treatments. The antisymmetric vector given by Eq. (3.16)
is relevant to the symmetry of the coupled spin system. When the spin system
has an inversion center, the vector vanishes. For most of the organic biradicals,
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the antisymmetric term is safely assumed to be zero because of their small spin-
orbit interaction in the ground state. Returning to the effective spin Hamiltonian
approach, we recall Egs. (3.4) and (3.5), as given below

Hs*P" = BB(-g* ™S + S DTS + 1,-4S".S + 1,-45™.S (3.17)

with § = S;+ S,. g° denotes the effective g tensor of the exchange-coupled system
with § = 1, and D®f the effective fine-structure tensor for the triplet state. A cff
and A,°" designate the hyperfine coupling tensors of nitrogen nuclei 1 and 2 in the
effective spin framework. Exploiting Eqs. (3.6a—c) for the present case, we obtain
the following relationships;

g"=01/2g,+1/2g, (3.18a)
D = (1/2) D s (3.18b)
AT =(1/24;, (=12 (3.18¢)

It is worthwhile again noting that the relationships above in Egs. (3.18a—c) are
tensor-based and should be expressed in terms of a common reference molecular
frame, as generally described in Sect. 3.2.1.

Figure 3.3 shows a fine-structure ESR spectrum of the calix[4]arene-based
biradical with two nitroxide radical sites observed in an organic glass together
with calculated spectra. The observed ESR spectrum consists of ESR transitions
in both the target biradical and the monoradical in which hydroxyamino groups
were partially oxidized. In the field range of forbidden transitions with |AMs=2|,
an asymmetric hyperfine structure pattern due to interactions between electron
spin and two nitrogen nuclei was observed. Absorption peaks assignable to the
ESR transitions due to the Z canonical orientations for a triplet state were too
broad to be seen. These salient features should be reproduced by theoretical
spectral simulations, giving electronic molecular structures of the novel calixarene-
based biradical. The theoretical spectral simulations based on the effective spin
Hamiltonian approach have successfully reproduced the observation. The obtained
spin Hamiltonian parameters are summarized in Table 3.2. The observed spectral
features are well interpreted by considering the anisotropic hyperfine coupling
tensors of both the nitrogen nuclei. The broadened Z components are due to
large hyperfine splittings of the nitrogen nuclei in the principal Z axis of the fine-
structure tensor, as shown in Fig. 3.4. It shows that the two y-orbitals localized on
the nitrogen nuclei point head to head each other in a o-type bonding. The derived
molecular structure agrees with the fact that the triplet state is thermally accessible.
The distance between the two spin centers can also be evaluated.

Figure 3.4 shows the molecular structural dependence of the theoretically
simulated spectra for the calixarene-based biradical in non-oriented media.
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Fig. 3.3 Observed and calculated triplet-state ESR spectra from a calix[4]arene-based biradical
with two nitroxide radical centers

Table 3.2 Spin Hamiltonian g D em—" A fem—" AT fom—!

parameters of a calix[4]arene-

based biradical (S = 1) XX 2.008 0.0053 0.00025 0.00025
YY 2.005 0.0053 0.00025 0.00025
77  2.003 —0.0106 0.00135 0.00135

Only the principal values are given. The principal Z axis
is parallel to the direction connecting the two nitroxide
radical sites
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Fig. 3.4 Dependence of the fine-structure spectra on the relative orientation between the tensors
in the calixarene-based biradical with the two nitroxide radical sites
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When both the z axes of the nitrogen hyperfine coupling tensors are parallel
to the principal Z axis of the fine-structure tensor D°, i.e., § = /2 (see Fig. 3.4
for the definition of ), the Z canonical peaks are broadened because of the large
hyperfine splittings due to the nitrogen nuclei in that direction. In the intermediate
orientations of the z axes, absorption peaks with appreciable amounts of intensity
appear in the magnetic field range of g ~ 2. The appearance of these peaks is due to
the disagreement between the principal axes of the fine-structure tensor, hyperfine
coupling ones and the g tensors. The salient lineshape of the half-field transitions
is also affected by the relative orientations of the tensors. Although the ESR
transitions due to the partially oxidized nitroxide monoradical masked the central
part of the fine-structure ESR spectrum of the biradical, the molecular structural
features for this novel biradical are probable. A pure triplet-state spectrum from
the biradical gives much more precise information on the molecular conformation,
however [21]. In addition, the molecular structure with one hydrogen bond due
to partial oxidation gives a clue to molecular magnetic functionality controlled by
intramolecular hydrogen bonding [20].

Tensor-based theoretical spectral simulation approaches are also useful for
extracting spin Hamiltonian parameters for molecular high-spin systems whose
spin sites are composed of transition metal ions and organic high spins. A subtle
issue during the simulation procedure is to evaluate the interaction term Dap
for hybrid high-spin systems with extremely delocalized spins over the whole
system or moiety. For such cases, if thermally accessible spin states with different
S’s are observed, Dsp can be estimated under favorable conditions. Otherwise,
quantum chemical computations are invoked for the estimation of Dap (see Chap. 8
of Volume 1). In exchange-coupled systems with sizable molecular frames, the
contribution of the interacting terms in the ground or nearby excited states decreases
rapidly with increasing molecular sizes. The molecular size effect, however, does
not hold for electronic excited high-spin states with extreme spin delocalization,
and high spin chemistry in electronic excited states of inter- and intra-molecularly
exchange-coupled systems are the focus of current issues in chemistry and spin
science. It is worth noting that semi-empirical tensor-based spectral simulation
gives a rationale for molecular structural determination of relatively small molecular
clusters such as triplet-state dimeric (NO),—(Na™), adsorbed in zeolites with the
help of theoretical estimation for the triplet-state fine-structure tensor, in which
accurate quantum chemical calculation should be invoked because of a large amount
of spin densities on the nitrogen and oxygen sites [22]. The absolute sign of
the principal fine-structure D-value determined experimentally (by high-field/high-
frequency ESR or ENDOR experiments) gives crucial information on the molecular
and electronic spin structures of the systems under study.
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3.2.4 Microscopic Spin Dynamics Underlying Magnetization
Dynamics in Infinite Systems of Exchanged Couplings

One of the crucial issues in electron magnetic resonance spectroscopy applied
to “ordered” magnetic assemblages with exchange couplings is to understand
their magnetization dynamics in terms of microscopic spin dynamics [23]. The
magnetization dynamics has been treated by both Kubo-Tomita [24] and Mori (and
Tokuyama-Mori) [25] theories in terms of spin assemblages in microscopic detail.
The former theory describes the transverse relaxation by invoking a relaxation
function ¢(#) of a macroscopic magnetization as

$ (1) =< My (t) My (0) > /kgT (3.19)

where < M, (1) M(0) > stands for a time correlation function of M, under thermal
fluctuation and therefore the symbol ¢(7) describes the magnetization, classically.
Isotropic exchange interactions expressed as —» 2J;;S; -Sj are commutable with
S = >_S;, thus giving no contribution to the transverse relaxation. Noncommutable
local magnetic fluctuations are expressed in terms of a time correlation function
¢(1) for the local magnetic field. The relaxation function ¢(#) for the macroscopic
magnetization can be expressed by using @(#). Noting that the phase memories
of individual spins S;’s are vanishing in time of nearly h/4J because of mutual
exchange interactions with surrounding spins, the motion of M, i.e., that of
S is conserved for a long time because M commutes with isotropic exchange
interactions. Dynamics of S; can be expressed in terms of a spin-time-correlation
function ®(7) as

D) =3<S()Si(0)>/S(S+1) (3.20)
In the rotating frame, the first three terms appearing in ®(#) are approximated to be
© (1) = exp[—(1/%)*/2)(t < ) (3.21)

with T = (1/|4J){3/[2¢S(S + 1)]}"2, where J stands for an exchange integral of a
pair of nearest-neighboring spins and ¢ for the number of the nearest-neighboring
spins. For a long time, t > T,

® (1) o< [S(S + 1) /3]t74/2 (3.22)

holds, where d stands for the dimension of the spin assemblages. According to
Eq. (3.22), ®(r) decays slowly for low-dimensional spin assemblages (d = 1, 2),
leading to the occurrence of a long transverse relaxation called a long time tail
(LTT). An LTT arises from increases in the contributing weights of the zero-
mode Fourier component of the wave vector in ®(¢) for smaller d. Compared
with three-dimensional spin assemblages, whose spin correlations decay in times
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much shorter than periods of microwave frequency wo/2y¥ ~ 10 - 10> GHz,
free induction decays with transverse relaxations characteristic of LTT or satellite
peaks due to spin dipolar interactions appear for low-dimensional organic spin
assemblages in pulsed ESR experiments. In this context, high-field/high-frequency
ESR spectroscopy such as W-band ESR spectroscopy is potentially capable of
extending vital information on magnetization dynamics in microscopic detail.
Particularly, it is worth noting that microscopic spin dynamics characteristic of low
dimensionality in organic magnetics reflects the contribution of nearly-zero-mode
Fourier components as T approaches 7T, (or Tx). The difference in the contributions
originates from the difference in temperature evolution of short-range interactions
between ferromagnetics and antiferromagnetics. Pulsed-FT-based time domain ESR
spectroscopy is direct and sensitive to the difference.

3.3 Spectral Simulation Based on a Hybrid Eigenfield
Method and Perturbation Treatments

Electron spin resonance spectroscopy from random orientation of high-spin molec-
ular systems gives us a variety of fine-structure spectra. It is generally tough to
extract the underlying physical parameters of paramagnetic species from spectra in
non-oriented media in a straightforward manner except for simple cases. Difficulties
arise from the spectroscopic methodology that cw-ESR spectroscopy measures
resonance with an electromagnetic irradiation field by sweeping a static magnetic
field By (=B). A spectroscopic coordinate in ESR spectra is not easy to be intuitively
transformed to an energy difference between electronic spin states involved in
the resonance transitions, contrary to most other spectroscopies. Because of the
many types of spin Hamiltonian terms, ESR spectral simulations [26-42] are
important procedures for quantitatively interpreting observed ESR spectra and
extracting physically meaningful parameters with high accuracy. A failure of
successful spectral simulations weakens the usefulness of random orientation ESR
spectroscopy. This section is intended to introduce to readers a general and powerful
procedure for simulating ESR spectra from random orientation, exemplifying fine-
structure spectra. Methods given in this section are free from notorious problems of
non-convergence and save computation time. The program softwares based on the
present methods are available. They are written in terms of Mathematica-based and
other languages [37].

In order to reproduce overall fine-structure spectra with low-field absorption
peaks from forbidden transitions, the second- or higher-order perturbation treat-
ments in terms of both Rayleigh-Schroedinger and Brillouin-Wigner types have
been frequently used and all the mathematical expressions required for spectral
simulations are available in analytical forms with respect to arbitrary coordinate
axes as well as arbitrary spin quantum numbers [43—45]. The perturbation approach
has been developed to the third-order stage in terms of fine-structure terms in
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spin Hamiltonians [36]. Fourth order treatments for the analyses of fine-structure
spectra in an arbitrary coordinate-axis system are also available [46]. Program
packages of second-order treatments for random orientation ESR spectroscopy,
including hyperfine terms, were intended to be distributed by various authors at
early time [43]. Recently, a program package for ESR spectral simulations based
on a second-order perturbation theory has been commercially distributed, but its
efficiency has been hampered by a failure to simulate forbidden transition peaks
and the forced assumption of collinearity between g and fine-structure tensors [47].
The perturbation approaches are efficient in terms of computation time and they
are free from a non-convergence problem due to energy crossings, but a weakness
is that they fail to reproduce low-field peaks and give out-of—phase artifact lines
in conventional X-band fine-structure spectra. The appearance of such somewhat
peculiar-looking lines strongly suggests a possible breakdown of the perturbation
treatments. Nevertheless, it is apparent that the perturbation approach programs are
useful for the cases of |D|/hv < 1 under the experimental conditions of X-band or
high-field/high-frequency spectroscopy (K-, Q-, W- and higher bands).

The breakdown of the perturbation approaches based on general analytical
expressions can be avoided by invoking exact numerical diagonilizations of spin
Hamiltonian matrices, either the n x n eigenenergy matrix or the n> x n® eigenfield
matrix, where n = 2 S + 1. The eigenenergy approach suffers from notorious non-
convergence problems while matching Av to the difference between the energies
involved in the transitions, if the calculation involves avoided energy crossings.
Particularly, this difficulty takes place in the simulation procedure for the transitions
appearing in the low-field region of X-band fine-structure spectra.

On the other hand, the eigenfield approach is free from the non-convergence
problem but needs much more computation time, which increases in proportion to
the third power of the matrix dimension. Thus, the eigenfield approach becomes
impractical when the dimension of an original eigenenergy matrix is large. An
enormous amount of computation time inherent in the original eigenfield approach
[34, 35] should be eliminated for the practical use of the methodology. A hybrid
eigenfield approach here gives a practical solution for this problem. In addition,
some important technical problems with eigenfield matrices should be solved in
order to acquire physically meaningful parameters. It should be recollected that
the exact analytical solutions of the eigenfield for triplet states have been derived
in an arbitrary orientation of By (= B) [48]. Not only a weakness of the eigenfield
method is the sizable dimension of the n? x n2 eigenfield matrix, but also the method
requires solving generalized eigenvalue problems, which give rise to imaginary
eigenfield values. Technically, elaborate mathematical techniques are necessary
during the numerical convergence procedure. There have been a commercially
available program package [49] and home-made ones [37, 41] which fulfill the
above requirements. The latter unites the above requirements with the shortening
the computation time by invoking a methodologically hybrid method between the
original eigenfield theory and conventional eigenenergy method [37, 41].



90 T. Takui et al.

3.3.1 Fine-Structure ESR Spectroscopy from Random
Orientations in Non-oriented Media

The effective spin Hamiltonian [27, 28] for analyses of ESR spectra is generally
expressed by

H = Hez + Hp + Hy + Hyz + Ho

=BSgB+SDS+ Y [SAcL —BBg, L + L0, (3.23)

where Hez, HD, th, an, and FIQ stand for the electron Zeeman, fine-structure,
hyperfine coupling, nuclear Zeeman, and quadrupole terms, respectively. The
electron and nuclear Zeeman terms are magnetic-field dependent, and the others
are independent. A single-crystal ESR spectrum, i.e., the one at a single given
orientation of the magnetic field B (=By) is constructed from resonance fields B
and transition probabilities P calculated from the spin Hamiltonian for B. Hereafter
we omit the suffix O for the static magnetic field By. When assuming an appropriate
function f (B-B™, ABj;) for the ESR signal, the spectrum pattern s(6,¢,¥,B) is
described by

50,9, B) =) Pi6,0.%) x [[B—B(6,¢), ABi))] (3.24)

where 0, ¢, and ¥ stand for the Euler angles and ABj, for the line width at
half height. Euler angles are required for the calculation of resonance fields and
transition probabilities in the laboratory frame referred to both B and B (called
Zeeman coordinate systems). When a given component tensor such as Dj in a
convenient reference frame is transformed to the laboratory frame, Euler angles are
defined referred to the convenient reference frame. The summation runs over all the
transitions i’s. The first derivative of a normalized Gaussian or Lorentzian function
is commonly applied as the function for field-swept and field-modulation scheme
detection.

An overall ESR spectrum from powdered states or non-oriented media such as
organic glasses is composed of the single-crystal like ESR transitions due to all
the randomly oriented molecules in the laboratory frame. Thus, the overall ESR
spectrum S(B) from random orientation is constructed by integrating single-crystal
spectrum patterns, i.e.,

S(B) = ///s(@,q),w, B)sin6d 0d ¢od (3.25)
0 ¢ v

One of the most time-consuming processes in spectrum simulation is the
numerical integration given in Eq. (3.25). Several methods for improving the
numerical integration, such as angular grid methods, application of interpolation
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techniques, statistical calculations based on random sampling, and so on, have been
developed so far in order to reduce computation time in the simulation procedure
[29-31]. A new method based on a ‘sophe’ partition and interpolation scheme
has been developed by Hanson and coworkers [32, 33]. Their simulation software
achieves high efficiency and accuracy for any parameters in the spin Hamiltonian by
solving the eigenvalue problem with the help of homotopy. Application of homotopy
is a solution that can avoid mathematical difficulties in the vicinity of anti-level
crossings and looping transitions.

3.3.2 Eigenfield Method and Hybrid Eigenfield Approach
as an Improved Accessible Method

One of the “tricky” manipulations in the ESR spectroscopic analysis is to convert
transition frequencies obtainable from energy eigenvalue problems to external
(applied) static magnetic fields satisfying the resonance condition, because current
ESR spectroscopy is magnetic field-swept in contrast to ordinary spectroscopy
which is frequency-swept. In the direct calculation, exact resonance fields are
acquired by an iteration procedure using the numerical diagonalization of the spin
Hamiltonian matrix with B included. However, we sometimes meet a problem
that the iteration does not converge. In addition, even though convergence takes
place within a certain accuracy, a method employed under a certain algorithm
does not always assure whether calculated resonance fields are complete and exact.
The eigenfield method [34-38] formulated and developed by Belford et al. and
by Hatfield is free from such numerical “breakdown or pitfall”. It is worth while
noting that Brillouin-Wigner types of higher-order perturbation treatments require
iterations for numerical convergence in contrast to Rayleigh-Schroedinger ones, but
the former ones do converge quickly and give more accurate resonance fields than
the latter ones [38b].

In the following, we derive the eigenfield method so that the readers can
easily understand to encode programs. Since the spin Hamiltonian consists of a
magnetic field dependent term FB and an independent term G, we rewrite the spin
Hamiltonian as given by

H=FB+G (3.26)

The time-independent Schrédinger equation and its complex conjugate are written
as follows,

H |y >=wi|yi > (3.27a)

H*

Yrs=w, ‘ yr > (3.27b)
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where i denotes a particular energy eigenvalue w; and the corresponding eigenvector
|y >. |y > and W}“ > are explicitly defined in terms of a basis set {|¢, >} as

Wi >=_ ainlgn > (3.28a)
W >=Y a},l¢r > (3.28b)

where we assume another solution denoted by j. Making the direct product space
which is constructed by both [¢/; > and |¢7 >, we can rewrite Egs. (3.27a) and
(3.27b) as

HQEW:. V] >=w,E® E[Y;, ¥} > (3.29a)
EQ H*|Yi. Y} >= o, EQE[y;. ¥} > (3.29b)

where |;, ij*f >=|Y; > ®|1,ﬁ]’.k > and E is the (25 + 1) x (2§ +1) identity matrix.
By subtracting Eq. (3.29b) from Eq. (3.29a), we obtain

(HRE—-EQH") Y.y} >= (0; —w;) EQE|y;. ¥} > (3.30)

The eigenvalue (w; — w;) of Eq. (3.30) is identical to the energy difference between
the |¢; > and |1p;‘ > states. Since resonance occurs when the difference is equal to
the microwave energy /v, we obtain

(HOE—-E® H*)|y;. ¥} >= hWEQE[y;. Y > (3.31)

By substituting Eq. (3.26) into Eq. (3.31), we have the following eigenfield equation
which affords resonance magnetic fields (eigenfields) as generalized eigenvalues.

(W ERE-GQE + E® G)Z = BFQE-EQ® F)Z (3.32)

where Z = Iwi,l//; >= Zaima;n|¢ma¢: >
m.,n

By solving this eigenfield equation, we have the resonance field B as the
generalized eigenvalue and corresponding eigenvector Z. The Z eigenvector in
the eigenfield equation is composed of a direct product of two energy eigenstates
associated with a particular transition on resonance. The Z vector includes all the
information on the corresponding transition.

The transition moment p; between |y;>and [;>and the corresponding
transition probability is calculated according to

wij =< Y;|BS-g-Bily: >=<v;[H|¢: >
=Y ainal, < ¢ Hilpm >
m,n

=Y (H)um X aima¥, = .- Z (3.33)
m.,n
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where H| is the transition moment operator and | is a vector composed of all the
rows of H,, as defined by

W= (H)un < ¢m 67| (3.34)

The transition probability | x;; |*, therefore, is given by

|W|2 =|p-Z) (3.35)

The expectation values for Sz of the states involved in the transition are also derived
in the eigenfield formalism as follows [37]:

<8y > =<Yi|Sz|Yi >=< ;. ¥]ISz QE|Y; ¥} >
— Z*S}Z (3.36a)

<8, >=<8/>*=< ViSzIV] >=< i, Y7 [E® Sz|¥i, ¥} >
=7*S,7Z (3.36b)

where S, = S; ® E, S, =E® Sz, and 7 =<y, v

Numerical computations and encoding programs by invoking the use of the
expressions derived in this section are rather straightforward [37]. All the resonance
fields and transition probabilities in the eigenfield method are directly calculated
without any iteration procedure for searching the resonance field. Thus, the method
eliminates the difficulties that the iteration does not converge in the vicinity of
anti-level crossing and looping transitions. It is, however, necessary to completely
solve the generalized eigenvalue problem of a sizable dimension compared with the
energy eigenvalue problem. Although the generalized eigenvalues are calculated
with enough accuracy, the calculation procedure sometimes loses a great deal
in obtaining the eigenvectors in terms of accuracy even if applying the latest
sophisticated program package for generalized eigenvalue problems. In order to
avoid such numerical inconvenience, we have extended a hybrid approach which
unites the original eigenfield method with conventional eigenenergy calculations.
The approach is termed a hybrid eigenfield method. In the hybrid eigenfield method,
resonance fields are acquired by the eigenfield method and the corresponding
eigenvectors required for transition probabilities are calculated by numerically
diagonalizing the ordinary eigenenergy spin-Hamiltonian matrices with the eigen-
fields substituted. The hybrid method has been successfully applied to organic
and inorganic high-spin molecular systems so far [36—40]. Besides the numerical
convergence problem, the hybrid method saves computation time a great deal.
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3.3.3 Exact Analytical Treatment of the Spin Hamiltonian:
Exact Analytical Solutions for Fine-Structure Resonance
Fields and Transition Probabilities

3.3.3.1 General Arguments

Analytical expressions for resonance fields and transition probabilities are useful for
interpreting ESR spectra in any levels, and perturbation treatments are employed
for this purpose and predicting unknown spectral features. Perturbation-based
analytical expressions for a given effective spin in an arbitrary direction of the static
magnetic field have been documented [43—46]. Electron-nuclear multiple magnetic
resonance frequencies in terms of second-order perturbation theory are also given
in a general and comprehensive form [44]. This section gives “exact analytical
formulae” derived from the eigenfield method. The formulae can be neither general
nor for an arbitrary spin, but are particular for spin quantum numbers and spin
Hamiltonian terms. Exact analytical approaches for S > 3/2 are feasible for fine-
structure terms of axial symmetry [50-51]. The treatment here does not assume
symmetry and is enough to be generally used in this context [37].

We start with the spin Hamiltonian for an arbitrary effective spin S as given by
Eq. (3.23). We treat only the electron Zeeman and fine-structure terms, ignoring the
others for simplicity. Once exact eigenvectors for the electron spin part are acquired,
details such as hyperfine interactions in terms of electron magnetic resonance
can be obtained with good accuracy. For an arbitrary direction of the magnetic
field, we have to solve an eigenvalue problem of the (2S5 + 1) x (254 1) spin-
Hamiltonian matrix based on Eq. (3.23) to obtain the energy eigenvalues. Then,
the corresponding secular equation for the energy eigenvalues is givenas a 2S5 + 1
degree polynomial equation of the energy. As analytical general solutions for the
polynomial equations less than a quintic are available, the eigenenergy expressions
for spin states less than a quintet (S =2) can be derived. It was proven by two
mathematicians, Ruffini in1799 and Abel in1826, that it is not possible to derive an
explicit analytical solution for the general quintic equation. To obtain resonance
fields for an arbitrary orientation of the magnetic field one needs to solve the
eigenfield equation of the (2.5 + 1)? dimension. As the eigenfield equation formally
gives zero and negative fields, the secular equation for the resonance fields is
reduced to an S(2 S + 1) degree polynomial equation of the function of the squared
resonance field B2, as shown in Eq. (3.37). General analytical expressions for the
resonance fields, therefore, do not exist for spin states higher than § = 3/2.

f=[WEQE-GQE+E®G*—B(FOQE-EQF")]
= det[WEQ®E — (G + BF) 9 E + E ® (G* + BF*)]
=det(hWEQE-H®E +E®H")
= B! £, (B?) (3.37)
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In addition, it is not easy to describe general solutions for ESR transitions derived
from the spin Hamiltonian in an arbitrary orientation of the static magnetic field.
Useful expressions for the analysis of powder-pattern fine-structure ESR spectra,
however, are available when assuming that the principal axes of the magnetic
tensors in the spin Hamiltonian coincide. The expressions allow us to reproduce
the canonical peaks, i.e., the observed resonance fields corresponding to B along
the principal axes, without time-consuming sophisticated computation, once salient
features of the observed spectral patterns are characterized.

In the following argument, we assume that the principal axes of the g and
D tensors coincide for convenience. This assumption is not a requirement for
the present approach and can be eliminated if necessary. For noncollinear cases,
additional unitary transformation procedures with respect to common references
are required [2g, 10b]. In the Zeeman coordinate system where the direction of the
magnetic field is taken parallel to the z axis, choosing the eigenfunctions {|S, Mg>}
of S, as a basis set, we can rewrite the fine-structure terms of Eq. (3.23) in the
following;

1 1 1
H = Pg.Sz + 5815.= 5875+ + Do |:Sz2 85—+ S_S+)}

1 1 1 1
+ EDI (SzS_+S.87) + ED;‘ (SzS+ + S+S7) + ZDZS_Z+ZD§‘Si

with g1 = g + gy,

Dy=—D., D =D. +iD., and D, = D, —D,, +2iD,,.
(3.38)

In the case which one of the axes of the Zeeman coordinate system coincides
with one of the principal axes of the D tensor, both g; and D; vanish because the g
and D tensor become diagonal. Therefore, the spin Hamiltonian matrix is reducible
to two sub blocks in some cases, as shown below; where n; and n, are 2.5 and
28+ 1 for half-integral spins, and 25+ 1 and 2 S for integral spins, respectively.
We can therefore reduce the matrix size of the spin Hamiltonian. Then, we do
not necessarily solve the eigenvalue problem with the full-size Hamiltonian matrix,
instead solving the eigenvalue problem with each

H;, 0 Hs 0
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H;; 0 Hij
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block matrix. For instance, for a quintet state (S = 2) it is enough to solve secular
equations from 2 x 2 and 3 x 3 spin Hamiltonian matrices. This reduction means
that for the canonical orientations with B along the principal axes of the D tensor it
is possible under certain conditions to obtain exact analytical expressions for energy
eigenvalues even for high-spin states. The corresponding eigenfield equation is also
reducible and solved by a block diagonalization. The eigenfield matrix giving the
secular equation is expressed by

C= =Ci®Cn@Cy ®Cxpp
Cx

0 Cxn
with  C; = hE ®F; ~H ®F; +E ®@H, (. j=12). (340

The secular equation of the determinant of C is given by a polynomial in B2. In
the case of an integral spin, the total determinant is factorized into the product of
four polynomials in B?, corresponding to the determinant of each block matrix. In
the case of a half-integral spin, the determinant of each block matrix is a polynomial
in B, even though the total determinant is a polynomial in B.

For the quintet state the 4 x 4 block matrix due to Cp, provides a linear
equation in B?, and all the remaining ones provide cubic equations in B2. Thus,
we can obtain the exact analytical solutions for principal-axis resonance fields. We
can also calculate the transition probabilities using Eq. (3.35) when obtaining the
eigenvectors of the spin Hamiltonian. However, since the simulation of the powder-
pattern ESR spectrum requires integration over all the transitions arising from all
the orientations distributed in three-dimensional space, the transition probability for
only a particular orientation is of no crucial importance. On the other hand, it is more
useful to know salient features for the canonical orientations for most cases. The
above arguments give the possible expressions of the exact analytical eigenenergy
and eigenfield, as summarized in Table 3.3.
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Table 3.3 Possibility for analytically obtaining the eigenvalues of the
spin Hamiltonian (see the text) and the ESR resonance fields

Arbitrary Direction Directions of principal axes

Eigenvalue  Resonance field Eigenvalue Resonance field

172 o o o

1 o o o o

3/2 o X o o

2 X X o o

5/2 X X o X
3 X X o A
72 X X o X
4 X X A X

>9/2 X X X X

The circle, triangle, and cross denote exactly soluble, partially soluble,
and insoluble, respectively

3.3.3.2 Exact Analytical Formulae for Resonance Fields
by the Eigenfield Method

Exact analytical formulae for only three particular high-spin states derived by the
present treatment of the eigenfield equation are given in this section, for space
limitation. The other exact analytical formulae for a given S summarized in Table 3.3
are available [37, 41]. These expressions are correct for an anisotropic g value under
the assumption of the collinearity between the g and D tensors. The formulae given
here are their energy eigenvalues and resonance fields with the magnetic field B
parallel to the Z principal axis of the D tensor. The formulae with B parallel to the
X and Y axes are straightforwardly obtained by the cyclic permutation with respect
to X, Y, and Z, as follows;

X—=Y,Y—Z,and Z— X for the X principal-axis orientation, or
X—Z,Y—X,and Z— Y for the Y principal-axis orientation.

Throughout the present description, the fine-structure parameters D and E are
defined as

D = (3/2) D,
and E = (DXX — Dyy) /2 (341)

The expressions above can be converted into the D- and E-based ones with the
traceless relation Dxx + Dyy + D7z = 0.

Since the analytically derived complete formulae for the eigenfield solution of
a cubic or quartic equation are complicated, only the original cubic or quartic
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equations are explicitly presented instead, for space limitation. These equations
can exactly and analytically be solved using, e.g., Cardano’s formula for the
cubic equation or Ferrari’s formula for the quartic equation without mathematical
difficulty. Resonance fields for double quantum transitions are also obtained by
changing the resonance condition involving 2Av as two-photon absorption processes
in the expressions. In the calculation, only non-negative eigenfields are valid. The
solutions given in the literature include all the forbidden transitions with B // Z
and the cyclic permutation procedure (thus, with the other canonical orientations),
predicting that in favorable cases the AMg = =2 forbidden transitions show a
marked fine-structure anisotropy in the fine-structure ESR spectra (S > 3/2) from
randomly oriented media.

The exact analytical expressions for S = 1 and 3/2 are compact, but not given
here because of space. All the other exact analytical formula for a given S larger
than 3/2 are quite long, but manageable to calculate resonance fields and they are
available also in electronic media [37, 41].

3.3.3.3 Parallel Microwave Polarization Excitation Spectroscopy
Combined with the Hybrid Eigenfield Method

In high spin chemistry, parallel microwave polarization (parametric) excitation
spectroscopy under the experimental condition of B//B; in X band has attracted
considerable attention, recently. In high-field/high-frequency ESR experiments,
parametric excitation techniques are not so important in practice as in X-band,
simply because group-theoretically allowed transitions dominate in high-field/high-
frequency fine-structure spectra. In conventional X-band spectroscopy, forbidden
transitions from molecular high-spin systems with intermediate or sizable D values
sometimes dominate in the fine-structure spectra and afford us key peaks in
determining the spin Hamiltonian parameters. Exact eigenvectors obtained by the
present hybrid eigenfield method reproduce enhanced “forbidden” (=allowed)
transition probabilities by the use of the expressions Eqs. (3.33, 3.34, 3.35) in Sect.
3.3.2 [39, 42]. High spin systems arising from transition metal ions require the
inclusion of higher-order fine-structure terms such as Sisz2 or S;*By in interpreting
powder-pattern spectra [39, 42]. The hybrid eigenfield method has been extended to
lanthanoid ions. Conventional X-band parametric (parallel) excitation spectroscopy
is strengthened with the help of the hybrid eigenfield method. Also, the transition
moment calculated by the hybrid eigenfield method plays an essential role to
unequivocally identify the transition assignment in combination with theoretical
spectral simulations of pulsed-based two-dimensional electron spin transient nu-
tation spectroscopy, which is termed transition moment spectroscopy.
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3.4 Solution ESR Spectroscopy for Molecular High-Spin
Systems with Exchange Interaction Comparable
to Hyperfine Interactions

3.4.1 Introductory Remarks

Exchange interactions between paramagnetic centers are important for some bio-
logical molecular systems and magnetic materials. The electron-electron exchange
has been studied by magnetic susceptibility measurements when the magnitude
of the exchange interaction is comparable to, or larger than, the thermal energy
ksT of the temperature examined in the susceptibility experiments. The exchange
interactions much weaker than kg7 are not detectable in conventional susceptibility
measurements. This limitation can be overcome by the use of ESR spectroscopy.
This section concerns the determinations of exchange interactions by solution ESR
spectroscopy. In the aspect of the exchange interactions, ESR spectroscopy has been
used to characterize metal-containing proteins, spin-labeled biomolecules [52, 53],
and building blocks for magnetic materials. Our focus in this section is on organic
polyradicals in which two or more unpaired electrons are exchange-coupled in a
single molecule. As for systems in which two unpaired electrons are nonequivalent,
i.e., one from transition metal ions and the other from organic radicals such as
nitroxides, lots of studies have been reported and textbooks and reviews are available
[54-56].

Hyperfine splitting patterns for a given set of nuclear spins can be analyzed in
terms of the chemical equivalence of the nuclear spins, or chemical environment in a
molecule, and the hyperfine coupling constants. One can determine the electron spin
density distribution from the obtained hyperfine coupling constants and elucidate
the electronic spin structure of the molecule, as described in many text books
[57-59]. In addition, one can detect the exchange interaction from the splitting
patterns obtained in solution ESR spectroscopy when the interaction is comparable
to the hyperfine coupling. The exchange interaction is usually described by the
scalar product of two vector operators of electron spins §; = S» = 1/2, as a
Heisenberg type of Hamiltonian, H = —2JS; - S,. The scalar parameter J
represents the strength of the exchange interaction between S; and S,. In Sect.
3.4.2, a quantum mechanical and quantum chemical description of the Heisenberg
exchange interaction above is described only briefly. Section 3.4.3 exemplifies a
spectral simulation for organic biradicals with two unpaired electrons which are
coupled by an intramolecular exchange interaction. A large number of superficially
different molecules are classified as biradicals [60, 61]. We restrict ourselves here
to nitroxide-based biradicals consisting of two radical fragments since they are
sufficiently stable and widely used both as spin labels and building blocks for
molecule-based magnetic materials.
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The spin Hamiltonian suitable for such nitroxide biradicals in solution is
written as

H=-2JS,-S,+ gupB (S{ +S7) + A(S{1f + S{ 1Y) (3.42)

The first term represents the Heisenberg exchange interaction with the exchange
parameter J. The second and the third terms denote the electronic Zeeman and the
hyperfine interaction for nitrogen nuclei, respectively. The hyperfine term in the spin
Hamiltonian (3.42) does not commute with the exchange term, as demonstrated in
Sect. 3.4.3. Therefore, the energy eigenvalues and the spin eigenfunctions of the spin
Hamiltonian (3.42), and hence the resonance field and intensity of '* N hyperfine
ESR transitions, depend on the relative magnitudes of J and A. As shown below,
the extreme limits of |J| 3>|A| or |J|< |A| give simple hyperfine splitting patterns
in the ESR spectra reflecting the relative magnitude, while intermediate cases of
|[J| ~|A| give rise to complicated hyperfine splitting patterns as compared with
monoradicals of § = 1/2 with one unpaired electron. The magnitude of hyperfine
interactions |A| falls within the order of 10" Oe (1 mK or 10~* cm™ for g = 2) for
nitrogen nuclei in stable nitroxide radicals. We are able to determine the magnitude
of exchange interaction in this range of energy. The hyperfine splitting patterns
of biradicals are a spectroscopic “probe” for intramolecular exchange interactions.
The energy eigenvalues and the resonance fields analytically obtained from the spin
Hamiltonian (3.42) are given in Sect. 3.4.3 in order to allow nonexperts to simulate
the ESR spectra.

Hyperfine splitting patterns reflecting the magnitude of the exchange interaction
can be distorted by dynamical effects. Time-dependent perturbations affecting
the ESR spectra of biradicals are only briefly discussed in Sect. 3.4.4. Finally,
an application of hyperfine ESR spectroscopy to building blocks for molecule-
based magnets is presented in Sect. 3.4.5. The building block molecules have
characteristics of two types of intramolecular exchange interactions; one is much
larger than hyperfine interactions and the other is comparable to them.

3.4.2 The Heisenberg Exchange Coupling

Coulombic energies of electrons relevant to magnetic resonance of molecules or
magnetism of molecular assemblages in solid states are described by exchange
interactions between electron spins. As outlined below, the spin-dependent part of
the coulombic energy between electrons, which are assumed to be spatially localized
on atoms or molecules, are termed “exchange interaction”. The spin Hamiltonian of
the exchange-coupled spins is given by Hy = —2J;;S; -S;, where S; and S; denote
vector operators of two electron spins (S; = S§; = 1/2). The scalar parameter J;;
represents the strength of the exchange interaction between S; and S;. The basic
description of the exchange interaction has been given by Heisenberg [62], Dirac
[63, 64], and Van Vleck [65, 66]. The spin Hamiltonian for many-body systems are
written as
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H =Y -2J;S;S;. (3.43)
i

The formalism based on the inner product of spin operators as given above or in
Eq. (3.43) has been utilized to analyze the magnetic coupling within and between
open-shell molecules. We have to recall, however, that the Heisenberg Hamiltonian
above or Eq. (3.43) is phenomenological. On the theoretical side, accurate quantum
chemical computations are necessary for J;;. The electronic energy of the two spin
systemis £y = E0+K?2—J102 for the triplet (S = 1) stateand E4 = E0+K?2—J102
for the singlet (S = 0) state in usual notation. Therefore, the electronic energy is
written as

1
E = Ey+ K}, — 51102 —2J081 Ss. (3.44)

Omitting the constants independent of the spin variables, the Hamiltonian of the
two-spin system is written as Hj, = —2J1025 1 +Sy. Hyp or Hy above is customarily
called the Heisenberg Hamiltonian. Expanding the description to systems of § >1/2
spins and to those containing more than two spin variables [64—66], we reach the
Heisenberg-Dirac-Van Vleck (HDV) Hamiltonian (3.43). The applicability of the
Hamiltonian for nonorthogonal orbitals has also been established [67, 68]. It should
be noted that the single parameter Jjj contains many nontrivial integrals other than
Jijo in general cases of many-spin systems. Furthermore, the Hamiltonian Hy does
not mean any “actual magnetic coupling” between the magnetic moments gugS;
and gu gS;; it describes only in a phenomenological way the electronic or coulombic
interaction between two open-shell atoms, molecules, or molecular fragments.

3.4.3 Biradicals Composed of Two Radical Fragments
with a Time-Independent Exchange Coupling

Let us consider a simple system of two unpaired electrons in a single molecule.
The system is informative to extend solution hyperfine ESR spectroscopy so as to
be applicable to molecule-based magnetics. The molecule is either in a triplet or a
singlet state. The energy separation between the states, the singlet-triplet energy
gap, is designated by 2J, as discussed in Sect. 3.4.2. We assume that the two
radical fragments are identical, each having one nucleus of nitrogen with the nuclear
spin quantum number / = 1. This type of two-spin systems is frequently found in
nitroxide radicals which are used as spin labeling reagents and building blocks for
molecule-based magnetic materials.

The spin Hamiltonian of the system is given by Eq. (3.42), as shown above. In
the two terms S iZ and / ,.Z stand for the spin operators for the z components of the
electron and nuclear spins in the ith fragment. An averaged g-factor g is adopted here
in solution ESR spectroscopy. In Eq. (3.42) the hyperfine interactions are assumed
to be small as compared with the electronic Zeeman interaction and nonsecular
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terms of the hyperfine coupling are neglected. The parameter A denotes the isotropic
hyperfine coupling constant at the nitrogen nuclei. Since the Hamiltonian (3.42)
commutes with the z-component of the total electron spin, S¥ = S¥ + S5
([H , S}] = 0), the Hamiltonian is set up in the ket space spanned by the set of
direct products defined as

S; ‘m?, mg, my, mz) =41/2 ‘m?, mg, my, mz) , (=12, (3.45)
where mls and m; are the quantum numbers for the z-components of the electron and

nuclear spins in the ith fragment, respectively. The matrix representation of the spin
Hamiltonian is given as

—4 + 40ny +ma) + gusB 0 0 0
" 0 2+ 4(m +my) —J
0 —J L —4(m +my) 0
0 0 0 =% = 4(m +my) —gupB
[+1.+3)
I+3.-3) (3.46)
=4 +4)

}_

1
2

1=

where the electron spin part of the basis ket |m?, mg) is shown in the right side

of the matrix. The energy eigenvalues of the spin Hamiltonian are obtained by
diagonalizing the matrix (3.46). The results are straightforward. The transition field
B (i < j) and the relative transition intensity P (i <> j) associated with the ith
and the jth states for the allowed ESR transition with AMg = =1 are calculated as

hv=E({)—E(j)=AE(@{ < j) (v:the microwave frequency)  (3.47)

SAE(i < j) = AE(i < j) —gusB (3.48)
B(i < j)=By—8AE( < j)/gis (3.49)
PG < j) =i |S¥)- (3.50)

In Eq. (3.50) S{ denotes the spin operator of the x-component of the total
electron spin, assuming the configuration of the oscillating microwave field per-
pendicular to the static field in conventional experiments. The central field By in
Eq. (3.49), By = hv/gup is the single resonance field appearing when both J and
A are vanishing. We have four allowed transitions at most for each nuclear spin
configuration |m;, my > in the two-spin system, which are listed in Table 3.4 for
readers’ convenience. The resonance fields SAE (i <> j)/gup are measured from
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Table 3.4 Resonance fields
B(i <> j) = By —S§AE

(i <> j)/gup and relative
intensities of allowed ESR
transitions for the
Hamiltonian (11.42)*

j o 8AG < j) Relative intensity®
3 —IA+ T4+ 3Am+m) t 4+ &

4 IA—J+FAm+m) 1+ &

3 IA+THIAm+m) -k
4 “AA-T+iAmi+m) 1

"By = hv/gus
PA = /4J2 + A2(m) —my)?

RN = =]~

the central field By. Spectral simulations are made by applying an appropriate
function such as a Lorentzian and a line width for the 4 x (21 + 1)2 = 36
allowed transitions and accumulating them. The overall distribution of the intensity
is simulated by weighting the transitions with the relative intensity P(i < j) and
the Boltzmann factor, |exp(—E(i)/kpT) —exp(—E(j)/kpT)]|.

In Fig. 3.5 are shown the simulated spectra for various ratios of |//A| as a function
of the reduced magnetic field gug(B — Bo)/|A|. When the exchange interaction
between the two unpaired electron spins is weak as compared with the hyperfine
coupling (|J/A| = 0.01), the resultant hyperfine splitting pattern consists of three
equally weighted lines with a spacing of |A|. This pattern is the same as that expected
for an § = 1/2 radical with one nitrogen nucleus. The weak exchange interaction
makes each electron stay at one particular / = 1 nucleus such that a fluid solution
of the biradical with such a weak J value is equivalent to that of an S = 1/2 radical
with a doubled concentration. In contrast, if |J| > > |A]| (|J/A| = 100 in Fig. 3.5),
each electron spin interacts with the two nitrogen nuclei in the two fragments owing
to the strong exchange interaction, resulting in five lines with the intensity ratio of
1:2:3:2:1 and the spacing of |A|/2. When the exchange interaction |J| falls within
the same order of magnitude as the hyperfine coupling |A|, the hyperfine splitting
pattern is complicated as depicted in Fig. 3.5. In some favorable cases, however,
one can determine the strength of a specific exchange interaction directly from the
splitting patterns of an ESR spectrum. An example is found in the literature [71].
Another example by the present authors is presented in Sect. 3.4.5. It should be
noted that the commutator of the Hamiltonian and the total electron spin

St =S +5y)’ (3.51)
0 0 0 0
0 0 A(ml—mz) 0
H, S| = 52
[H-ST=1 0 _ami—my) 0 0 (3.52)
0 0 0 0

has nonvanishing elements in the second and the third rows or columns, which
correspond to the states with the z components of the total spin Ms = O.
This incommutability mixes the states of Mg = 0 with each other. The well-known
spin wavefunctions for Ms = 0 (S =1, 0) are no longer valid for A # 0.
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Fig. 3.5 Simulated spectra of biradicals consisting of two identical radical fragments for various
ratios of |J/A| as a function of the reduced magnetic field gug(B-By)/|A|. The Lorentzian lineshapes
are adopted with the line width of 0.01|A|

3.4.4 Effects of Time-Dependent Interactions

A five-line hyperfine splitting pattern with an intensity ratio of 1:2:3:2:1 is expected
for biradicals with two nitrogen nuclei in the strong exchange limit |J| > > |A]|,
whereas a simple three-line pattern is found for the weak exchange limit |J| < <
|A], as described in Sect. 3.4.3. One finds many examples of biradicals exhibiting
such ESR spectra. Typical examples of nitroxide biradicals are given in the literature
[69-T1]. It is worth noting that these hyperfine splitting patterns reflecting the
exchange interactions |J| as compared with the hyperfine coupling |A| are valid only
when the exchange interaction |/| is independent of time. When |J/| is modulated by
time-dependent perturbations, the intensity ratio of the five-line spectra is distorted
even for |J| > > |A|. In Fig. 3.6 is given the solution ESR spectrum of a glutarate
biradical [72, 73], which contains five lines implying |J| > > |A|. An alternation
of line widths is, however, found in the spectrum: The two lines between the
central and the outermost lines are broadened with a seemingly weaker intensity.
This alternation of line width is a historically important example of molecular
dynamics affecting ESR spectra, which has been rationalized by Luckhurst [72,
73] on the basis of the relaxation matrix method developed first by Redfield
[74-76]. The rationalization is outlined as follows: The matrix elements R;; ;> of
the relaxation matrix R are given from the matrix elements of H'(t) = [J(¢) —
Jav]S1 ©S; [72, 73]. The time average of the exchange interaction J,, is expressed
as Joy = (taJy + wJp) / (ta + 1) in the simplest case, where an interconversion,
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46°

23°

—22°
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Fig. 3.6 Hyperfine spectra of a glutarate biradical. The spectra were observed at 45, 23, —3, and
—22°C from top to bottom (Adapted from Ref. [73] with kind permission of © The American
Chemical Society 1970)

or a jumping, is assumed to occur between two molecular conformations with the
lifetimes 7, and 1y, and with the exchange interactions J,, and Jy,. The eigenvalue
of R multiplied by —1 for a hyperfine transition with the nuclear quantum numbers
m; and my is

A (my —my)’

—1
L 4J2

J Ja) (3.53)
where j(J,y) is the spectral density for the fluctuation at an angular frequency
Jav/h. Equation (3.53) shows that the hyperfine transitions with m;-my = 0 are
not affected by the fluctuation of J; the outermost lines (m; = my = %1) and one
of the overlapping central lines (m; = m = 0) remain sharp. The other lines are
broadened, as observed in the experimental spectra. Only the above three lines
(m; = mp = £1, 0) with an equal weight appear with the spacing of |A| in the
limit of extreme broadening, which are just alike those for biradicals in the weak
exchange limit |J| < < |A| or those for monoradicals with one I = 1 nucleus. As
for an organic triradical, a line width broadening depending on the nuclear quantum
numbers m’s has been reported [77]. The broadening has been explained in the same
way as for the biradical [77]. Hyperfine ESR spectra reflecting dynamic phenomena
of chemical importance besides the fluctuation of |J| have been analyzed in the same
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way as described here. Examples are cis-trans isomerism, restricted rotations, ring
inversion, proton exchange, and ion pair formation. An extensive review [78] has
been published on dynamical effects on ESR line shapes, which includes dynamic
effects other than the line width alternation.

An alternative way of analyzing ESR lineshapes affected by some chemical
dynamics is to use a general lineshape equation, which has been derived in terms
of the density matrix theory in the Liouville representation [79-85]. Kinetics for
the conformational dynamics of a symmetrical triradical has also been analyzed
assuming an interconversion among conformers with strong or weak exchange
interactions in isosceles and equilateral triangle symmetries [85].

3.4.5 An Application to Models for Organic Molecule
Based Magnets

An application of solution hyperfine ESR spectroscopy to building blocks for
molecule-based magnets is described in this section. Molecule-based magnets and
other molecular functionality magnetics have received great interests in recent
years. For reviews of molecule-based magnetism, see Refs. [86-92]. More than 30
crystalline ferromagnets have been discovered in genuinely organic molecule-based
materials [86-92] since the discovery of the first organic ferromagnet [93-95].
Ferrimagnets have also attracted attention as one of the facile approaches to organic
magnets since the first proposal by Buchachenko in 1979 [96]. Ferrimagnetic spin
ordering is conventionally regarded as an antiferro-magnetic ordering of different
spin quantum numbers, e.g., S = 1 and § = 1/2, giving net and bulk magnetization
in the solid state. This picture has been initiated by Néel’s mean field theory [97].
The concept of organic ferrimagnetics and the seemingly practical feasibility are
based on the tendency for organic open-shell molecules to have antiferromagnetic
intermolecular interactions in their assemblages. The antiferromagnetic interactions
would bring about antiparallel spin alignment between neighboring molecules with
different magnetic moments to result in a possible ordered state in the mixed
crystalline assemblages. Genuinely organic ferrimagnets composed of two discrete
kinds of organic open-shell molecules, however, have not been discovered yet and
is a challenging issue in spin chemistry and materials science. The possibility of the
occurrence of the ferrimagnetic spin alignments has been examined by the authors
both by experiments and theoretical calculations in an elaborate fashion [98—106].
One of the practical difficulties in constructing molecule-based ferrimagnetics
is co-crystallization of molecules with different spin quantum numbers. Generally,
co-crystallization of distinct molecules in a crystal lattice gives rise to a decrease in
entropy, which prevents them from packing in a structurally ordered fashion. Some
purposive molecular designing is needed to overcome the separative crystallization
driven by entropy. As one of such a purposive molecular designing for purely
organic molecule-based ferrimagnets, the authors have proposed a strategy of
“single-component ferrimagnetics” [107, 108], which is schematically shown in
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Fig. 3.7 Schematic pictures of single-component ferrimagnetics. (a) A triradical consisting of
weakly coupled biradical and monoradical moieties. J; () denotes the intramolecular exchange
interaction within the biradical moiety with the spin S, + Sy (S, = S, = 1/2), which is coupled
with the monoradical moiety with S, = 1/2 by J>(0) and J3(0) (|J2(0)| ~ |J3(0)| <KL |J1 (¥)]). (b) An
example of the ferrimagnetic chain based on the intermolecular antiferromagnetic interaction Jag
in the crystalline solid. The rounded rectangles represent the alternating molecular chain of the
biradical and the monoradical
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Fig. 3.7. When a y-biradical with an § = 1 ground state and a y¥-monoradical
with § = 1/2 are united by o-bonds, the ¥-conjugation between the biradical and
the monoradical moieties should be effectively truncated in the resultant triradical.
The triradical has magnetic degrees of freedom for both § = 1 and S = 1/2 in
the single molecule, serving as a building block for ferrimagnets. Intermolecular
Y-orbital overlaps between an S = 1 moiety of one molecule and an § = 1/2
moiety of the adjacent molecule mimic molecular complexation of y-biradicals and
Y-monoradicals in the crystalline solid state. The chemical bonding between the
biradical and the monoradical moieties within the single triradical molecule plays a
role of binding only; the antiferromagnetic interactions underlying the ferrimagnetic
spin alignment have a chance to undergo an intermolecular -y orbital overlap
of ¥-SOMO’s of the constituent biradical and monoradical moieties. Thus, in
this single-component ferrimagnetics it is important whether or not the additional
intramolecular interactions through the o-bonds J,(0) and J3(o) are negligible as
compared with the intramolecular ferromagnetic interaction J;(v) in the biradical
moiety. In this section, ESR spectroscopic determination of the intramolecular
exchange interaction in organic triradicals is described.

The authors have designed and have synthesized triradicals 7 and 8 from benzoic
acid monoradicals 9 and 10 and phenol-substituted biradical 11 (Fig. 3.8) as building
blocks of “single-component ferrimagnetics”. The phenol biradical 11 is known to
have an intramolecular ferromagnetic interaction of J,(y)/kg = 13 K [104]. The
experimental spectra of the triradicals 7 and 8 are shown in Figs. 3.9 and 3.10. The
hyperfine splitting patterns of the triradicals are analyzed in the same way as those
of biradicals in Sect. 3.4.3.



108 T. Takui et al.

Fig. 3.8 Stable nitroxide radicals as building blocks of “single-component ferrimagnetics”
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Fig. 3.9 ESR spectra of 7. (Left) observed in a toluene solution. (Right) simulated spectra. By
is the central field, By = hv/gug. The sticks in the upper portion indicate the resonance field
for the quartet and doublet states of the triradical in the strong exchange limit (|Jp/Ay| ~ |Jcal/Aql
>>1), while in the lower portion are shown those of the constituent biradical and monoradical in
the weak exchange limit (|Jc/Ay| ~ |Jea/Aa| <K 1). See text for the experimental conditions and the
parameters employed for the simulation
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Fig. 3.10 ESR spectra of 8. (Left) observed in a toluene solution. (Right) simulated spectra. By
is the central field; By = hv/gug. The sticks in the upper portion indicate the resonance field for
the quartet and doublet states of the triradical for the strong exchange limit (|Jpc/As| ~ |JcalAql
>>1), while in the lower portion are shown those of the constituent biradical and monoradical for
the weak exchange limit (|J/Aa| ~ |Jea/Aa| <K 1). See text for the experimental conditions and the
parameters employed for the simulation

The spin Hamiltonian for the triradicals is written as

H = gugB (S:+ Si + S¢) —2J1(7)Sa - So — 2J2(0)Sp - Sc — 2J3(0)Sc - Sa

+ Aap (1382 + IESE) + AIES? (3.54)

which consists of the electronic Zeeman, the Heisenberg exchange, and the hy-
perfine coupling terms. The three-centered Heisenberg exchange couplings are
described with the inner products of the three vector operators. This is derived
[109] in the same way as that of the two-centered system described in Sect. 3.4.2.
A generalized formulation of the exchange couplings for molecular systems with
more than two electrons is found in the literature [110, 111]. Since the nitronyl
nitroxide radical group has two nitrogen nuclei which are chemically equivalent,
the nuclear spin operators in Eq. (3.54) are given by

I:=15+15 I =I5, + 1, (3.55)
I =154 15 (Triradical 7) =1} (Triradical 8) (3.56)
The Hamiltonian is set up in the ket space spanned by the set of direct products

1
St mf,mg,mf,m) = ii ‘mas,mﬁ,mf,m), (I=a, b, ¢) (3.57)
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where m is the collective index of a nuclear spin configuration of
m = {Ma1, Ma2, Mp1, Me2, Mei (, Me2) § (3.58)

The Hamiltonian is represented by a 2% x 23 matrix. The energy eigenvalues and
eigenvectors can be obtained analytically. They are, however, quite complicated,
hampering their practical usability. Instead, from the exact, numerical diagonal-
ization of the spin Hamiltonian, the resonance fields and the transition probability
are calculated in the same way as in Eq. (3.47) through Eq. (3.50). We have 15
allowed transitions, i.e., 15 pairs of the spin states (five within the multiplets and
ten across the multiplets) with AMg = =£1/2 for one set Eq. (3.58) of nuclear
configuration. We have simulated the hyperfine ESR spectra for the triradicals 7 and
8 by superposing at most 15 x (27 x 1)° = 3645 or 15 x (21 x 1)® = 10, 935 of
the transitions.

The simulated spectra for triradical 7 are shown in Fig. 3.9. In the weak exchange
limit of |J2(0)/A| < < 1 and |J5(0)/A| < < 1, the simulated spectrum is a simple
superposition of the spectrum of the biradical and that of the monoradical. The
biradical spectrum consists of nine lines with equal spacings of |A]/2 due to five
nitrogen nuclei, while the monoradical has the contribution of five lines attributable
to two nitrogen nuclei. The biradical is in the strong exchange limit of |J,»/A| > > 1.
Thirteen lines with equal spacing of |A|/3 show up in the simulated spectra due to
the strong exchange limit of |J,(0)/A| > > 1 and |J3(0)/A| > > 1. The experimental
spectra of the triradical 7 are reproduced by assuming |J2(0)/ A,| ~ |J3(0)/ Aa| >
10, i.e., |J2(0)|/ks ~ |J3(0)|/ks > 10 mK for |A|/gus = 0.75 mT. The simulated
hyperfine splitting patterns are insensitive to the difference between |J2(0)| and
|/3(0)|: The deviation of molecular symmetry from the isosceles triangle is not
detectable in the strong exchange limit, |J2(0)/ A,| ~ |J3(0)/ Aa| > 10. The spectral
simulation gives the lower limit of the hyperfine coupling constant in triradical
7. The exchange interactions in 7 are much larger than the hyperfine couplings.
The y-conjugation through the phenyl group of the monoradical moiety in 7 is not
completely truncated. An estimate for the exchange interactions J>(0) and J3(0) in 7
has been obtained from paramagnetic susceptibility measurements in the crystalline
solid state [107]; |J2(0)|/kg and |J3(0)|/kg are in the order of 0.1 K.

The solution ESR spectra of triradical 8 are shown in Fig. 3.10. An intense
triad of signals with the spacing of the '* N hyperfine coupling of the TEMPO
monoradical features in the spectra. The other signals between the triad decrease
in intensity on lowering the temperature, as shown in the figure. The spectral
simulations for 8 were carried out in the same way as 7 except that |A.|/gus =1.38
mT and I, = 0. The simulated spectra for |J5(0)/ Ay| = |J3(0)/ A,] = 1073 (at
the bottom on the right) that is equivalent to the simple Lorentzian (AB = 0.04
mT) are shown in Fig. 3.10. The spectrum simulated for |J2(0)/A,| = |J3(0)/A,|
= 10* demonstrates the strong limit of intramolecular exchange interaction. On
the other hand, the simulated superposition of the spectra of the biradical and
the monoradical represents the weak limit of intramolecular exchange interaction.
The experimental spectra at room temperature cannot be interpreted in terms of
either the strong or the weak exchange limit. Thus, the exchange interactions
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between the biradical and the monoradical moieties are estimated to be of the same
order of magnitude as the hyperfine couplings; |Jpe/ Aa| ~ [Jca/ Aa| ~ 1. Satisfactory
agreement between the experimental and the simulated spectra, however, is not
obtained. The disagreement suggests that the fluctuation of J,. and J., occurs due to
conformational interconversion of the molecule 8 in solution.

Effects of molecular dynamics on ESR spectra in solution have not been studied
so much for triradicals as compared with those for biradicals. ESR spectra of a
triradical with three nitroxide groups containing three nitrogen nuclei have been
analyzed in terms of the relaxation matrix [77] and the composite Liouville space
formalism [85]. We present here an alternative perturbation treatment approach
[112], assuming that the exchange interaction within the biradical moiety |J;(¥)] is
much larger than those between the biradical and the monoradical moieties |J»(0)|,
|J3(0)|. This approach gives the assignment of specific signals in complicated
hyperfine splitting patterns, explaining the appearance of the triad signals for 8. Such
an assignment is difficult to obtain by the exact diagonalization described above.
The spin Hamiltonian (3.54) is split into two parts

H® = gupB (S + S¢ + S2) — 2J1(7)S, - Sb, (3.59)

HW = =275(0)Sp - Sc — 2J3(0)Sc - Sa + Aap (IZSZ + IZSE) + AIZSE (3.60)

The unperturbed Hamiltonian (3.59) is block-diagonalized with respect to the
z-component of the total electron spin Mg

(Z Sf) |m§,m§,m§,ml) = M3 |m§,m§,m§,ml), (Mg = +3/2,4+1/2)
1

(3.61)
3 1 i i i
Eg/uBB_EJI(n) 0 1 0 0
qo | .0 iHgi,O . O
0 1O Hg: O
: : 3 1
0 i 0 0O [ ——guyB-——J,(n)
= = P27 gt (3.62)

The four block submatrices correspond to Mg = +3/2, +1/2, —1/2, and -3/2.
The submatrices for Mg = +1/2 are given as follows;

1 1
EgNBB + §J1(7T) —Ji () 0
1 1
H(zg)ax: —Ji(m) EglLBB-i-EJl(JT) 0
1 1
0 0 — B——-J
S 8MB 3 1(7)

(3.63)
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1 1
—EgMBB-i-EJl(?T) =Ji(m) 0
0 1 1
Hg=| —Ji(m) —38HsB + 3 Ji(x) 0
1 1
0 0 ——gupB—=J
58uB — S Ji()

(3.64)

By diagonalizing the matrix (3.62), we obtain the zeroth order energy eigenvalues
and the eigenvectors. The energies are listed in the literature [113]. The eight

eigenvectors (X { © )} are represented in the columns of the matrix U,

U= [xPxOXOXPXOXOXOK |
1 0 0 0 0 0 0 07
0 —ﬁ J% —JLE 0O 0 0 0
0 J% J% —JLE 0O 0 0 0
0 0 J% % 0O 0 0 0 (3.65)
1o 0o o0 o0 _J% % _ﬁ 0
0 0 0 0 J% % —JLE 0
0 0 0 0 0 % Jig 0
L0 0 0 o0 O 0 0 1|
The perturbed vectors and the state energies to the first order are given as
g
X =x"+ )" Mo g, = E" + HY (3.66)

0) (0) noe
i#n E,

where Hi(,i ) is the matrix element of the first order submatrices

U-IH(I)U_
~Jo) [A (m,+m)+ 4, m]§ 0
:: 0 o
O R
0 | I@ S, )+ A

(3.67)
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Fig. 3.11 Energy diagram E
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(3.68)
(UT'HU)se7
_%Ammc _ﬁAn(ma — my) ﬁAu(ma — my)

= _ﬁAu(ma —mp) —J(0) — %[An(ma + myp) + Ammc] _ﬁ[Ao(ma + mp) — 2A4mme)
ﬁAo(ma — my) _ﬁ [Ao(my + my) —2Amc] 2J(o) — é[ZAn(ma + my) — Anme]

(3.69)
where the two exchange interactions J»(0) and J3(o) are assumed to be identical
for simplicity; Jo(o) = J3(0) = J(0). The two pairs of the vectors {xgo) ,xgo) }

and {x(60) ,x(70)} are degenerate in energy to the zeroth order. Diagonalizing the

perturbation matrices (3.68) and (3.69) with respect to these degenerate states, the
state energies E(i) and vectors {x;} to the first order are obtained. The energies are
listed in the literature [112, 113]. We have 15 allowed transitions with AMg =
£1/2, as mentioned above. Since the intramolecular exchange interaction within
the biradical moiety J;(y)/kg = 13 K is much larger than all other interactions, one
of the two doublet states D1 lies far apart above the other doublet (D2) and the
quartet (Q) states, as depicted in Fig. 3.11. Therefore, we can exclude contribution
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from allowed ESR transitions across the multiplets, i.e., those between D1 and Q
or between D1 and D2. One has only nine pairs of states, five within the multiplets
and four across the multiplets of Q and D2. The resonance fields B (i <> j) are
calculated in the same way as in Eqgs. (3.47), (3.48), (3.49), (3.50) for the S = 1/2
radicals. In the literature [112, 113] the first-order resonance fields are given as
measured from the central field By.

It should be noted that the resonance field § AE(2 <> 5)/gup is independent of
the exchange interaction J(o) (J2(0) and J3(0)). Thus, the transition AE(2 < 5)
is little affected by the fluctuation of the J(o) values. Furthermore, the hyperfine
splitting of this transition is |Ap,|, which is the hyperfine coupling constant of the
monoradical. The intense triad of the signals with the spacing of |Ay,| in the observed
ESR spectra is assigned to the transition of AE(2 < 5) in D1. Resonance fields
of other transitions have a contribution of J(o), which fluctuates in a solution.
The appearance of the intense triad signals and the rest of the broadened signals
indicate that the exchange interactions through the o bondings of the ester group are
quite small as compared with that within the biradical moiety:

Ji() > [L(0)]. [J3(0)] ~ |Aw|. |Ac| (3.70)

This indicates that the triradical 8 has the potential to be building blocks of single-
component organic ferrimagnets.

Some of the perturbation-based useful expressions derived in this section are
given in the literature [112, 113].

3.5 High Spin Chemistry of Various Molecular Clusters:
Utilization of High-Field/High-Frequency ESR
and Pulsed ESR Spectroscopy

This section deals with recent documentation, focusing on important issues in terms
of electron magnetic resonance spectroscopy with the emphasis of recent important
progress in chemistry, materials science and physics of molecule-based high-spin
clusters. Readers are recommended to refer to the monographs “EPR of Exchanged
Coupled Systems” by Bencini and Gatteschi [114] (the updated version available
now) and “Molecular Magnetism” by Kahn [2] for comprehensive treatises on
metal-ion-based molecular high-spin multi-clusters in terms of electron magnetic
resonance and materials science, respectively.
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3.5.1 [Inorganic Molecule-Based Metal High-Spin Clusters
Including Dinuclear Triplet-State Clusters

In this section, recent progress on pure inorganic molecule-based metal high-spin
clusters is summarized. Readers are recommended to refer to other chapters for
inorganic molecule-based non-transition metal clusters with high spin multiplicities,
where important chemical species such as dimeric (NO),(Na™)x in the triplet state
adsorbed on zeolites are included.

3.5.1.1 Exchange-Coupled Dinuclear Clusters

In isolated high-spin systems composed of dinuclear clusters, the spin Hamiltonian
given in Sect. 3.2.1 is generally applicable. Throughout this chapter, dinuclear clus-
ters are termed metal-ion-based molecular bi-clusters. The total spin Hamiltonian
can include all the terms and any resulting effective spin Hamiltonian can be
expressed in terms of component spin Hamiltonian terms. If the component spin
Hamiltonian parameters in tensor-based terms are known, experimentally or theoret-
ically, the spin Hamiltonian parameters for the exchange-coupled dinuclear cluster
can be derived, reproducing the corresponding ESR fine-structure spectrum. This
procedure is phenomenological, but applicable to either homo-spin or hetero-spin
molecular systems. During the spectral simulation procedure, molecular structural
parameters are required for unitary transformation into desired molecular principal-
axes systems. One can assume the molecular structures, theoretically, or derive them
from X-ray structural analyses.

In dealing with the exchange-coupled spin systems in terms of ESR spectroscopy,
a crucial point is to evaluate the interacting terms such as the exchange coupling
JAB, the magnetic dipolar coupling DB and the asymmetric terms d*P between the
component spins A and B. In the approximation given in Sect. 3.2, the interacting
terms can be derived from dinuclear clusters of two effective spin centers. For multi-
centers, this is not the case, generally. Only for a series of well controlled molecule-
based high-spin clusters, semi-empirical estimations for the interacting terms can
be acquired. Otherwise, for most molecular clustering systems, quantum chemical
computations which enable us to consider nearby excited electronic states with high
accuracy are desirable to estimate the interacting terms, the computations for high
spin systems with non-vanishing angular momenta are formidable. For most cases,
the asymmetric terms are regarded to be negligible, although they are important
in terms of group theoretical arguments for the systems under study. In order to
understand molecular high-spin clusters in the crystalline state, it is worth noting
that ESR spectroscopy should be supported with the help of magnetic susceptibility
measurements of the bulk magnetic properties.
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Table 3.5 Adjustable magnetic parameters for Cr(III)-Cr(III), Fe(III)-
Fe(IlI), and Cr(III)-Fe(III) pairs

Compounds  J/em™! G flem™'  p/%  No/emu mol™!
Cr-Cr? —3.23 1.989 610 x 10°°
Fe-Fe® —3.84 2.00 0.5

Cr-Fe*¢ +1.10 1.97 —0.97 547 x 10°°
4xm = xp + Na

ym = (1 — p) xp + p(35 NB? g*/(12kT))
¢xm = xpT/(T — )+ Na, where the dimer susceptibility xp can be
obtained for any isotropic dimer

The oxalato-bridged bi-clusters (dimers) of Cu(II) have been thoroughly studied
in magnetochemistry because they provide model systems to give testing grounds
for theories describing magnetic interactions on a molecular orbital basis [115-117].
Focusing on other metal-based oxalato-bridged homo-spin pairs, examples are
known with Ti(IIT) [118], Fe(III) [119, 120], and Cr(III) [121]. Also, an oxalato-
bridged hetero-pair Cr(III)-Fe(III) was reported [122, 123]. The high-spin-based
hetero-spin bi-cluster is particularly intriguing in terms of molecular exchange
couplings, although the crystal structure was not reported. Triki et al. compared
the hetero-spin pair (Cr(III)-Fe(IIl)) with the homo-spin ones (Cr(II)-Cr(IIl) and
Fe(IIT)-Fe(III)). From the magnetic susceptibility measurements for the homo- and
hetero-spin pairs, the exchange coupling parameters were obtained. In Table 3.5 are
summarized their adjustable magnetic parameters in terms of bulk magnetic prop-
erties. The table shows that in the homo-spin pairs antiferromagnetic interactions
between the spins were observed, while the ferromagnetic exchange interaction
between the spins was observed in the hetero-spin pair. The ESR spectra for
these dinuclear clusters qualitatively agree with the temperature dependence of
the magnetic susceptibilities. Figure 3.12 shows the temperature-dependent ESR
spectra for the Cr(IIT)-Cr(III), Fe(III)-Fe(III), and Cr(III)-Fe(III) pairs. In the Cr-Cr
clusters, only one peak around g =2.00 was observed and an asymmetric large
signal around 0.2 T was observed, indicating that the feature is typical of ESR
spectra for high-spin systems with large zero-field splittings. The accurate spin
Hamiltonian parameters have neither been determined in terms of ESR spectroscopy
and mechanisms of the exchange coupling nor interpreted yet. Possible applications
of high-field/high-frequency ESR spectroscopy and parallel microwave excitation
spectroscopy at liquid helium temperature are desirable to give direct information
about the high-spin ground or intermediate state of the homo- and hetero-spin pairs.
Particularly, pulse-based two-dimensional electron spin nutation spectroscopy with
high time-resolution for dinuclear molecular bi-clusters at low temperature gives
reliable spin identification in a straightforward manner. Recently, many authors
have reported various types of molecule-based exchange-coupled dinuclear clusters
[124-138]. For most dinuclear clusters, the exchange interaction is larger than the
energy of the X-band microwave. Thus, high-field/high-frequency ESR technique is
a powerful tool [139, 140].
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Fig. 3.12 ESR spectra of dinuclear-pair compounds in solids at various temperatures 1: Cr-Cr,
2: Fe-Fe, 3: Cr-Fe (Adapted from Ref. [123] with kind permission of © The American Chemical
Society 2000)
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Fig. 3.13 Schematic models of the spin frustration systems for trinuclear clusters

3.5.1.2 Exchange-Coupled Trinuclear Clusters: Spin Frustration
and Mixed Valence States

There has been much interest in the spin frustration of equilateral triangular tri-
clusters composed of paramagnetic metal-ions. A crucial point of the spin frustration
systems is the occurrence of the antiferromagnetic interaction between the spin
centers. Figure 3.13 shows the schematic model of the spin frustration systems for
trinuclear clusters. JAB, JBC, and J°* denote the exchange interaction between the
A-B, B-C, and C-A spin sites, respectively. The frustration systems are important
issues in spin chemistry, and related structural chemistry and magnetics in quantum
terms because the whole systems are not described by simple spin schemes for the
ground stabilized state. In Fig. 3.14, a simplified model for trinuclear clusters is
given on the left side, where the three spin sites are composed of Cu(Il) (S; = S =
1/2) with JAB = JA = J; and JBC = J,, noting that exchange coupling terms in spin
Hamiltonians should be expressed by coefficients —2J; or —2JU, i.e., —Y 2JIS;-S;.
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Fig. 3.14 Spin frustration modes of the ground spin state for two cases

Spin structures representing typical ground states are described for the cases of |2J;]
# |2J,|. When the spin states are represented by S = S* + SB 4 S€, the resulting
states are two doublets and one quartet. The ground state for the isosceles three
spin system is described by a ket | S, §’> with the definition of the total spin
S=8+8+S8; and § = S,+ S3. For |2J;| > |2J,|, the ground state is given
by | 1/2, 1> and for |2J;| < |2J>|, the one given by | 1/2, 0>. For both cases,
the highest spin state| 3/2, 1> is above the two doublet states by —2(J1/2 + J»/4).
For 2J, = 2J,, the two doublet states are degenerate, giving rise to trinuclear spin
frustration. The spin frustration associated with vibronic interaction is expected to
cause rapid spin fluctuation. Many authors have studied spin-frustration systems
until quite recently [141-154].

|2J1| > |2J2| . |2J1| < |2J2|

Recently, So et al. have reported ESR studies of the Cu(I)-based equilateral
triangular clusters 1: Nag[B-SiW¢O37{Cu(H,0)}3] [155] and 2: K;2[As, W13Og6Cus
(H,0),]-11H,0 [156], revealing the possible occurrence of the trinuclear spin frus-
tration. The crystal structure for 1 has not been reported. The presumed molecular
structure for 1 and the crystal structure of 2, however, have been reported by Robert
et al. [157, 158], showing that three Cu(Il) ions form a nearly equilateral triangle.
From the temperature dependence of the magnetic susceptibility, the antiferromag-
netic exchange interactions between the Cu(Il) spins (S = 1/2) were confirmed to
occur: 2J; = 2J, = —7.8 cm™!. The sizable magnitude of the exchange coupling
indicates that through-bond exchange interactions occur. If the bridging oxygen
and tungsten atoms play a role of superexchange interactions between the Cu(II)
spin sites, the lowest doublet states are expected to be dynamically stabilized also
by vibronic coupling or a vibrational spin-orbit one. Such spin frustration systems
undergoing pseudo-rotations are expected to be ESR silent in terms of conventional
ESR spectroscopy at low temperatures. They measured conventional ESR spectra
of 2, in which the crystal structure is known, in order to obtain information
on the frustration effects. Fig. 3.15 shows the observed and simulated ESR
fine-structure spectra for 2 at room temperature (left) and 77 K (right). A second-
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Fig. 3.15 ESR spectra observed for 2: Kj3[As, W 30¢sCus (H,0),]-11H,0 (polycrystalline) at
room temperature (left) and 77 K (right). (a) And (b) denote the observed and simulated spectra
(S = 3/2), respectively (Adapted from Ref. [156] with kind permission of © The Korean Chemical
Society 1995)

order-perturbation-based simulation was carried out assuming axial symmetry:
S =32, g. = gy = 2.226, g,=2.062, [D| = 0.0223 cm™', and E =0 cm™' at
77 K: the smaller |D| value of 0.0189 cm™! was determined at room temperature.
No doublet state was explicitly detected, indicating the occurrence of rapid spin
fluctuation. In terms of tensor-based exchange-coupling analyses for the observed
D values the inter-distance between the Cu(Il) sites was determined to be 0.420 nm
at 77 K and 0.437 nm at room temperature, suggesting the possible vibronic
contraction of the nuclear distance. Also, it was indicated that the doublet-quartet
energy gap is small enough to undergo thermally activated processes at room
temperature in 2. For the complete analysis, solving the puzzles of this molecular
spin frustration system, high-field/high-frequency ESR spectroscopy at liquid
helium temperatures is required. The relaxation anomaly due to the pseudo rotation
of the trinuclear sites should be hampered at temperatures below 2 K. Another model
system 1 for the triangular spin frustration was ESR silent at ambient temperature,
suggesting an anomalously rapid spin relaxation occurring in the excited high-spin
quartet state. In addition, the temperature dependence of the magnetic susceptibility
of 1 in the range of 5-300 K has given another complicated puzzle [155], to which
single-crystal high-field/high-frequency ESR spectroscopy finds a clue.
Sandwich-type triangular clusters with various transition metals were charac-
terized by ESR spectroscopy [159]. They reveal the antiferromagnetic exchange
interactions between the metals from the temperature dependence of the signal
intensity of high-field/high-frequency ESR spectroscopy. Similar clusters were
synthesized and studied by many authors [159-161]. However, detailed information
on the electronic spin structures due to the frustration has not been clear yet. A
crucial issue of the frustration systems in terms of X-band ESR spectroscopy is
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the enormous line broadening due to rapid spin relaxations intrinsic to the spin
degeneracy or rapid relaxation assisted by vibronic quantum spin mixing between
the ground and excited spin states. For some cases of spin frustration systems, high-
field/high-frequency ESR techniques have proven to be useful [149, 162—167].
Okubo et al. have examined a triangular-Kagome antiferromagnet CugX,(cpa)g
by high-field/high-frequency ESR spectroscopy, where cpa and X denote car-
boxypentonic acid and halogen atoms (F, Cl, and Br) [162]. They have obtained the
temperature dependence of the line width of the ESR spectra for the Kagome lattice.
McCusker et al. have reported the pus3-oxide trinuclear mixed-valence
manganese clusters of Mn(I[)Mn(III),O [168—172]. The reported structures of this
type were [Mn3O(acetato)s(pyr)s]lpyr [169], [Mn3O(acetato)s(3Cl-pyr)s] [170],
[Mn3;O(benzoato)e(pyr)2(H,0)]1/2MeCN [171], and [Mn3O(X-benzoato)sL3]
(X = 2-F, 2-Cl, 2-Br, 3-F, 3-Cl, 3-Br; L = pyridine or water) [172]. A remarkable
feature of these mixed-valence clusters is the variety of their ground states. For their
ESR analysis, Vincent et al. have applied a similar spin Hamiltonian of isotropic
exchange-couplings used for the triangular spin frustration systems [171], given by

H=-2J"8' .82 —2J88! .8% 2758 .§°
=-2J(S' -§*+S' -S°)—27%(S* - §Y)

=_J (st _s*z) —2J*s* 3.71)

where J = J2 =8 = J,, J" =3 = /,, ST =8'+8", and " = §? +S%.
McCusker et al. have calculated the J/J* dependence of the energy. The energy
diagram reveals that there are various spin multiplicities for the ground state of
the mixed-valence p3-oxide trinuclear Mn cluster. Ribas et al. have shown from
magnetic susceptibility measurements and ESR spectroscopy that the variety of the
ground states is governed by ligands [172].

Referred to mixed-valence clusters, one of the important processes in nature
occurs in the oxygen-evolving complex (OEC) of the photosystem II (PSII), where
the four-electron oxidation of water to molecular oxygen is believed to be catalyzed
by a cluster composed of four manganese ions. Mixed-valence homo- and hetero-
trinuclear linear clusters containing the [tris(dimethylglyoximato)-metalate(II)]*
anions as bridging ligands have been examined. From the X-ray diffraction,
magnetic susceptibility, and ESR spectra, the exchange interaction between the
nuclei have been discussed [173—180]. Manganese clusters of biological importance
will be only briefly dealt with in Sect. 3.6 of this chapter. Sizable organometallic
triangular clusters of the transition metal [(Cp”)(dppe)Fe(IIl)-]™ units bridged by
1,3,5-triethynylbenzene spacers have been studied, emphasizing that triangular
topology is important and the ferromagnetic coupling occurs at nanoscale distances
between the metal spin carriers [181].
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3.5.2 Inorganic Molecule-Based High-Spin Large Clusters
Revealing Quantum Spin Tunneling: Single-Molecule
Magnets

This section deals with molecule-based high-spin metallic multi-clusters which
reveal apparent magnetic hysteresis associated with molecular superparamagnetic
entities at low temperature. These large clusters have emerged recently and they
have been the focus of the current topics in the field of molecule-based magnetism
and high spin chemistry. Their microscopic details have most successfully been
characterized by invoking high-field/high-frequency ESR spectroscopy.

3.5.2.1 Single-Molecule Magnets

During the last decades, a huge number of polynuclear complexes containing
transition metal ions have been reported. Polynuclear complexes have a great
potential as building blocks for exotic molecular materials, especially for magnetic
materials with extremely high spins. The discovery that certain polynuclear metal
clusters exhibit slow magnetic relaxation and quantum tunneling has opened a
new area in the field of molecule-based magnetism. The relevant high spin multi-
clusters are currently termed “Single-Molecule Magnets (SMMs)” [182, 183],
which are isolated molecules with large spin multiplicities in the ground state
spin and characterized by negative zero-field splitting parameters D’s. An Mnjs
SMM with a record of an S = 61/2 spin was recently realized [184]. Since
lanthanide mononuclear complexes were found to exhibit slow relaxation of the
magnetization at liquid nitrogen temperature [185], lanthanide-based SMMs have
also emerged [183i]. SMMs may be used for new types of molecular devices such
as quantum information processing systems [186, 187] where information can be
handled taking advantage of quantum effects. SMMs may also be used for the
storage of a large density of information in their well-defined nano-scale dimensions
if they are properly fabricated. SMMs have extensively been characterized by
ESR spectroscopy [188-202], providing direct information about the magnetic
anisotropy and energy levels of their ground states. In the following, single-
molecule magnetism and applications of ESR spectroscopy to SMMs are surveyed,
emphasizing the importance of SMMs of chemical implication in terms of materials
science.

3.5.2.2 Mn-Based Clusters

The first compound to exhibit SMM phenomena, “Mnj, cluster”, was discov-
ered by Gatteschi and co-workers in 1991 [203], although the cluster had been
structurally characterized by Lis in 1980 [204]. Following the pioneering work
by Gatteschi et al., a variety of SMMs based on polymetallic manganese (Mn)
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Fig. 3.16 Schematic z
structure of Mnj,Ac with the Q
suggested preferred

orientation of the individual
spins (Adapted from Ref.
[183 g] with kind permission
of © Annual Reviews 2010)

complexes have been documented so far: Mngs [205], Mnys [206], Mn3g [207].
[Mn;,01,(CH3COO0)6(H,0)4]-2CH3;COOH-4-H,O (abbreviated as Mn,Ac) was
the first documented SMM, which has three independent manganese ions, namely
two Mn(III) and one Mn(IV). The magnetic core schematically shown in Fig. 3.16
is composed of an external ring of eight Mn(IIl) ions (S = 2) with an internal
tetrahedron of four Mn(IV) ions (S = 3/2) [208]. A ground spin state of S = 10
was generated by superexchange interactions between Mn(IIl) and Mn(IV) ions
through the oxygen bridges, which was characterized by ESR and magnetization
measurements by Gatteschi et al. [203]. As shown in Fig. 3.17, the magnetic cluster
exhibits a hysteresis loop below a blocking temperature of about 3 K, and also it
shows slow exponential relaxation of the magnetization that obeys Eq. (3.72) down
to 2.1 K. Any intermolecular interactions are considered to be negligible because
the neighboring molecules are 7 A apart at least. In addition, there was no evidence
of three-dimensional magnetic order in magnetic susceptibility for frozen solutions
and polymer-doped samples from specific heat measurements, and MCD spectra in
solution. Therefore, it is concluded that the hysteresis loop observed for Mnj,Ac
arises from the individual isolated molecules.

In general, SMM'’s can be regarded as a molecular cluster exhibiting very slow
relaxation of the magnetization. The slow relaxation originates in a large S value of
the ground spin state and large magnetic anisotropy associated with a large negative
zero-field splitting constant D. Fig. 3.18 shows a potential energy diagram for a
single-molecule magnet with an electron spin § in a certain field [188], where the
lowest energy level with m = S in the left well corresponds to the “spin-up” state
and the level with m = —S in the right well corresponds to the “spin-down” state.
Assuming axial symmetry, the height of the energy barrier U in zero field is given
by S?|D| and (S? — 1/4)|D| for integer and half-integer spins, respectively. In order
to invert the magnetization vector from “spin-up” to “spin-down”, the spin system
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Fig. 3.17 Plots of magnetization versus magnetic field for Mnj,Ac (field sweep rate of
67 mT/min). The inset shows plots of the magnetic fields where steps occur versus step number.
Based on a least square fit, the straight line with a slope of 0.46 T has been obtained (Adapted from
Ref. [213a] with kind permission of © The American Physical Society 1996)

tunneling
V4

Fig. 3.18 Plot of the potential energy versus magnetization direction for an SMM with an electron
spin S, a negative D value and axial symmetry in the presence of an external magnetic field
(Adapted from Ref. [213a] with kind permission of © The American Physical Society 1996)
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climbs over the potential energy barrier through a thermally activated process. Thus,
the magnetization of SMM’s relaxes slowly at sufficiently low temperature. In fact,
the relaxation time of Mn,Ac is of the order of 2 months at 2 K [188c]. The slow
magnetization relaxation results in the observation of out-of-phase AC (alternating
current) magnetic susceptibility signals and magnetization hysteresis loops.

The first evidence of slow magnetic relaxation at low temperature in Mnj,Ac
was given by AC susceptibility measurements, in which the dynamic susceptibility
is investigated by applying an oscillating magnetic field. The magnetic relaxation
of SMMs generally follows the Arrhenius equation which governs elementary
activation processes:

T =19 exp (Yks7) (3.72)

where A and 1 stand for the height of the activation energy and the pre-exponential
factor, respectively [209]. Both the energy barrier to reorient the magnetization
(A/kp) and the relaxation time (tp) can be determined from a simple plot of In(t)
versus (1/7). This behavior is analogous to that observed for superparamagnets. In
addition, it was found that at low temperature the relaxation time is given by

S6
T= CE exp (A/ksT) (3.73)

where C is a constant that depends on the phonon coupling and on A. Consequently,
itis indicated that a ground spin state with a large S value is a crucial factor to design
and synthesize new SMM’s.

In the principal z direction, the energies of the spin levels for Mnj,Ac are
given by

E (Ms) = D (M§ —110/3) + gB.Ms B (3.74)

The energy levels can be schematically plotted as already shown in Fig. 3.18. In
the absence of the external field, the spin sublevels My are degenerate, except
Ms=0 (the top of the potential energy barrier). Equation (3.74) shows that the
energy barrier is related to the total spin quantum number S and zero-field splitting
parameter D (A = S? | D |). Because of the negative D value, the Mg = =+ S levels
have the lowest energy. A potential energy barrier A can be overcome by climbing
up and down all the (25 + 1) energy levels, leading to the reorientation of the
magnetization. The excitation of the spin from the Mg = =+ S levels to the Mg = 0
level can be assisted by phonon absorption, as described previously. It is indicated
from Eq. (3.74) that the increase in both the S and D values leads to increasing
the blocking temperature of SMMs. However, it should be noted that a general
criterion for the energy barrier in SMMs has been found, which demonstrated that
the barrier does not increase with S as a function of $? [210]. In fact, a ground spin
state of S = 83/2 developed in a ferromagnetically coupled mixed valent (MnlII/IIT)
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Mn 9 aggregate did not show the SMM behavior in spite of the high ground spin
state [211]. Therefore, a promising approach to realize SMMs with higher blocking
temperatures is probably to concentrate on the increase in |D| values. Mnj;Ac has
a blocking temperature of 2.1 K. The record blocking temperature is 4.5 K by
[MngO,(Etsao)s(0O,CPh(Me),),(EtOH)s] {Et-saoH, = 2-hydroxyphenylpropanone
oxime} with an S = 12 ground state [212]. Many SMMs based on other 3d
paramagnetic metal ions like Fe, Ni, and Co have also been reported [213], although
the Mn-based cluster still holds the highest blocking temperature.

The magnetization reorientation can also occur via quantum tunneling between
energy levels as shown in Fig. 3.18 when the energy levels in the two wells are
in resonance. Magnetic hysteresis of Mnj;Ac exhibited characteristic steps due to
Quantum Tunneling of the Magnetization (QTM) through the energy barrier [203].
The first explicit and quantitative evidence that the quantum tunneling through
the barrier as well as thermal activation over the barrier occurs in Mnj,Ac was
demonstrated by Friedman et al. [213], and several groups also confirmed such
phenomena [214]. Here, the fourth order terms are neglected because of their small
contribution to resonance fields. When the static field B is applied along the easy
axis, the eigenstates of the spin Hamiltonian are given as |S, m>. S and m denote the
total spin and the magnetic spin quantum number, respectively. When the applied
field is equal to

Dn
B, = — n=0,1,2--) (3.75)
gB.

the eigenenergy of the |S, m > state in the left well coincides with that of the |S,
—m + n> state in the right well. Under these conditions, the pairs of the energy
levels can be quantum mechanically well admixed, resulting in the sufficiently
strong coupling between the states. Therefore, the observed steps in the hysteresis
loop occur at intervals of field given by B,= 0.4nT. The resonance tunneling must
be derived from off-diagonal terms in the spin Hamiltonian (a transverse magnetic
anisotropy). This means that the spin Hamiltonian should contain a term that does
not commute with S, in order to observe QTM. Mnj,Ac, however, has tetragonal
symmetry (axial symmetry), so that only the fourth-order terms, Eq. (3.76) as given
below, originating from the crystal field correspond to such anisotropy:

> " B{O} = BJO§ + B}O; (3.76)
kq

where By? and O? represent the crystal field constants and Steven’s equivalent
operators, respectively. The equivalent operators in Eq. (3.76) are explicitly given
below in Eqgs. (3.78) and (3.79).

High-frequency electron spin resonance (HFESR) spectroscopy has been ex-
tensively applied to SMMs. Several reviews describe how HFESR has been used
to study SMMs [215-218]. Since SMMs generally have large ground spin states
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and relatively large D values, HFESR using higher frequencies than 100 GHz is
crucial to observe ESR transitions. The first ESR study of Mn;>Ac was reported by
Gatteschi et al. on a powder sample at frequencies and applied magnetic fields in the
ranges 246-525 GHz and 0-12 T, respectively [219]. The observed fine-structure
ESR spectra at 525 GHz at low temperatures are shown in Fig. 3.19. The ESR
spectra of Mn;Ac were simulated by the following spin Hamiltonian:

H=8S-g-B+D[S>—5(S+1)/3]+ BY0! + B{O} (3.77)
09 =358 +30S(S+1) S2 42582 —6S(S+ 1) +3S*(S+ 1)*  (3.78)

0;= (St +58%) /2 (3.79)

withgy =1.93,g1 =1.96,D=—-046cm™!, B)=—22x 10 cm™!, and B}= £
4 x 107> cm™'. Magnetic interactions transverse to the easy-axis of magnetization
for SMMs lead to interactions between the states on either side of the barrier shown
in Fig. 3.18. For Mnj;Ac, the Bff term can connect sublevels on either side of the
barrier to the reverse magnetization, as is necessary for QTM. Single-crystal HFESR
is one of the best techniques to characterize the transverse magnetic interactions. A
series of papers studying ESR spectra in single crystals of Mn,Ac and other SMMs
have been published by several research groups [220-223]. Figure 3.20 shows
angular dependent ESR spectra of [Mn;;01,("Bu-CH,CO,)6(CH30H),4]-CH;0H
(abbreviated as Mnj,'BuAc) observed at 115 GHz [224]. Angular dependence of
the resonance field could be interpreted by the spin Hamiltonian including up to the
sixth-order terms given below:

H=8S-g-B+D[S’—S(S+1)/3]+ B0} + B{ O} + B{O¢ + B{O;
(3.80)
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Fig. 3.20 Angular dependent HFESR spectra of Mn;,'BuAc observed at 5 K and 115 GHz. The
external magnetic field was applied in the ab crystallographic plane corresponding to the hard
axes of magnetization (Adapted from Ref. [224] with kind permission of The American Chemical
Society 2007)
0 _ 6 4 4
00 = 2128% — 3155 (S + 1) S* + 7358*+
2 2 Q2 2 2
10587 (S + 1)2 S2 — 5255 (S + 1) S + 29452~

583 (S +1)° +40S*(S+ 1)> —60S (S + 1) (3.81)

Of = a {(11S2 =S (S+ 1) —38) (S + S%) + (8% +S*)
(1182 =S (S + 1) —38)} (3.82)

with g, = 2.00, g1 = 1.93, D = —0.459 cm™!, Bff: —234x107° cm™!, and
B{=20x10"cm™!', B~ —1.0x 107  cm™!, and B¢= — 1.0x 1077 cm™'. The
nonzero sixth-order term led to a significant improvement of the fit between theory
and experiment. Based on ligand field calculations, it was concluded that the fourth-
order transverse anisotropy is directly connected to the tilting of the single-ion easy
axes of magnetization with respect to the fourfold molecular axis of the cluster.

3.5.2.3 Quantum Coherence in SMMs

A new field of molecular spintronics is emerging, in which the concepts and
the advantages of spintronics and molecular electronics are combined. Such a
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device requires the use of one or few magnetic molecules themselves. Since the
magnetization relaxation time of SMMs is extremely long at low temperature
reaching years below 2 K [225], SMMs are attractive in order to realize such a
device. In particular, SMMs look attractive for quantum computing due to their long
coherence times [226-228]. Considerable efforts have been focused on the attempt
to determine the quantum coherence times in SMMs. Intermolecular magnetic
dipolar interactions usually dominate decoherence of SMMs in crystalline samples
[229], which was estimated to be in the order of 10 ns. Schlegel et al. succeeded
in increasing the coherence time by modifying the matrix surrounding SMMs
[230]. Figure 3.21 shows temperature-dependent spin-spin (7>) and spin-lattice (7)
relaxation times of [Fe4(acac)s(Br-mp,)] (abbreviated to Fe,) in toluene. Fes in a
frozen toluene solution gave the coherence time as long as 7, = 630 & 30 ns. The
dilution of Fe, into the frozen solution led to the limitation of decoherence due to
the intermolecular interactions. A low lying excited state at 5 cm™! was expected by
assuming the Orbach process for the spin-lattice relaxation. Figure 3.22 displays the
first demonstration of Rabi oscillations appearing in SMMs [230]. Rabi oscillations
are quantum oscillations resulting from the coherent absorption and emission of
photons driven by an electromagnetic wave [231]. The Rabi oscillations were
recorded using a nutation pulse of length ¢, followed by a ¥/2-y pulse sequence,
demonstrating clear intensity oscillations with a frequency of 17.6 £+ 0.5 MHz at
the zero external field and maximum microwave power.

3.5.2.4 Frequency Domain ESR

Slageren et al. have reviewed the application of frequency domain ESR to SMMs,
in which microwave frequency is swept at a static magnetic field [232]. This has
become possible at the high frequencies suitable for studying many SMMs, in
the range from 30 GHz to 1.5 THz. Frequency domain ESR has the advantage
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Fig. 3.22 Rabi oscillations of Fey in CS; at 0 T. Inset shows the dependence of Rabi frequencies
on the magnetic field strength B;. The corresponding path on the Bloch sphere in the Rabi cycle is
displayed on the right (Adapted from Ref. [230] with kind permission of The American Physical
Society 2008)

of measuring ZFS parameters in the absence of an external field. The frequency-
swept ESR applied to a SMM was for the first time studied by Muhkin’s Mn;,
in 1998 [233]. Kirchner et al. also studied the lineshapes of the ESR transitions
in (PPh)4[Mn;,0,,(CH3COO)c(H20)4] with an S = 19/2 ground state. [234]
The lineshapes were Lorentzian and temperature dependent, i.e. the resonances
are homogeneously broadened, while Mn,Ac shows inhomogeneously broadened
Gaussian lines. The observation of homogeneous broadening is unusual for SMMs.
The authors related this anomaly to the lifetimes of the excited-state My levels,
estimating the lifetimes of ~ 50 ps from the Mg = £ 19/2 to £+ 17/2 transition
depending on temperature.

3.5.2.5 Fe Clusters

The exciting aspect of SMMs is that they are on the borderline between the classical
and quantum world. Quantum phase interference is among the most interesting
quantum phenomena that can be studied at the mesoscopic level in SMMs. This
effect was first observed in the Feg cluster [235], leading to new theoretical studies
on quantum phase interference in spin systems. Very recently, Sessoli et al. also
demonstrated that the quantum spin dynamics can be observed in a monolayer of
oriented single-molecule magnets based on Fe, clusters [236]. On the gold-wired
magnetic molecules, a memory effect, whose application in the field of information
storage and spintronics is a long-sought goal, was observed.
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The Feg cluster ([FegO,(OH),(tacn)s]Brg) with an S =10 ground state is
the second molecule that has been intensively investigated in the field of SMMs
[237-247]. In zerofield, the giant magnetic momentum reverses via the interference
of two quantum spin paths of opposite windings in the easy anisotropy (yz) plane.
Based on a semi-classical description, the observed oscillations are considered as
constructive or destructive interference of quantum spin phases associated with the
two tunneling paths. In fact, it has been found experimentally that a magnetic field
applied along the hard axis can periodically change the splitting A. This is the
first direct observation of the topological part of the quantum spin phase (Berry
phase) in magnets. The tunneling splitting A can be directly obtained in terms of
the Landau-Zener model. The tunneling probability in this model is given by the
following expression when the longitudinal field H, is swept over the avoided level
crossing at a constant rate:

7 A?

P =1 exp|: 4hguBSdH/dti| (3.83)

where dH/dt is the field sweeping rates. The tunneling rate P related with the

tunneling splitting A was obtained with the Feg cluster ([FesO,(OH) »(tacn)g]Brg)

with the § = 10 ground state. This technique enables us to directly measure very

small tunneling splittings of the order of 10~® K, which is not accessible in terms of
resonance techniques at the moment.

The Feg cluster has a large zero-field splitting as shown by HFEPR/ESR [248,
249], inelastic neutron scattering [250] and far infrared spectroscopy [251]. The
magnetization-detected ESR was also reported on the Feg cluster. Petukhov et al.
monitored the magnetization response of a single crystal of the cluster under
microwave radiation as the external magnetic field was swept, using a Hall-
probe magnetometer [252]. The sensitivity of the Hall-probe technique allows
measurements on micron-sized single crystals. Figure 3.23 shows resonance field
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Table 3.6 List of SMMs documented so far and their important magnetic parameters

Complex S g D/cm™! U/K  Ref.

[Mn20,2(0,CCH2tBu)2(NO3)4 10 1.92 —0.40 71.9 [255]
(H,0)4]-H,0

[Mn;,0,2(0,CCH;BR);6(H20)4] 10 1.87 —0.38 74.8 [256]
‘4CH,Cy,

[Mn3;0(0,CCMe);(mpko); ]-CCly 6 1.92 —0.034 10.9 [258]
-3CH,Cl,

[Mn4O3Cl(O,CCMe)3(dbm)s | 92 1.99 —0.35 18.7  [259]

[Mny (hmp)s(H20)2(NO3)2]1(NO3)» 9 1.96 —0.24 20.9 [260]
2.5H,0

[MngO, (Et-salox)s {0,CPh(Me; )} 12 —0.43 86.5  [261]
(EtOH)s]

{Mn;0 C [MngCls(L3)s]}.2CHCl5 2772 2.0 —0.05 101 [262]

[MngO7(0,CCMe3); (Hpeol)(py)3 1712 1.98 —0.27 26.5 [263]
(H,0)-]

[Mn21014(OH2)2(02CM6)16(hmp)3 (plC)z 1772 1.8 —0.09 13.2 [264]
(pY)H20)I(C104)

[Mn300,4(OH)3(0,CCH,C(CH3)3)32 5 2.00 —0.51 14.4 [265]
(H20)2(CH3NO,)4]

{[FﬁgOz(OHz)lz([aCH)G ]Br7H20}BrH20 10 2.00 —0.27 22.1 [266]

[Fe4(Lg, 1.)6]-5SDMF-H, O 5 2.01 —0.34 59 [267]

[FegO4(OH)s(heia)s (Hheia), | 25/2 1.99 —0.07 7.6 [268]
-3.5MeOH-8H, 0O

[CO(NCO),(4NOPy)4] 52 3.11 —9.94 50.4 [269]

[Co(hmp)s(MeOH),Cly] 6 —3.00 [270]

[Mn™Cu'C1(5-Br-sap), (MeOH)] 52 20.95(Cu), —1.81 6.2 [271]

1.97(Mn)
K[(Me;tacn)sMnMog(CN);5(Cl0y4)3] 132 157 —0.33 144 [272]
[(PYsMe,)sMnyRe(CN);|(PFs) 212 2.00 —0.44 475  [273]

positions of the microwave absorption peaks at several frequencies. ESR was
detected via the magnetization measurements by irradiation with microwaves at fre-
quencies between 92 and 120 GHz, illustrating that the spectra can be transformed
to determine the spin temperature of the sample. With microwave irradiation in the
range from 95 to 141 GHz, Cage et al. also reported the magnetization-detected ESR
of the Feg single crystal using a commercial SQUID magnetometer [253, 254].

3.5.2.6 Representative Examples of Other SMMs Documented So Far
and Their Important Magnetic Parameters

As expected, other clusters characterized by SMM behavior have been reported.
These include Fe4, Mng, Mny;, Mn3p, Co, MnCu, and so on. Table 3.6 shows the
representative examples of SMMs documented so far and their important magnetic
parameters.
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3.5.3 Hpydrogen-Bonded Molecule-Based High-Spin Clusters

Recently, hydrogen-bonded molecule-based high-spin clusters have emerged, where
a two- or three-dimensional hydrogen network plays crucial roles for constructing
cooperative magnetic behavior [275]. For some cases, magnetic sites of transition
metal ions are in high symmetry such as tetrahedron or octahedron, giving models
for molecular magnetic assemblages with nonvanishing orbital angular momenta.
In these exchange-coupled systems, isotropic Heisenberg types of exchange inter-
actions are not enough to interpret their bulk magnetic properties. The models of
well defined molecular structures are suitable for establishing molecular magnetism
with sizable orbital momenta. Sophisticated theoretical treatments have also been
documented recently [2f]. Fine-structure ESR spectroscopy for molecule-based
exchange-coupled systems having nonvanishing orbital angular momenta has not
fully been established in terms of both effective and theoretical spin Hamiltonians.
In addition, fine-structure ESR spectroscopy for such molecular systems has neither
been established yet. From a methodological point of view, analyses for magnetic
susceptibility of molecular assemblages with sizable orbital angular momenta
require reliable g-tensors of the systems under study as well as fine-structure tensors
for the lowest and nearby excited multiplets [276]. Electron transfer phenomena
assisted by proton transfer in solids, organic or inorganic, are detectable by
conventional ESR spectroscopy at low temperature. For favorable cases, quantum
chemical calculations help to identify vibronic origins on a microscopic scale.
Referred to roles of hydrogen bonding in high spin clusters or infinite molecular
assemblages, magnetic functionality properties are modulated by changes in the
bonding scheme reflecting temperature variation and the modulation effects occur
in a wide range of temperature from ambient to low temperature. The function-
ality changes arise mainly from vibronic and rotational modulations of magnetic
tensors of paramagnetic metal ions. Single-crystal high-field/high-frequency ESR
spectroscopy and conventional ESR spectroscopy below 2 K and at ultra-low
temperature are powerful tools for identifying such microscopic changes [277].

3.5.4 Genuinely Organic Molecule-Based High-Spin Clusters:
Spin Identification by Pulse-ESR-Based Electron Spin
Transient Nutation Spectroscopy

Genuinely organic high-spin molecular multi-clusters can date back to Hirota’s
pioneering work on alkaline-metal-ion bridged aromatic ketone-based dianions
in the triplet state [278]. Meta-connected oligoketones have pseudo-degenerate
Y-LUMO?’s near zero-energy in units of resonance integral f, and the extended
Y-conjugation network of the LUMO’s undergoes robust dynamic spin polar-
ization upon reduction by excess electrons. Meta-connected-oligoketone-based
inter-molecular high-spin clusters and their magnetic characterization have been a
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Fig. 3.24 Observed (top) at 110 K and simulated (bottom) fine-structure X-band spectra composed
of inter-molecularly exchange-coupled triplet, quartet, and quintet pluri-anionic dimers derived
from chemical reduction of 1,3-dizenzoylbenezene in 2-MTHEF solution. The contributing weights
are given on the right hand side of the simulated spectrum

long standing issue in high spin chemistry and materials science. Recently, such
inter-molecular pluri-anionic high-spin clusters have been unequivocally identified
by invoking pulsed ESR based 2D electron spin nutation spectroscopy applied
to non-oriented media [279]. The nutation spectroscopy is a novel spectroscopy
which is termed transition moment spectroscopy and also applicable to transition
assignments of hyperfine allowed and forbidden spectra in a 2D representation
[280]. The nutation spectroscopy applied to intramolecularly exchange-coupled
high-spin systems is dealt with in the following chapter. The nutation technique
is the most powerful for identifying molecular spins of the spin mixture in non-
oriented media in a straightforward manner.

Figure 3.24 shows observed (top) and simulated (bottom) fine-structure ESR
spectra due to various high-spin states derived from 1,3-dibenzoylbenzene upon
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Fig. 3.25 Contour plot of nutation spectra in the 2D representation and slice spectra observed
for high spin species derived from chemical reduction of 1,3-dibenzoylbenzene in 2-MTHFE. The
nutation frequency peaks denoted by a, b, ¢, and d correspond to the doublet, quartet, quartet and
quintet, and quintet state, respectively. The 1 mT-step slice spectra are from 351 to 355 mT

chemical reduction in 2-MTHF solution [280]. Complete simulation has been
made by evaluating their contributing weights and identifying their spin multiplic-
ities, experimentally. Agreement between experiment and theoretical simulation is
satisfactory. The observed spectrum given in Fig. 3.24 is the most complicated fine-
structure assigned to a mixture of organic high spins. The experimentally derived
spin Hamiltonian parameters are as follows; g =2.001, |D| = 0.00585 cm L E=0
for § = 2 tetra-anionic dimer species, g = 2.001, |D| = 0.0066 cm™ L E=0forS =
3/2 tri-anionic dimer species, and g =2.001, |D| = 0.0115 cm™LE=0forS =1
dianionic dimer species. The most crucial point to determine these spin Hamiltonian
parameters with high accuracy has been to identify the contributing high spin states
in the observed complex fine-structure ESR spectra. Figure 3.25 demonstrates the
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usefulness of nutation spectra in the 2D representation. The nutation frequency
peaks w,, wp, ®., wg denoted by a, b, c, and d in the slice spectra correspond
directly to the transitions |S = 1/2; m = +1/2 < —1/2>, |S = 3/2; m = £3/2
< £112>,|S=2;m=£2 < *1>and |S = 3/2; m = +1/2 < —1/2>, and
IS = 2; m = £1 <> 0> with the ratios of w,: wp: we: wg = 1: 1.80: 2.06: 2.51.
The ratios of the theoretical values are 1: /3: 2: /6 in terms of the first-order
transition moment, assuming that the g anisotropy of the organic high-spin clusters
is small. Agreement between the experimental and theoretical nutation frequency
rations is satisfactory. A complete analysis of the mixture can be made only with
the help of the nutation spectroscopy. The temperature dependence of the fine-
structure spectra have shown that all the inter-molecular high-spin clusters are in
the ground state. Throughout the tensor-based analyses for their probable molecular
structures of the oligoketone-based dimeric clusters, an intramolecularly exchange-
coupled 1,3-dibenzoylbenzene dianion in the triplet state has been assumed and the
corresponding fine-structure constants have been predicted.

Benzoylenebenzene, decacyclene and Cgg fullerene also give inter-molecularly
exchange-coupled high-spin clusters upon chemical reduction by alkaline metal
ions [281]. They are stable in polar solutions at ambient temperature. On the basis
of experimental fine-structure constants, their probable molecular structures via
alkaline metal ions can be determined with the help of tensor-based calculations for
the fine-structure tensors, as given in Sect. 3.2. It should be noted that Cg fullerene
upon chemical reduction gives a variety of intermolecularly exchange-coupled
high-spin clusters depending on the reduction stage [282]. Both the intramolecular
high-spin pluri-anionic Cg species and intermolecular high-spin pluri-anionic Cg
clusters give useful models for the formation of molecular high-spin clusters in
a crystalline solid of alkaline-doped Cg¢ fullerene. It is worth noting that y-ray
irradiations of oligoketones in organic glasses generate solvent-containing ionic
molecular clusters [283]. Neutral organic hydrocarbon-based high-spin clusters
in crystalline solids are classified into two types in terms of the packing motif
of the intermolecular assemblages. One is a motif of herringbone types, and the
other the columnar motif. Documented molecular systems of these categories have
been rare. Recently, the latter one has appeared [284], where gable syn-dimers
of a stable neutral 1,3-diazaphenalenyl radical are stacked in a columnar motif,
and the triplet state of the dimer is thermally accessible. The columnar motif has
been established by elaborate molecular designs which are influential in molecular
packing. In contrast, homoatomic phenalenyl radicals undergo y-dimerization in
the crystal and the triplet-state dimers are stacked with the herringbone motif
[285]. One-dimensional assemblies of stable “neutral” radicals in solids have been
a materials challenge in quest of new molecular functionalities such as energy
transport phenomena.
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3.5.5 Low-Dimensional Molecule-Based Exchange-Coupled
Assemblages

Interacting magnetic moments in the crystal experience the dipolar and exchange
fields in addition to the Zeeman interaction in the presence of an applied magnetic
field. A fundamental theoretical description of the electron spin resonance phenom-
ena for exchange-coupled systems is given as

Re(y) = Re(a)V/kBT/ < My(1)My(0) > e~ ' dr)
= 1"(®) = wV/ksT / < My (1) My (0) > coswt dt (3.84)

where the resonance is analyzed by using a linear response theory [286], and
the symbols have the usual meanings. The intensity of the ESR-absorbed power
f x"(w) dw is proportional to the static susceptibility y. A relaxation function
o) = < Mi(t) My(0)>/ kgT of macroscopic magnetization is defined by a
time correlation function < Mx(#) Mx(0)>, as given also in Sect. 3.2.4. Equation
(3.84) is derived from the fluctuation-dissipation theorem. The resonance field
is dominated by the molecular g-tensor, which is determined by the resonance
condition of h(w/2y) = gPBy, where By stands for the strength of the static
applied field By = Boh with g> = hggh. The quantization axis of effective § points
in the direction of the unit vector, u= gh/g. Experimental determination of the
molecular g-tensor is the most crucial part in single-crystal ESR spectroscopy for the
exchange-coupled systems, and the g-tensor gives the essential magnetic nature of
the intermolecular interaction with due theoretical arguments and crystallographic
molecular data from X-ray measurements. This approach applies successfully to
uniform molecular spin chains [287]. The approach has been applied to more
complicated molecular hetero-spin (S = 1/2 and S = 1 molecular chain assemblages
coupled antiferromagnetically in the crystal) systems, where two kinds of g-tensors
with different magnetic behavior were observed, showing the formation of magnetic
supramolecules [288].

The temperature dependence of the g-tensor gives crucial information on the
evolution of inter- as well as intra-molecular magnetic interactions such as internal
fields arising from demagnetization. The temperature dependences of the g-shift due
to the magnetic dipolar field were studied theoretically [289] and experimentally
[290]. The pioneering theoretical work by Nagata and Tazuke showed that a
significant modification of the T~'-dependence of the g-shift is established for
magnetic short-range interactions along the chains occurring in quasi 1D Heisenberg
antiferromagnets [289]. Resonance measurements give clues for the kinds of
the intermolecular magnetic interactions occurring in molecular assemblages; the
resonance lines of homogeneous broadening are responsible for dipolar fields, while
those of narrowing are due to exchange fields. The purely dipolar broadening gives a
Gaussian, while the exchange narrowing yields a Lorentzian line shapes. Departures
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Table 3.7 Relations between ESR lineshapes, line widths vs.
dimensions of spin systems, and the spin relaxation functions, ®(t)

Dimension  Relaxation function Line width

d (1) Lineshape =~ ABj,(0)x

1 exp(—I'P*?) FT of ®(t) (3cos?6 — 1)*?
2 exp(—=T1n 1) FT of &(t)  (3cos?d — 1)?
3 exp(—I'r) FT of ®(t) (cos*0 + 1)

from Lorentzian lineshapes give rationales for the possible occurrence of additional
spin-related mechanisms such as spin diffusions at high temperatures [291]. Angular
variations of the lineshapes with the line width as a function of the orientation
of the static magnetic field By for single-crystal molecular magnetic materials,
under favorable conditions, yield magnetic relaxation phenomena closely related
to the dimensionality of magnetic interactions [292]. The magnetic relaxations
reflect spin dynamics and magnetic interactions in microscopic detail, which is
based on the crystal and electronic molecular structures of the component magnetic
molecules. Anomalies appearing in magnetic relaxations are vital for organic
magnetics because of the low dimensionality inherent in organic molecule-based
magnetic materials.

The anomalies originate in the dimension d of magnetic systems and the low
symmetry of spin interactions. Related ESR phenomena are described in terms of
a relaxation function for spin magnetization, ®(t) = < M (OO)M_(0)>/<M M_>
(a spin self-time-correlation function for transverse magnetization) and its Fourier
transform. The time dependence of M or M_ is attributed to the slow modulation
due to H’, which stands for two-center spin interactions such as spin dipolar ones. It
should be noted that Hex for intermolecular exchange interactions between molecu-
lar spins and H’ undergo restrictions arising from the dimensionality of magnetic
systems under study. When H’ stands for spin dipolar interactions (H' = Haip),
the resonance absorption lineshapes as a function of the angle 6 depend on the
dimensionality of the systems, where 0 denotes the angle between the direction of
a one-dimensional magnetic chain and By, or the normal axis of a two-dimensional
magnetic plane and By in two-dimensional square-planar systems. For reduced
symmetric spin systems, the appearance of additional shifts in resonance fields is
predicted; the shifts are due to the topology of J-connectivity (the connectivity of
intermolecular exchange interactions) when a contribution to magnetic relaxation
from a long transverse relaxation, i.e., a long-time tailing (LTT) occurs.

In Table 3.7 are briefly summarized the relations between ESR lineshapes, the
line widths vs. the dimensions of spin systems, and the spin relaxation functions,
®(t). In terms of the magnitude of spin relaxations in low-dimensional magnetic
systems, only cw-ESR spectroscopic studies have been documented. Recently,
pulsed ESR techniques have been applied to directly identify the dimensionality of
exchange-coupled molecular magnetic systems, whose relaxation times fall within
the time resolution of ESR spectrometers [292].
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3.6 Metal High-Spin Clusters of Biological Importance:
Manganese Clusters in Photosystem I1

This section briefly deals with transition-metal-ion high-spin clusters of the bio-
logically important photosystem II (PSII), emphasizing the use of high-field/high-
frequency ESR and parallel microwave excitation techniques and contrasting with
synthetic molecule-based metallic clusters treated in the other sections of this
chapter. A comprehensive treatise on this subject in terms of chemistry and
biophysics is given in Chap. 6.

3.6.1 Oxygen-Evolving High-Spin Complexes

Most of molecular oxygen in the atmosphere has been released as a by-product
of water oxidation during photosynthesis in plants and algae. The photosynthetic
oxidation of water to molecular oxygen is energetically driven by light-induced
charge separations in the reaction center of PSII. Water is chemically the terminal
electron donor for the electron transfer processes that constitute the light reactions of
plant photosynthesis. Absorption of a photon results in a charge separation between
a chlorophyll molecule (P680) and a pheophytin molecule. The pheophtytin anion
transfers an electron to a quinone Qa and P680 is reduced by a tyrosine residue,
Tyrz. Interestingly, the oxidized Tyr, is in turn reduced by a nearby cluster of four
Mn ions and one Ca ion, often called the oxygen-evolving complex (OEC) because
it catalyzes the oxidation of water. The manganese cluster in OEC is conceived
of including one Ca ion [293a], and abbreviated to the MnsCa cluster. Ca™ is
involved in the photoactivation process of OEC, which has been demonstrated by
an ESR study [293b]. Photochemical charge separation is a one-electron process
while water oxidation is a concerted process involving four electrons. Joliot and
Kok showed that this can be described by a cyclic process involving five redox
states [293, 294], termed Sy _4 and that the presence of a number of metastable redox
states can be demonstrated in chloroplasts following flash illumination. When the
complex reaches the state S4, molecular oxygen is released and the complex reverts
to the Sp-state. Although many models for the oxygen-evolving process have been
proposed [295-299], no consensus has yet emerged.

The S;-states below the Sy-state are generated via reducing the Mn cluster of OEC
by hydrazine and hydroxylamine, whose states are named the S_;, S_,, and S_s-states
[300-304]. The detailed structure of the Mny4 cluster of OEC is still unknown. There
is structural information obtained from X-ray spectroscopic experiments (EXAFS
and XANES) and models for the structure have been developed. Extended X-ray
absorption fine-structure (EXAFS) spectroscopy experiments provide evidence that
in the S;- and S,-states the Mn4Ca cluster contains two 0.27-nm Mn-Mn distances
and one 0.33-nm Mn-Mn distance [305-307]. Possible structures of the Mn4Ca
cluster in OEC have been proposed by DeRose et al. [307]. Recently, the crystal
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structure of OEC within atomic resolution has been reported by Jian-Ren Shen and
co-workers in the 15" International Congress on Photosynthesis in Beijing. The
detailed structure will be published soon. In this section, we review only the recent
ESR results for the exchange-coupled MnysCa cluster in the Sy_3-states of OEC
in PSII. An exhaustive review and in-depth discussions of relevant controversial
issues are beyond the scope of this chapter, and readers are recommended to refer
to Chap. 6 by Kawamori.

3.6.2 The S,-State of OEC in Photosystem Il

The light-induced S, oxidation state of OEC is the most extensively characterized
S state. The S,-state is paramagnetic and gives rise to three characteristic ESR
signals: (i) A multiline signal, (ii) g = 4.1 signal, (iii) g = 10.6 signals. Among
them, the g = 2 multiline signal was first reported to provide direct evidence of
the involvement of the Mn cluster [308]. The multiline ESR signal appearing near
g =2 is spread over about 180 mT and is made up of at least 18 lines, each
separated by 8-9 mT originating from >>Mn hyperfine structures [309]. Peloquin
et al. reported the four effective 3Mn hyperfine tensors (Ax, Ay, Az) to be (—232,
—232, =270), (200, 200, 250), (=311, =311, —270), (180, 180, 240) in units of
MHz, which were derived from the simultaneously constrained simulations of the
CW-ESR and ESE-ENDOR [310]. The multiline signal is ascribed to the ground
state with § = 1/2. Recently, they have refined these absolute values as follows:
(310, 310, 275), (235, 235, 275), (185, 185, 245), (170, 170, 240) in units of MHz,
which are derived from the same simulations of the CW-ESR and 3 M-ENDOR
at 35 GHz [293c, d]. According to the analysis of *>Mn ENDOR spectrum, the
oxidation states of the manganese ions in S, are Mny(IIL, IV, IV, IV) [293c]. Recent
development of quantum chemical calculations can afford to give the hyperfine
interaction constants of ®Mn, * N, and '* C in OEC, which are comparable with
the experimental values from EPR/ESR, ENDOR and ESEEM, respectively [293e].
These computations of the EPR/ESR parameters for different structural models of
OEC provide a possibility of reducing the number and types of acceptable structural
models.

Figure 3.26 shows the multiline ESR signal obtained by conventional X-band
and Q-band ESR spectroscopy reported by Smith et al [314]. The g = 4.1 signal
reveals a broad unstructured ESR spectrum with a peak-to-peak width of 35 mT at
X-band. The g = 4.1 signal has been assigned to arise from the Mn cluster having
an § = 5/2 state [311, 312] or an § = 3/2 state [313, 314]. The g = 4.1 signal
has been observed by Q-band ESR spectroscopy, exhibiting two partially resolved
components at g = 4.34 and g = 4.14. Boussac et al. have reported that the new
signals at g = 10 and 6 can be observed by conventional ESR spectroscopy. They
are assigned to be mg, = +5/2 and £3/2 transitions in an S = 5/2 spin state [315].
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Fig. 3.26 Multiline signals from the photosystem II at (A) Q-band and (B) X-band. (a) Minus
alcohol, (b) plus alcohol. Illumination temperatures: (a) 200 K, (b) 220 K. Spectrometer conditions:
X-band, 9.03 GHz, 2 mT modulation amplitude, 30 mW microwave power, 100 kHz modulation
frequency, temperature 8 K. Q-band, 34.650 GHz, 0.5 mT modulation amplitude, 5 mW microwave
power, 100 kHz modulation frequency, temperature 8 K (Adapted from Ref. [314] with kind
permission of © The Royal Society of Chemistry 1993)

3.6.3 The Sy-State of OEC in Photosystem Il

Because the Sy-state is reduced by two further electrons from the S;-state, it is
expected to be an odd-electron or Kramers state observable with conventional ESR
spectroscopy. The first observation of an ESR signal arising from the Sy-state was
made by different methods. One is a chemical reduction with hydrazine of the
Si-state to the S_j-state followed by photogeneration of the Sy-state at 273 K in
the presence of DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea), the other is a
chemical reduction with hydroxylamine of the S;-state to the Sy-state [316]. The
So-state ESR signals have hyperfine structures similar to the multiline signal in the
S,-state except for a broader overall width [316, 317]. The splittings of the hyperfine
lines are more variable (7-11 mT) than those for the S,-state. The total spectral
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breadth is in the range of 220-240 mT and the total number of peaks amounts
to 24-26. The Sy multiline signal gives rise to an asymmetry of this ESR signal,
indicative of an average g value below g = 2.0. The temperature dependence of the
So multiline signal has shown that the S = 1/2 state responsible for the signal is an
isolated ground state [318, 319]. The four effective 3Mn hyperfine tensors (Ax, Ay,
Ayz) have been reported to be (320, 320, 400), (270, 270, 200), (190, 190, 280), (170,
170, 240) in units of MHz, which are derived from the simultaneously constrained
simulations of the CW-ESR and > M-ENDOR at 35 GHz [293c, d]. The sign of
these principal values was not determined in this study, therefore the absolute values
were provided. The oxidation states of the manganese ions in Sy were found to be
Mny (IIL IV, IV, IV) [293c].

3.6.4 The S;-State of OEC in Photosystem Il

The S;-state which is the one-electron reduced state from the S,-state is para-
magnetic, but the S;-state is of even electron number and a non-Kramers ESR
signal is observed in parallel-polarized ESR spectroscopy. Recently, the multiline
signal for the S;-state has been detected from the PSII particles isolated from the
cyanobacterium Synechocytstis sp. PCC 6803 [320] and spinach [321], showing the
parallel polarization ESR spectrum composed of a well-resolved multiline pattern
centered at g ~ 12 with at least 18 well-resolved hyperfine lines having an average
splitting of 3.2 mT. This hyperfine pattern gives unambiguous evidence for the
existence of a tri- or tetra nuclear exchange-coupled paramagnetic Mn cluster in the
Si-state of OEC in PSII. Another parallel polarization ESR signal of the S;-state of
the PSII particles isolated from spinach has been also observed, which appears at
an effective g value of approximately 4.8 with a peak-to-peak width of roughly 60
mT [322, 323]. It has been concluded that this parallel polarization ESR signal of
the S;-state arises from a thermally excited state with § = 1 which is located 2.5 K
above the ground singlet state.

3.6.5 The S;-State of OEC in Photosystem I1

Finally, we discuss the ESR studies for the S;-state that is the third one-electron
oxidation state from the Sy-state of OEC in PSII. The S3-state is expected to be
an integer spin state because the S,-state is characterized by the ESR signals from
half-integer spin states. The parallel polarization ESR spectra of the S3-state have
been reported by Kawamori et al., in which the ESR signals at g = 12 and 8 are
observed in accompaniment with their peak-to-peak widths of about 30 and 20 mT,
respectively [324]. The signals have been obtained after two turnovers from the S;-
state by flash illumination and its intensity has showed the periodicity of a four flash
illumination oscillation, thus the observed signals have been rationalized to originate
from the S;-state. The spectral simulation for the ESR signals of the S;-state has
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been performed by using the ordinary fine-structure spin Hamiltonian and numerical
diagonalization of the spin Hamiltonian, giving S = 1, D = £0.435 £+ 0.005 cm™!,
E/D = —0.317 £0.002 cm™". The temperature dependence of the EPR signals at g
= 12 and 8 has been studied, showing that the signals arise from a low-lying excited
triplet state. The authors [324] have concluded that the manganese in OEC might be
oxidized during the transition S, — Ss-state. The reason is that if an organic residue
such as histidine is oxidized the interaction between the Mn cluster in the S,-state
with § = 1/2 and g = 2 and the organic residue with S = 1/2 and g = 2 would have
the resonance line at go, = 2 (gop: the observed field position) but the experimental
filed position is go» = 12 and 8 in their work. There have been researchers who
insist that the oxidized site in the Ss-state is organic residues on the basis of the
study of Mn KB X-ray emission spectroscopy [325, 326]. The issue is the focus of
the current topics in PSII.

Recently, Boussac et al. claimed that the ESR signal in the S3-state does not arise
from a spin S = 1, but a spin § = 3 [293f]. The simulated ESR spectrum of § = 1
with the ZFS parameters predicts a signal appearing at g &~ 0.85, but not the other
signals between 200 and 500 mT. The satisfactory reproduction of all the features
of the ESR signals observed experimentally was achieved by the spectral simulation
using spin Hamiltonian parameters S = 3, |D| = 0.175 cm™' and E/D = 0.275.
Therefore, it is suggested that the ESR spectrum in the S3-state is associated with a
high spin S = 3 system and not with § = 1.

3.7 Conclusions

Recently, organic and inorganic hybrid high-spin systems are emerging in which
both organic high-spin entities and inorganic metallic sites are composed of open-
shell systems and both are connected via chemical bonding. They are classified
into intramolecularly exchange-coupled hybrid high-spin systems. Molecular as-
semblages composed of the hybrid molecular entities have attracted attention in
the field of molecule-based magnetism and molecular materials spin science. The
reason is that magnetic orbitals in the entities are basically composed of transition-
metal-ion based localized orbitals and organic spin-delocalized SOMO’s. Spin
alignments in the entities are governed by orbital and topological symmetry. Thus,
magnetism-based functionalities are controllable in microscopic molecular terms
in the hybrid systems. Molecular design and synthetic molecular engineering for
exotic materials and chemical system materials are feasible. A typical example
is high-spin carbene-based paramagnetic porphyrins [Koga N, et al., personal
communications]. The other examples are novel neutral radical-based metallo-
oxophenalenyls with nonvanishing orbital angular momenta [327]. The above
two categories are for organic moieties which are extremely spin-delocalized.
For less spin-delocalized and weak spin-polarized organic parts, the concept of
the hybrid high-spin systems is also applicable [328, 329]. In the former two
hybrid systems, highly delocalized spins from the organic entity give robust
dynamic spin polarization network, establishing strong exchange-coupled molecular
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systems if transition-metal-ion sites are coordinated in such a way as dynamic
spin polarization or spin delocalization mechanisms are operative. For the latter

N-tert-butyl-N-aminoxyl-based manganese(II) and copper(Il) complexes, asymmet-
ric coordination of NO-based SOMO’s and nitrogen sites of pyrimidines with the
magnetic orbitals are elaborately performed, giving useful testing grounds for the
spin alignment in the hybrid molecular systems [328, 329]. Nevertheless, the sym-
metry reduction and the weak spin polarization occurring in the heterocyclic linkers
such as pyrimidine give ferromagnetic-antiferromagnetic competing effects. In the
dimerized hybrid exchange-coupled systems, through-space orbital interactions also
participate in the competition [328, 329]. Fine-structure and hyperfine-structure
ESR spectroscopy plays a crucially important role to characterize novel magnetic
properties in microscopic details. Ground and excited high-spin states originating
in such novel hybrid molecular systems give intriguing exchange coupling schemes
not documented so far. The research area is immature, but the relevant topics are
important in terms of chemistry and molecular materials science. Nevertheless,
the topics are not included in this chapter because of space. Genuinely organic
molecule-based super high-spin intermolecular clusters appearing in the crystal
edge are also an intriguing issue [330].

Also, genuinely organic molecule-based exchange-coupled systems with high
spin multiplicities are only briefly exemplified in Sect. 3.5.4. There have been
potentially important examples for intermolecularly exchange-coupled high-spin
systems in oriented or non-oriented media. Among them, well identified chemical
species are not many in terms of electronic-spin and molecular structures. In ESR
terms, resonance peaks due to intermolecularly exchange-coupled organic high
spins appear in the g =2 region because of both small spin-orbit couplings in
the ground state and apparently decreasing fine-structure constants: the decrease
is due to projection factors even if the magnitude of the exchange coupling is kept
constant. For these particular high-spin systems, 2D pulsed ESR-based electron spin
nutation spectroscopy is the most useful in identifying chemical species and deriving
spin Hamiltonian parameters. The latter procedure for quantitative evaluations of
the parameters can be carried out by invoking spectral simulation of 2D nutation
spectra as functions of resonance fields and transition moments in two dimensions.
We emphasize that the pulse-based transition moment spectroscopy requires the
accurate measurement of microwave irradiation power on resonance, which allows
us to evaluate an even small zero-field splitting parameter in very weakly exchange-
coupled chemical entities such as biradicals.

The nutation and transition moment spectroscopic techniques are also useful
for phosphorescence fine-structure ESR spectroscopy in the lowest excited triplet
state as well as in the excited high-spin multiplet states. Even extremely small
fine-structure parameters due to high symmetry of the molecular systems under
study can be detectable [279c, 331]. In this context, the pulse-based electron spin
nutation spectroscopy equipped with only one microwave frequency is a practically
useful and easy-to-access technique, while pulse-based ELlectron-electron DOuble
Resonance (pulsed ELDOR) spectroscopy has been the most powerful tool to
provide insights into small fine-structure parameters and exchange interactions with
molecular structural variables such as typically long spin-spin distances.
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Chapter 4
Novel Applications of ESR/EPR: Quantum
Computing/Quantum Information Processing

Kazunobu Sato, Shigeaki Nakazawa, Shinsuke Nishida, Robabeh D. Rahimi,
Tomohiro Yoshino, Yasushi Morita, Kazuo Toyota, Daisuke Shiomi,
Masahiro Kitagawa, and Takeji Takui

Abstract A qubit (quantum bit) is a quantum mechanical two-state system. The
qubit can afford to give an arbitrary superposition of quantum states, and it has
substantially higher complication than a classical bit. A canonical example of the
qubit is the matter spin with spin-1/2. Thus, electrons with the spin quantum
number 1/2, as physical qubits, have naturally been anticipated for implementing
quantum computing and information processing (QC/QIP). Recently, electron spin-
qubit systems in organic molecular frames such as extremely stable radicals have
emerged as a hybrid spin-qubit system along with a nuclear spin-1/2 qubit, termed
molecular electron-bus qubits. Indeed, molecular electron spins are the latest arrival
as qubits. Among promising candidates for QC/QIP from the materials science
side, the reasons why electron spin-qubits such as synthetic electron spin systems,
i.e., unpaired electron spins in molecular frames, have potentialities for serving for
QC/QIP are briefly described in this chapter. Issues relevant to synthetic multi-
electron qubit systems are important for the implementation of qubit scalability, but
are not included. Compared with NMR-based QC/QIP, pulse ESR-based QC/QIP
is totally immature, simply because of the intrinsic technical restrictions and
decoherence inherent in electron spins in ensemble physical systems. In terms of
the linkage between QC/QIP and pulsed electron magnetic resonance as enabling
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ensemble-spin manipulation technology, there are many important and emerging
issues. The linkage between QC/QIP and chemistry or materials science is also
important, providing insights into the quest for practically scalable spin qubits. In
this chapter, we only emphasize that current pulsed electron magnetic resonance
enables us to manipulate an electron spin and nuclear spin qubits in an equivalent
manner. Super dense coding (SDC) experiments by the use of pulse ENDOR are
introduced to understand QC ENDOR and how it differs from QC NMR based
on modern nuclear spin technology. Direct observation of the spinor inherent in
an electron spin, detected for the first time, will be shown in connection with
the entanglement of an electron-nuclear hybrid system (the simplest electron-bus
system).

4.1 Introduction

4.1.1 General Introduction

During the last decades, implementation of quantum computers, which are con-
ceived of all the advantages of quantum computing (QC) and quantum information
processing (QIP), has been the focus of the contemporary issues in quantum
science and related fields [1, 2]. Among various physical systems for qubits, photon
qubits have recently been utilized for quantum information communications in
our ordinary life. Quantum cryptography has been used to protect Swiss Federal
Election in October, 2007 against hacking into the database or accidental data
corruption. Also, in October, 2010, field work on quantum communication was
carried out in Tokyo. These exemplify that QC/QIP is a really emerging technology
from the practical side. QC/QIP technology promises to solve problems that are
intractable on currently available digital classical computers.

Quantum algorithms can reduce the CPU time for some important problems by
many orders of magnitude. An important advantage of QC is the rapid parallel
execution of logic operations carried out by quantum entangled (superposition)
states. For example, with the same input and output, the quantum processing of
given information data represents exponential speed-up for factorization by the
Shor algorithm [3] and quadratic speed-up for search problems using the Grover
algorithm [4]. Also, by the implementation of the quantum information algorithms
such as quantum teleportation [5] and quantum super dense coding [6], some
intrinsic advantages can be achieved compared with the classical information
processing. From the theoretical side, quantum information processing and quantum
computation have been established considerably well during the last decades [2].
A road map to the goal of building practical quantum computers (QCs) shows
problems to be solved such as the establishment and possible utilization of the
entangled states, the implementation of quantum simulators (digital or analog), the
preparation of scalable qubits, the creation and storage of quantum data bases and
the implementation of novel QC algorithms.
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4.1.2 What Is Entanglement?

This Section gives a brief description of entanglement between quantum states or
the entangled states, which constitute a central issue and necessary property for
QC/QIP. As well known, multi-partite systems are described by density matrix
formalism, which includes the statistical distribution of the multi-partite states and
the superposition of the states. This implies that entangled states are primarily
included in the treatment.

The superposition of the states is described by a linear combination of the
eigenstates. For simplicity, we consider a bi-partite system whose parts, A and B,
are simple qubits. Their eigenvalues are 0 and 1. For the two-qubit system, we have
the following four basis of product states:

{10a0g >, |0alp >, |1A0g >, [1alg >}

These four basis vectors span a four-dimensional complex vector space, implying
that the tensor product, i.e., the Hilbert space of the two qubits A and B is isomorphic
to the four-dimensional Hilbert space of the two-qubit system. In other words, the
tensor product composed of the one-qubit subspaces does not cover all the states of
the four-dimensional Hilbert space. In the four-dimensional Hilbert space, another
basis is available, defined as

I\I"eveni > = ( |OA0B > :bllAlB > )/21/2
and
|Woaa™ > = (|0a1p > £|1405 > )/2"?

where the states |‘-I-'evenjE > are the superpositions of the product states in which
the qubit spins are parallel, called even parity states. The states |Woqq™ > are the
superpositions of the odd parity states. The basis given by the four states, |Weyen™ >
and |\IJO@1dﬂE >, consists of entangled states, called the Bell basis. Thus, a state of a
compound system such as AB is termed “entangled” if the state cannot be described
as a single tensor product of the subsystem states. When a compound system is
written by a single product, the state is unentangled or separable. The above four
states are maximally entangled ones, for which the density operators for A and B
are pp = pg =1/2.

4.1.3 An Electron Spin as an Inherent Matter Spin-Qubit

In view of the implementation of QC/QIP, an electron spin itself as a matter qubit
naturally given in the molecular frame has only lately appeared in the research field
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of QC/QIP. An electron spin with the spin quantum number 1/2 is an inherent spin
qubit, to which spinor property belongs as a result of quantum relativistic effects.
The spinor is a physical quantity of quantum phase that plays an essential role
in QC/QIP, but never experimentally nor explicitly observed so far in contrast to
a nuclear spin-1/2. Direct observation of the spinor of an electron spin has been
detected for the first time in connection with the entanglement of an electron-nuclear
hybrid system (the simplest electron-bus system). Some highlighted parts of the
observation will be shown in this chapter.

Recently, electron-spin qubit systems in “organic” molecular frames have
emerged as a hybrid spin-qubit system with a nuclear spin-1/2 qubit [7-13], where
“hybrid” designates the physical qubits composed of electron and nuclear spin-
qubits. Here, the electron spin qubit plays a role of “bus”, termed by M. Mehring.
Physical realization of genuine electron-spin qubit based QC/QIP in the molecular
frame is another issue to be tackled by synthetic chemists. This issue is closely
linked to the building up of periodic one-dimensional spin assemblages, where a
minimum number of unpaired electron spins are embedded in a molecular scale and
in an addressable manner. The electron spins are designed to have non-equivalent
g-tensors in the molecular frame (g-tensor engineering).

Among many technologically promising candidates for physical matter qubits
[14-17], it is worth noting the reasons why an electron-spin qubit has been the
latest arrival in the field of QC/QIP. There have been two major drawbacks of
electron spin-qubits in molecular frames, when the unpaired electron spins are
utilized as matter qubits. One is a few but crucial technical difficulties intrinsic to
decoherence time of the electron-spin qubit, compared with nuclear spin-qubits,
and the other is the difficulty in the preparation of the assemblies of the matter
electron spin-qubit in terms of materials science: The decoherence time is three
orders of magnitude shorter than that of nuclear spin-qubits. This is the case
for both in-ensemble electron spin and single-molecule based QC. The issue
of decoherence is one of the apparently intractable obstacles for the physical
realization of realistic, practical electron spin-qubit based QCs. Taking advantages
of long decoherence intrinsic to nuclear spin-qubits and their resonant interactions
of radiofrequency pulses, as invoked by current spin manipulation technology, NMR
based QC/QIP has successfully illustrated the most significant achievement in terms
of implementation of quantum logic gates [2]. Recently, attempts for the quantum
entanglement based on electron-nuclear spin systems as matter qubits in ensemble
have emerged from the experimental side [7—13], referring to quantum information
processing [9, 10, 12]. The entanglement between two 1/2-spins is essential in
quantum information science. The occurrence of the entangled spin states in a
crystalline solid becomes an important event in solid-state quantum computing. We
have applied pulse-based electron-nuclear and electron-electron multiple magnetic
resonance (EMR/ENDOR/ELDOR) techniques to molecular spin-based qubits,
implementing the ensemble quantum computing in solids [7-13]. This chapter
describes only some parts of our work on ENDOR based QC/QIP and important QC-
ENDOR related spin techniques recently carried out by other groups, particularly by
Mehring and coworkers.
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The second drawback described above, i.e., the difficulty in the preparation of
the assemblies of matter electron spin-qubits in molecular frames is closely relevant
to an issue of the scalability of qubits for practical true QCs. Indeed, the issue is
a materials challenge for chemists and in this context chemistry for QC/QIP is a
new field in terms of synthetic strategy. This is an important issue for implementing
realistic scalable QCs, but beyond the scope of this chapter.

Any practical QC has to fulfill DiVincenzo’s five criteria [18]. Thus, in im-
plementing molecule-based QC ENDOR, the five criteria are the starting point.
Particularly, the first criterion, i.e., well defined and scalable qubits, has to be ampli-
fied: Molecular hybrid spin-qubits are chemically identified and well characterized
in view of molecular and electronic-spin structures. The magnetic tensors of the
targeted qubits, the g tensor for bus electrons or hyperfine/quadrupolar tensors for
client nuclei, should be determined experimentally prior to the use of the defined
qubits. Obviously, the anisotropic tensors are for solid-state QCs and isotropic
principal values for QC/QIP in isotropic media like solution.

4.2 A Basis of Spin Manipulation Technology for QC/QIP

4.2.1 Fourier-Transform ESR/ENDOR Spectroscopy:
Pulse-Based ESR/ENDOR as Enabling Spin Technology

In the preceding Section, the QC ENDOR technology has briefly been described.
Referred to quantum gate operations for QC/QIP, currently there is nothing to
do with CW ENDOR in view of spin-qubit manipulation technology. The matter
spin qubit based QC/QIP experiments essentially involve the time evolution of
relevant quantum spin states. We now come to different aspects of electron magnetic
resonance technology, in other words the issues of spin manipulation in the time
domain. The issues are to manipulate both electron and nuclear spins in molecular
frames in terms of their time evolution and phases, which enable us to discriminate
between any quantum spin states against the decoherence. The key technology is
the introduction of Fourier-transform techniques to electron magnetic resonance,
which makes us utilize intense pulses of MW and RF (radiofrequency) irradiations
to generate a coherent superpo