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Knowing without seeing is at the heart of
chemistry.

—Roald Hoffmann
(The Nobel Prize in Chemistry 1981)

HDR0 W E R O & 5 THNIEH HIE L,
BT > TABEM R L F 2+ ETHEREREZ L - TL 5,

— [FMoghE] Xy

—XKenichi Fukui
(The Nobel Prize in Chemistry 1981)

Two quotes from Prof. Hoffmann and

Prof. Fukui, who were awarded the Nobel
prize in chemistry in 1981, are written above.
Both the great scientists were supervisors of
Al (last author), who was the supervisor of
YA (first author) and YO (second author).
Professor Fukui’s Japanese quote, from his
Japanese book, roughly means that “the more
you conduct a study in areas distant from
your own academic field, the more creative
your later work will be”. Additionally, when



Al was Prof. Fukui’s student, he distinctly
remembers the unforgettable words from him
—*“there is no need to read a lot of papers, but
it is essential to read a few important papers
in detail between the lines and extract some
important concepts from there”. The
treatments introduced in this monograph are
not intended for general use as a text book but
are definitely original and more or less
affected by the thinking of these two great
scientists. Although highly efficient advanced
supercomputers are now available, we still
believe that the concepts pursued in the early
quantum chemistry period (1930s) must be of
permanent importance in the cultivation of
new fields or the further development of an
existing field.

August 2016 Yuriko Aoki
Yuuichi Orimoto
Akira Imamura



Preface

This monograph aims to summarize an overview of theoretical research in organic
material design by means of quantum chemical approaches based on the molecular
orbital theory from primary Hiickel to ab initio levels of theory. Most of the con-
tents are based on our own approach to identify simple and efficient guidelines for
magnetic design, which have not been described in other books.

There has been long-term interest in magnetic. The magnetic properties of some
metals have been known and utilized since ancient times, while organic- and
molecule-based magnets have been investigated as replacements for metallic
magnets in charge transfer complexes, organic radical magnets, ferri-magnets, and
so on, since the early 1980s. From an economic point of view, newly synthesized
organic polymer magnets must display advantages over traditional inorganic metal
or metal oxide magnets in functional flexibility, substantial weight savings, and
facile processibility over their life cycle.

This monograph comprises five chapters. In Chap. 1, we survey the historical
aspects of various current and potential applications of magnetic properties. In
Chaps. 2 and 3, we describe a quantum chemistry approach, together with its
mathematical background, that may be used to find hydrocarbon systems with
degenerate non-bonding molecular orbitals (NBMOs) that interact with each other
(Chap. 2) and identify high-spin-preferred systems using an analytical index that
allows the simple design of high-spin systems while considering correlation effects
(Chap. 3). In Chap. 4, we show our own method, used to analyze the effect of
high-spin stability (the dominant contribution to this stability comes from exchange
terms) through orbital interactions. For this purpose, we develop our own treatment
called the through-space (TS)/through-bond (TB) interaction analysis method, to
understand how high-spin stability may be realized by considering the interaction
between NBMO radicals through bonds (within a molecule) or through space
(within a molecule or between molecules). Finally, in Chap. 5, we show how to
extend the methods discussed in Chaps. 2—4 to large systems. The elongation
(ELG) method, which we have been developing since early the 1990s, is a very
efficient finite cluster approach that is available for both the Hartree-Fock (HF) and
post-HF levels of theory. This method follows to the procedures for building up a

vii



viii Preface

large system at a time by adding small units to an appropriate size of cluster and
growing the cluster with order-N (O(N)) computational time. In Chap. 5, we present
some applications that are utilized for modeling solvation effect using the polar-
izable continuum model (PCM) method and, particularly, the minimized mixing
molecular orbital (MMMAO) localization process for non-bonding molecular orbi-
tals. The MMMO localization, a unique and simple method, can be applied very
efficiently to open-shell part of organic polyradicals with great reliability and stable
convergence in the self-consistent field (SCF) calculations during the ELG process
under the PCM, called the MMELG-PCM method. Some applications that show the
efficiency with O(N) and accuracy of the ELG approach are presented by imple-
menting it to various open-shell polymers and dendrimers. Although the ELG
method has been continuously developed in our laboratory since the first publish in
1991 by Al et al., there is still room for further development and improvement to
utilize it for magnetism. Future prospects are given in Chap. 6 together with a
concluding summary. The content of this monograph is a very basic and funda-
mental, and so we hope it would be a help for the study of young researchers who
are going to learn quantum chemistry related to magnetic property.

There are thousands of papers published on organic magnetism, both experimental
and theoretical, but we have cited only part of them in the references as the result of
space limitations. In addition, this monograph is a type of magnetic version of a
previously published SpringerBriefs on NLO properties for large systems entitled
“Calculations on Nonlinear Optical Properties for Large Systems: The Elongation
Method,” where YA is a common author; in this manuscript, the fundamental con-
cepts of the ELG method are described with some applications. The interested reader
is therefore referred to the above-mentioned SpringerBriefs to discover further details
about other applications of the ELG method in NLO functionals.

August 15, 2016
(82nd Birthday of Al)

Kasuga, Japan Kasuga, Japan Hiroshima, Japan

Yuriko Aoki Yuuichi Orimoto Akira Imamura
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Chapter 1
Survey of Organic Magnetism

Abstract In this chapter, we initially give an overview of magnetism and briefly
discuss the advantages of “organic ferromagnetism.” Next, we review the many
rules and indices used for predicting ferromagnetism that are proposed in the
frameworks of molecular orbital methods and valence-bond theory. We introduce
two types of strategies for designing ferromagnetic systems: “inter-molecular spin
alignment (molecular magnets)” and “infra-molecular spin alignment (high-spin
polymers).” Finally, we mention the theoretical approaches used to understand and
predict magnetism in larger systems, namely, statistical treatment using the Ising
model and quantum chemistry calculations for large systems.

1.1 Overview

Magnetism exists in three general types: ferromagnetism, paramagnetism, and
diamagnetism. In this section, these types of magnetism are briefly introduced. The
effect of temperature on magnetism is also mentioned.

1.1.1 Ferromagnetism

Figure 1.1 illustrates ferromagnetism (a) and its relatives anti-ferromagnetism
(b) and ferrimagnetism (c, d). In systems exhibiting these types of magnetism, the
electron spins interact with each other. As a result, electron spin alignment occurs,
even in weak external magnetic fields. With the exception of anti-ferromagnetic
compounds, these species exhibit spontaneous magnetization. In other words,
magnetic materials of these types have intrinsic magnetic moments. These types of
magnetism can be described as follows:

e Ferromagnetism (Fig. 1.1a): the electrons’ spins align parallel because an
exchange interaction causes neighboring electrons’ spins to be in the same
direction. Ferromagnetism is further divided into two types: hard and soft

© The Author(s) 2017 1
Y. Aoki et al., Quantum Chemical Approach for Organic Ferromagnetic Material Design,
SpringerBriefs in Electrical and Magnetic Properties of Atoms, Molecules, and Clusters,

DOI 10.1007/978-3-319-49829-4_1
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ferromagnetism, which are associated with the presence of impurities in the
system. A hard magnetic material contains impurities, while a soft one does not.
The presence of impurities prevents the electron spins from flipping their spin
direction. As a result, a hard magnetic material can maintain its magnetism for
an extended period after removal of the external magnetic field (this feature is
called residual magnetization), while a soft magnetic material demagnetizes
quickly after removal of the external magnetic field.

Antiferromagnetism (Fig. 1.1b): the electrons’ spins align anti-parallel because
an exchange interaction causes neighboring electrons’ spins to be directed
opposite to each other. The up- and down-spins cancel, resulting in zero mag-
netism (i.e., no spontaneous magnetization).

Ferrimagnetism (Fig. 1.1c, d): the electrons’ spins align anti-parallel for the
same reason as described for antiferromagnetism. However, the number
(Fig. 1.1c) or magnitude (Fig. 1.1d) of up-spins is different from that of
down-spins. The imbalance of up- and down-spins leads to spontaneous
magnetization.

1.1.2 Paramagnetism and Diamagnetism

e Paramagnetism: in a paramagnetic material, the electrons’ spins do not interact

with each other. As the result, electron spin alignment generally occurs only in
the presence of a strong external magnetic field (Fig. 1.1e). Each spin in the
system aligns parallel to the magnetic field.
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e Diamagnetism: in a diamagnetic material, a small magnetic moment occurs
anti-parallel to an applied external magnetic field because of electromagnetic
induction. Diamagnetism is an inherent property of all materials, and it doesn’t
be related to the presence of free-radical electron spins.

1.1.3 Effect of Temperature on Magnetism

Temperature dependence is a basic feature of magnetism. With increasing tem-
perature, thermal fluctuations in the spin direction increase. In a paramagnetic
material, the magnetic moment of the system M is proportional to the external
magnetic field H:

M = yH. (1.1)

In this equation, y denotes the magnetic susceptibility, which follows Curie’s law at
around room temperature:

’= , (1.2)

where the T is the absolute temperature.

In a ferromagnetic material, the relationship between temperature and magnetism
is complicated by the involvement of inter-spin interactions. Figure 1.2 shows the
temperature dependence of spontaneous magnetization in a ferromagnetic system.
When the temperature is low, large spontaneous magnetization is present because
the exchange interactions are dominant compared to the temperature effects. At
higher temperatures, the electron spins become disordered and overcome the
exchange interactions, which eventually results in paramagnetism. The temperature
at which the spontaneous magnetization of a ferromagnetic material disappears is
called the Curie temperature T¢. At temperatures above T¢, the magnetic suscep-
tibility y follows the Curie—Weiss law, which can be expressed as

Fig. 1.2 Temperature
dependence of spontaneous
magnetization in
ferromagnetic systems. 7.
indicates Curie temperature

Spontaneous
magnetization

BB

8863

¢ Temperature
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const.
= 13
L=T T, (1.3)

1.2 Why Organic Ferromagnetism?

The main focus of this book is “organic” ferromagnetism. Why organic ferro-
magnetism? To answer this question, we begin by discussing the features of
inorganic ferromagnetism. We then describe the advantages of organic ferromag-
netism compared with inorganic ferromagnetism and highlight the potential
applications of organic ferromagnetic materials in the development of new
high-performance innovative materials. Moreover, organic—inorganic hybrid sys-
tems, including supramolecular systems, are briefly mentioned.

1.2.1 Inorganic Magnets

In inorganic magnets containing transition-metal atoms, the presence of unpaired
internal d- or f-type electrons plays an important role in magnetism (Fig. 1.3a). In
general, strong magnetism and high transition temperatures are expected in such
inorganic materials. The main weak points of inorganic magnets are (1) their
heaviness, and (2) the use of rare (earth) metals.

Potentially lightweight
lym, materials, High T¢, and
(Chemic f’? J,e . Multi-function, etc.

o
[ Organic radical battery (C)

High spin polymer
m-network
Artificial DNA
(d) 0
Hybrid
Inorganic g Supra-molecule Organic
(b)
Secondary battery

(a) Organic magnets (crystal)

Inorganic magnets

Heavyweight materials C ! Lightweight materials
Te: High rysta Te: Low
(Atom, molecule)

Fig. 1.3 Overview of magnetism and its applications: a inorganic and b organic magnetic
crystals; ¢ organic magnetic polymer; d organic-inorganic hybrid system
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1.2.2 Advantages and Potential Applications
of Organic Magnets

Organic magnets are expected to have potential as new innovative materials
because: (1) they are generally lightweight, (2) they exhibit the properties of plastic,
(3) they are prepared from abundant raw materials (i.e., they are free of rare
metal(s)), (4) their magnetic properties are tunable, and (5) their magnetism may be
coupled with other properties. In general, however, radical electrons in organic
systems are highly reactive (i.e., unstable) and easily form chemical bonds. Thus,
the realization of organic magnets remains a challenge.

The transition temperatures (T¢) of magnetic crystals based on small organic
molecules (Fig. 1.3b) are generally too low to permit practical use because the
through-space (TS) exchange interactions between molecules are generally weak.

In addition to molecular crystals, many efforts have been made to align the
electron spins in polymers (Fig. 1.3c). The main driving force for this alignment is
an intramolecular exchange interaction through bonds using the mw-network. As the
result of strong through-bond (TB) exchange interactions, a high-spin polymer is
expected to show ferromagnetism at higher temperatures. For example, Rajca et al.
synthesized a ladder-type high-spin polymer, which showed very high spin mul-
tiplicity (Fig. 1.4) [1-4]. High-spin polymers have the potential to show both
coupled- and multi-functions induced by their m-networks, for example, “mag-
netism + conductivity” [5, 6]. One of the applications of high-spin polymers is in
organic radical batteries (ORBs) (Fig. 1.3c) [7-10]. An ORB in which
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (Fig. 1.5a), poly(2,2,6,6-
tetramethylpiperidinyloxy methacrylate) (PTMA) (Fig. 1.5b), and Li were used
as the radical source, cathode active material, and anode active material, respec-
tively, was proposed [7]. As another example, an all-organic radical battery has
been proposed [8—10]. Figure 1.5¢ (charging), d (discharging) show schematic
illustrations of the reactions in an ORB; at each electrode, the reduction/oxidation

Fig. 1.4 High-spin polymer synthesized by Rajca et al.
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Fig. 1.5 Organic radical batteries. a Redox reactions of TEMPO and b PTMA. Schematic
illustrations of ¢ charging and d discharging reactions in the battery

reaction of the nitroxide radical controls the charge/discharge process. As a
molecular stacking system, a molecular spin battery was proposed [11].

Organic—inorganic hybrid systems (Fig. 1.3d) are also recognized as potential
magnetic materials. Metal complexes (for example, [12-14]) and supramolecules
(for example, [15-17]) have been actively investigated for the purpose. Various
types of artificial DNA have also attracted interest for their numerous potential
properties including magnetism (for example, [18, 19]).
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1.3 Development of the Disjoint and Non-disjoint
Concepts in Organic Systems

The field of organic- and molecule-based magnetism began in Japan almost five
decades ago [20, 21]. Around four decades ago, Itoh predicted that polycarbenes
should have high-spin ground states [22]. Qualitative theoretical approaches based
on Hiickel theory were reported to describe the multiplicity of the ground states of
large alternant organic molecules with conjugated bonds [23] and the band struc-
tures of nonclassical polymers [24]. In the last three decades, Iwamura et al.
designed a molecular assembly of diphenylcarbenes having intermolecular ferro-
magnetic interactions [25]. They also discussed the potential use of polycarbenes as
microdomains in macroscopic ferromagnets and investigated the magnetic behavior
of a nonet tetracarbene as a model for one-dimensional organic ferromagnets [26,
27]. This area has become one of the most important fields of material science in
Japan (for example, [27-33]) and internationally (for example, [34—41]).

In the last two decades, many experimental and theoretical reports relating the
design of new magnetic materials based on organic, inorganic, and hybrid mole-
cules to their functional properties have appeared (for example, [42-57]).
Furthermore, Rajca [2, 3, 58—62], Nishide [63-80], and other experimentalists and
theoreticians (for example, [81-85]) have extended hydrocarbon-based magnetic
compounds to include one- and two-dimensional systems, ladder-type structures,
and systems containing hetero-atom radical centers. One can get more references in
some review books (for example, [86]) and more historical information on the long
term development by both theoretical and experimental ways in magnetic properties
of organic materials. Recently, highly accurate ab initio molecular orbital (MO)
calculations, together with remarkable developments in supercomputer technology,
have resulted in an increase in the use of theoretical techniques in the molecular
design of organic ferromagnets.

The synthesis of novel organic materials based on the theoretical design of
magnetic property is emerging as an advanced approach of modern organic
chemistry. Magnetism resulting from the interactions of electron spins requires a
large number of unpaired electrons. Ferromagnetism caused by the coupling of
electron spins is essential to produce magnetic materials. In practice, however,
keeping a high-spin state permanently is not as easy as in theory. In recent years,
many studies of high-spin organic molecules (those with S = 1 (triplet) or greater)
have provided valuable insights into the spin-coupling mechanisms available to
organic structures as well as several general approaches for the preparation of
high-spin materials. Nowadays, a hybrid experimental-computational approach is
popular to find stable organic high-spin systems as cited in the top of this section,
not only for ferromagnets, but also for potential applications in spin batteries,
magnetic storage devices, and optical and conducting materials. In particular, there
is a desire to manipulate the interrelationships between optical, conducting, and
magnetic properties.
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The molecular design of organic ferromagnets requires the construction of
organic molecules with high spin multiplicities and the introduction of inter-
molecular ferromagnetic interactions. At the Hiickel level, we developed a simple
rule that states that the combination of two molecules that contain special sites
where one molecule has no MO coefficient and the other molecule has no or some
MO coefficients (a so-called 0—* combination, explained in Chap. 2) maintains the
original degenerate MO energy levels, even after the combination, if the two
energies are the same [87]. We were then inspired by the work of Borden and
Davidson (B&D) [88] and noted that if two carbon sites belonging to different
molecules both have no MO coefficients, the system should be classified as “dis-
joint”; if one of the two sites has nonzero MO coefficients, the system should be
classified as “non-disjoint”. The “disjoint” and ‘“non-disjoint” concept has been
confirmed using variational principles in MO calculations without any approxi-
mation in the framework of the Hiickel method (see Chap. 2). B&D explained that,
if the Hiickel non-bonding MOs (NBMOs) cannot be localized to disjoint groups of
atoms, the energy of the triplet lies well below that of the corresponding open-shell
singlet at the Self-consistent field (SCF) level. The system then corresponds to a
“non-disjoint” system. Additionally, the fact that a 0—* combination between two
molecules produces a “non-disjoint” organic molecule leads to the stabilization of
the triplet state.

The treatment proposed in this chapter provides one method of solving the
problem of how to make “disjoint” or “nondisjoint” organic ferromagnets by
combining two or more molecules. The results obtained seem consistent with those
obtained using the spin polarization mechanism, i.e., the “spin up and down rule,”
which has been used widely by experimentalists to judge whether molecules show
triplet or singlet states, although we have so far been unable to find any report that
provides a mathematical proof. We show in Chap. 2 the mathematical basis of our
approach developed for the prediction of organic high-spin systems. Before that, in
this chapter, we describe some of the basic general features of m-conjugated
molecules.

1.3.1 Alternant and Non-alternant Hydrocarbons

Conjugated hydrocarbons are classified as alternant or non-alternant. Alternant
means that stars (*) can be put on alternating carbon atoms with no two stars
adjacent. Alternant hydrocarbons can be further sub-classified as even alternant or
odd alternant. In even-alternant hydrocarbons, the numbers of starred (*) and
unstarred (unmarked) carbon atoms are equal in principle; the numbers of starred
and unstarred carbon atoms are not equal in odd-alternant hydrocarbons. Since the
number of stars in an odd-alternant or non-alternant hydrocarbon is always maxi-
mized, the numbers of starred carbon atoms in these systems must be greater than
their numbers of unstarred carbon atoms by at least one. The left-hand side of
Fig. 1.6 shows examples of even-alternant hydrocarbons (first two lines) and
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Fig. 1.6 Examples of alternant and non-alternant hydrocarbons

odd-alternant hydrocarbons where one unpaired electron remains (last line). The
right side of Fig. 1.6 shows non-alternant hydrocarbons, in which it is not possible
to star alternating carbon atoms without marking two adjacent centers. If a system
includes a ring with an odd number of carbon atoms, it must, in principle, be
classified as non-alternant.

1.3.2 Kekulé and Non-Kekulé Molecules

Since the predictions of qualitative resonance theory of unsaturated hydrocarbons
we reanalyzed in terms of LCAO MO theory [89], numerous theoretical analyses of
the electronic states and physical properties of unsaturated hydrocarbons have been
reported in conjunction with experimental data (for example, [90-94]).

Before discussing the high-spin ground states of hydrocarbons, we describe
Kekulé and non-Kekulé forms. Kekulé suggested the structure of benzene in which
the carbon atoms are arranged in a hexagon with alternating double and single
carbon—carbon bonds [95]. Based on this suggestion, there are two bonding
arrangements (two alternation patterns) possible for benzene; however, the true
structure is considered to be in between the two Kekulé forms as a result of
resonance. Similar Kekulé-type conjugated molecules are depicted in the left-hand
side of Fig. 1.7.

Kekule Non-Kekulé

~ A 0L
ﬂ 5

Fig. 1.7 Kekulé and non-Kekulé forms of conjugated molecules
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A well-known approach for the development of high-spin organic molecules is
the control of TB exchange in a conjugated molecule, which should be related to
the non-Kekulé forms illustrated in the right-hand side of Fig. 1.7. Non-Kekulé
conjugated molecules have two or more formal radical centers and are traditionally
believed to be stable in high-spin states. However, several non-Kekulé hydrocarbon
structures were found that did not conform to this belief, being addressed as “vi-
olations of Hund’s rule in non-Kekulé¢ hydrocarbons” [96]. Disjoint NBMOs in
B&D’s classification mentioned above can explain these exceptional non-Kekulé
molecules.

Theoretical approaches such as Hiickel theory were developed beginning in the
1950s and seem outdated. However, highly accurate treatment of large open-shell
systems at ab initio levels is also still demanding, even with the most advanced
recent supercomputers, and so, for many complicated problems related to electron
correlation effects, a qualitative discussion is therefore inevitable. In this context,
these old and simple treatments are still useful to predict the possibility of high-spin
stability without or before performing heavy calculations. Therefore, a hybrid
approach involving a combination of the old concepts and high performance
ab initio computations must be employed to design open-shell functional materials
and may be helpful for the synthesis of new organic ferromagnets or related
functional compounds. There are many recent theoretical reports describing
high-level calculations related tonon-Kekulé molecules (for example, [97-99]). We
are attempting to develop a theory based on hybrid Hiickel level-ab initio level
calculations for the efficient treatment of large open-shell non-Kekulé systems. We
introduce the mathematical evidence behind our simple concept to find disjoint and
non-disjoint systems at the Hiickel level in Chap. 2 and then present a novel
treatment extended to ab initio levels of theory in Chap. 5.

1.4 Index for Finding High-Spin State

Many rules and indices have been proposed for predicting low-spin or high-spin
state. These are mainly classified into two types, that is, MO-based approaches and
approaches based on valence bond (VB) theory [100].

1.4.1 Molecular-Orbital-Based Index

Hund’s rule [101, 102] states that when a system has energetically degenerate
NBMOs the electrons tend to occupy each NBMO with a parallel spin configuration
(see Fig. 1.8). Thus, when designing a high-spin molecule, it is important to gen-
erate as many degenerate NBMOs as possible. On the other hand, it should be noted
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Fig. 1.8 Hund’s rule Hund’s rule
concerning electron-spin

arrangement in degenerate + + |:>

MOs, and Jahn—Teller effect 'H'
leading to MO degeneracy Jahn -Teller

breaking distortion

that Jahn—Teller distortion (for example, [103]) often breaks the MO degeneracy,
resulting in a low-spin ground state.

In 1950, Longuet-Higgins proposed a MO approach to count the number of
NBMOs (NNBMO) in alternant hydrocarbons by [89]

NVBMO — N 2T (1.4)

where the N is the number of carbon atoms and the 7 is the maximum possible
number of double bonds. Then, the spin angular momentum s can be obtained by

1 1
=_N"M0 = (N —2T). 15
s=3 SN —27) (15)
For example, as shown in Fig. 1.9a, meta-phenylenedimethane is expected to

have two NBMOs (s = 1), whereas the para- and ortho-isomers have no NBMOs
(s =0).

() meta- para- ortho-
CH,
H,C CH, |-|2c/|/i;/r H,C? }
N-2T=8-2x3=2 N-2T=8-2x4=0 CH,
N-2T=8-2x4=0
(b) i ¥ ¥ 4
t t t o t t
t t t ‘
H,C” X } CH, Hzgz f ‘ HC
IN.-N,| = 5-3 =2 IN-N,| = 4-4=0 ¥ CH,
IN,=N,| = 4-4 =0

Fig. 1.9 Rules for counting radical electrons using a MO approach based on numbers of carbon
atoms and double bonds and b VB (=HB) approach based on numbers of up- and down-spins.
Phenylenedimethane isomers are selected as examples. See main text for details
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1.4.2 Valence-Bond-Theory-Based Index

In 1978, Ovchinnikov proposed a VB-based rule for predicting s by the simple
formula [23]

1
s:§|NT—Nl|, (1.6)

where N; and N, indicate the numbers of up- and down-spins, respectively. In this
rule, adjacent carbon atoms are alternatively assigned T and | spins (see Fig. 1.9b).
Then, Eq. (1.6) provides s by counting the numbers of up- and down-spins. This
technique gave the same conclusions for phenylenedimethane isomers as the
MO-based method.

In the Heisenberg (HB) model [104], the spin Hamiltonian among more than two
sites is expressed as

Hyg = =2 JaSa - Sh, (1.7)
a,b

where the S, indicates the spin angular momentum operator on the spin site a, and
Jup» 18 an effective exchange integral between sites a and b; in the VB approach,
a and b indicate atomic orbitals. J,, can be described using an exchange integral
K., and an overlap integral S,;, by (for example, [105])

Jab = Kap — ¢S%,, (1.8)

where c is a positive constant.
At the ab initio MO level, J can be expressed in terms of the total energy and the
expectation value (S?) after approximate spin projection as follows [106]:

J= (B = ) /(8" -(3)7), (1.9)

where HS and LS denote high- and low-spin states, respectively, and this treatment
has been developed (for example, [107-113]).

Finally, in addition to the indices introduced here, many other rules and criteria
have been proposed for judging ferromagnetism (for example, [114—117]).

1.5 Strategy for Ferromagnetism

Exchange interactions between radical electrons play an essential part in the fer-
romagnetism of a system. To obtain ferromagnetic systems, we have to arrange
radical spins by controlling the exchange interactions. There are two main types of
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strategies used for the design of ferromagnetic systems while taking into account the
exchange interactions: the first is aimed at the development of radical crystals using
TS intermolecular interactions, and the second focuses on the preparation of radical
polymers using intramolecular interactions, in which the leading interaction occurs
through bonds (see Fig. 1.10). The concept of TS and TB interactions was origi-
nally proposed by Hoffmann et al. in 1968 [118]. The concept divides various
interactions into two categories: those that occur through space and those that occur
through bonds. The concept of TS/TB interactions has been widely used to explain
various experimental phenomena (for example, [119-122]).

1.5.1 Approach to Radical Crystals

In the design of radical crystals by stacking small radical molecules (Fig. 1.10a)
(for example, [115, 123, 124]), the TS exchange interactions between the molecules
are the dominant contributors to the ferromagnetic properties of the whole system.
Many magnetic systems based on the stacked molecule approach have been
investigated from both theoretical and experimental standpoints, and various
organic molecule-based radical crystals [49, 125-134], including nitronyl nitroxide
(NN)-based crystals (for example, [135, 136]) and charge-transfer salt crystals [33,
137], have been proposed. As a special case, radical crystals designed to merge
magnetic and conduction properties have been investigated using this approach
[5, 6].

Fig. 1.10 Strategies of (a) (b)

producing a radical crystals
and b radical polymers

T+ 11
HEHPD |+++4+
+ 442

Radical crystal Radical polymer
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1.5.2 Approach to Radical Polymers

In the design of radical polymers by arranging as many radical spins as possible in a
system (Fig. 1.10b) (for example, [21, 22, 138]), intramolecular TB exchange
interactions such as m-conjugation are the essential factors for defining magnetic
properties. In general, TB-type exchange interactions are stronger than TS-type
interactions. Thus, radical polymers are expected to have T values much higher
than those of radical crystals. In practice, polymers with very high spin multi-
plicities, such as those shown in Fig. 1.4, have been reported by Rajca [2] and
Rajca and Rajca [1, 3, 4]. In addition, a hybrid strategy that fits between the TS and
TB approaches has also been proposed (for example, [30]).

Various systems based on the radical polymer approach have been investigated
both theoretically and experimentally. In particular, magnetic systems that use nt- or
mixed m/c-networks have been actively studied [35, 139-147]. We can roughly
classify the systems from the viewpoint of the system dimensionality. For (quasi-)
one-dimensional systems [148—160], disjoint/non-disjoint composite bands [161]
and finite-fused-azulene chains [162] have been proposed, among others for
example. In the case of two-dimensional systems [163—-169], graphene-based sys-
tems [170, 171] such as graphene-nanodots [172] and graphene-nanoribbons [173]
have been investigated, for example. Using the TS-TB mixed approach, spin
alignment through hydrogen bonds [174—176] and inter-chain (inter-layer) inter-
actions between (quasi-)one-dimensional (two-dimensional) magnetic polymers
[177, 178] have been investigated, among others [179].

1.6 Ising Model: Theoretical Approaches to Large
High-Spin Systems (I)

Magnetism is strongly related to temperature and is often described using statistical
mechanics. Here, we review the statistical treatment of magnetics called the Ising
model [180-182]. Figure 1.11a shows a typical Ising model. In a system, N-spins
are placed on the lattice one-by-one. Each spin has a magnetic moment u and has
one of only two possible states, i.e., the up-spin state (+1) or the down-spin state
(—1). For simplicity, each spin interacts only with the nearest neighboring spin(s) in
the two-dimensional space. In the Ising model, the Hamiltonian of a system in an
external magnetic field H can be described by

H:—JZGiJj—HHZUi, (1.10)
i i

where the coupling constant J defines the features of the magnetic interaction
between electron spins, and J > 0 and J < O indicate ferromagnetic and antiferro-
magnetic interactions, respectively.
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By means of the mean field approximation, we can assume that Eq. 1.10 can be
rewritten as the sum of the Hamiltonian for each spin site, H;:

H= ZH = Z (—Jz(o)o; — uHay), (1.11)

where z and (o) indicate the number of nearest-neighboring spins and the thermal
mean field of the spins, respectively. By considering the sum of states and
Helmholtz free energy, the mean value of the magnetization of the system can be
expressed as [183]

Magnetization = <Z 0i> = Ntanh(kgT) " (Jz(o) + uH), (1.12)

where kg is the Boltzmann constant. As another example, Fig. 1.11b shows the
Ising model for a one-dimensional N-spin system with periodic boundary condi-
tions. The Hamiltonian for the system can be expressed using the boundary con-
ditions as
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H:—JZJ,UH_I, where oy, = 0. (1.13)
=1

Finally, it should be noted that a quantum-chemistry (QC)-based treatment (for
example, [184]) beyond the classical Ising model has been developed in this field.

1.7 Quantum Chemistry Approach: Theoretical
Approaches to Large High-Spin Systems (II)

An understanding of inter-radical exchange interactions is an important factor in the
design of ferromagnetic systems. Furthermore, to achieve accurate designs, a
quantitative examination of the interactions should be required. QC calculations
that obviously treat electrons and their spin are candidates for analyzing the
exchange interactions (for example, [105, 110, 126, 130, 134, 136, 137, 144, 174,
176, 184—188]).

Ab initio QC was rapidly developed for the elucidation of reactions mechanism,
especially since the Nobel prize in chemistry was awarded to R. Hoffmann and K.
Fukui on 1981, concerning the course of chemical reactions by role of frontier
orbitals [189, 190]. Owing to recent remarkable progress of high performance
supercomputer, QC treatment is much more being developed to be applicable to
large systems. In this subsection, we introduce various QC techniques for
describing larger high-spin systems. There are several QC methods such as (semi-)
empirical MO, ab initio MO, and density functional theory (DFT) methods. In this
book, we focus on ab initio MO methods; the ab initio MO method is a
non-empirical theory, and the computational cost of a calculation is O(N°~*), where
N indicates the system size. Electron correlation effects can be included by per-
forming post-HF calculations (such as Meller—Plesset (MP) perturbation theory and
configuration interaction (CI) calculations); the cost of the post-HF treatment is
O(N>~"). Because ab initio calculations are very time consuming, they are normally
only useful for small molecules.

Recently, many fragmentation methods for closed-shell systems have been
developed in which the required computational time scales linearly with system
size. However, efficient and accurate methods for open-shell systems have rarely
been reported in QC, because the rapid increase in the active space of a large
open-shell system makes it difficult to treat large-scale CIs. Nevertheless, a precise
description that includes electron-correlation effects, at least for the open-shell part,
is necessary to predict the magnetic properties and temperature effects. Spin mul-
tiplicity is, in fact, very important in predicting T¢. Unfortunately, however, it is
difficult to obtain reliable 7~ values that include electron-correlation effects except
in the case of some qualitative prediction techniques that use pseudo-potentials.
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1.7.1 Open-Shell Ab Initio Molecular Orbital Methods
Jor Larger Systems

We review several methods beyond the conventional method that can be employed
to perform calculations for larger open-shell systems efficiently.

Open-shell elongation method. The elongation (ELG) method [191, 192],
developed in this author’s group, is a linear-scaling method that mimics the
polymerization reaction using a computer. Figure 1.12 shows a schematic illus-
tration of the open-shell ELG method procedures [193, 194]. First, a starting cluster
is computed as an open-shell system to obtain its canonical MOs (CMOs). The
CMOs then undergo a unitary transformation into two regional localized MOs
(RLMOs), i.e., active and frozen RLMOs localized to active (reaction terminal side)
and frozen (remaining) regions, respectively; this procedure is called the localiza-
tion step. A new monomer then attacks the active RLMO of the starting cluster.
Here, it is assumed that the frozen RLMOs to be far from the attacking monomer

Fig. 1.12 Open-shell ELG (a) CMO
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and that there is no interaction between them. The eigenvalue problem is solved
within the open-shell scheme only for the interaction space consisting of the active
RLMOs and CMOs of the monomer to obtain the new CMOs for the limited space;
this procedure is called the ELG step. By repeating the localization and ELG steps,
the electronic structures of the system can be elongated step by step while keeping
the electron spins (spin multiplicity) in the frozen region. The computational
accuracy of the ELG method is on the order of 10™® hartrees per atom. A detailed
description of the open-shell ELG method is provided in Chap. 5.

Open-shell fragment molecular orbital method. The fragment MO
(FMO) method has been proposed [195-197] and developed [198-205] for cal-
culating large systems. In this method, properties such as the total energy of the
system can be obtained from the energies of each fragment and fragment pair. For
example, the two-body FMO energy of N fragments is described by

N N
E™?2 =N "E + Y (Ey — E — Ey), (1.14)
1 1>7J

where E; and Ej; represent the total energies of the single fragment and fragment
pair, respectively. These energies are calculated under the static electric field
generated by the other fragments. The method has been extended to include cal-
culations for open-shell systems (FMO-ROHF, FMO-ROMP2, and FMO-ROCC)
[206].

Open-shell divide-and-conquer method. The divide-and-conquer (DC) method
has been proposed [207-209] and developed [210-216] for the calculation of large
systems. In the DC method, the whole system is initially divided into subsystems.
Each subsystem (central region) is surrounded by a buffer region, which is made up
of subsystems adjacent to the central region. The CMOs for the localization region
consisting of the central and buffer regions are obtained from conventional calcu-
lations under the static electric field generated by the other parts of the system. The
density matrix for the whole system is constructed from those corresponding to the
localization regions while controlling the Fermi level. The static electric field is
recalculated using the new density matrix, and each localization region is recal-
culated in the field. These processes are repeated self-consistently. The
spin-unrestricted open-shell scheme has been proposed at the HF and DFT levels
(DC-UHF/UDFT) [217] and for a MP-based method (DC-UMP2) [218, 219].

Density matrix renormalization group method. The density matrix renor-
malization group (DMRG) methods are among the most actively developing ab
initio QC techniques used to predict magnetic properties, even though these
methods were not originally formulated from a wavefunction perspective, but rather
using renormalizatioin group language [220]. The DMRG algorithm was originally
introduced by White [221, 222] to treat properties of large quantum lattice models
and was later extended to ab initio Hamiltonians [223-227]. Yanai et al. imple-
mented orbital optimization with the DMRG to enable the self-consistent
improvement of the active orbitals, as is done in the complete active space
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self-consistent field (CASSCF) method, creating what is known as the
DMRG-CASSCF method [228, 229]. Furthermore, they presented a novel paral-
lelized implementation of the DMRG algorithm that is oriented toward applications
for polynuclear transition metal compounds [230]. Recently, these methods have
been further developed to encompass complete active space second-order pertur-
bation theory (DMRG-CASPT2) [231, 232] and multireference CI (DMRG-MRCTI)
techniques [233]. Associated dynamic correlation methods, which can handle large
active spaces, are also known [234].
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Chapter 2

Nonbonding Molecular Orbital Method
and Mathematical Proof

for Disjoint/Non-disjoint Molecules

Abstract In this chapter, we introduce our own technique, which was developed to
design non-disjoint systems with high-spin states more stable than those of disjoint
systems, as mentioned in Chap. 1. Pure hydrocarbon (HC) systems are addressed
first, because high-spin organic molecules are accessible when non-bonding
molecular orbitals (NBMOs) are present as a result of the symmetry of the alternant
HC skeleton. This description is then followed by a discussion of heteroatom-
included HC (HHC) systems. We explain the basic idea of making non-disjoint
combinations between molecules feasible when designing large organic
non-disjoint systems with high-spin ground states.

2.1 Introduction

The explanation below is based on mathematics using linear algebra because dis-
joint or non-disjoint combinations can be defined at a simple Hiickel level.

In odd-alternant HCs, all of the carbon atoms can be either starred (*) or
unstarred (0) in such a way that two atoms of the same type are not directly joined
by a bond. The atoms of one set (*) are numbered from 1 to 4 and the atoms of the
other set (0) are numbered from (& + 1) to n. We define active carbon atoms as “*”
and inactive carbon atoms as (0). The equations to be solved for each group can be
expressed as follows:

—eCrt Y B C=0 (r=12,...,h)

X:hh+l ) (21)
—eCr+ Y B Ci=0  (r=h+1,h+2,...,n)

s=1
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32 2 Nonbonding Molecular Orbital Method and Mathematical Proof ...

The NBMO method [1] is useful to elucidate the nature of radicals and the inter-
actions between them in super-molecules. In alternant HCs, the NBMOs can easily be
defined by hand (without a computer), and the NBMO coefficients easily be obtained
without the need for computational calculations. Even for non-alternant HCs, most of
which are composed of odd-numbered rings, the NBMO levels with A = 0 can be
found using some special techniques [2]. That is, the carbon atoms that have non-zero
coefficients and those with zero coefficients can be recognized by hand for both
alternant and non-alternant HCs. Using this method, we can obtain insight into how to
combine radical molecules in such a way as to maintain the degeneracy of the levels in
the combined super-molecule. In other words, based on their NBMO coefficients, we
can determine a means of combining radical molecules so that the energy levels of the
NBMOs in the original molecules are retained. This simple treatment would be a first
step to satisfy the minimum condition that the system should possess degenerate
energy levels, before discussing if the system shows low spin or high spin.

We can prove mathematically that there are two combination methods that
maintain two NBMOs even after the intermolecular interaction. One is the for-
mation of linkages between the carbon atoms that have zero NBMO coefficients;
this method is shown in Fig. 2.1a. Molecules A and B each have their own single
NBMO, and the linkage between the two molecules must occur between the two
carbon atoms with zero coefficients in order to maintain the two original NBMO
levels. Molecules A and B may be either alternant or non-alternant HCs.

The second method is the formation of a linkage between the two atoms, one of
which has a no coefficient in molecule A and another on which has a non-zero
coefficient in molecule B. This method is depicted in Fig. 2.1b. Molecule A must be
an alternant HC, and molecule B may be either an alternant HC or a non-alternant
HC in order to satisfy the condition that the two original NBMOs keep their original
energy levels. The former (Fig. 2.1a) corresponds to a “disjoint” linkage, and the
latter (Fig. 2.1b) corresponds to a “non-disjoint” linkage. As explained below, both
types of linkages can maintain the original NBMO levels ‘“completely (not
approximately)” even after the linkage is formed.

(a) Disjoint type (b) Non-disjoint type
P__49 P__49
Alternant/Non- Alternant/Non- Alternant/Non-
Alternant
alternant alternant alternant
Hydrocarbon

Hydrocarbon Hydrocarbon Hydrocarbon

Fig. 2.1 General rule for producing super-molecule that possesses two degenerate NBMOs:
a disjoint and b non-disjoint linkages
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The most important difference between the two types of super-molecules is the
interaction between the two NBMOs. Disjoint super-molecules have no interactions
between their NBMOs, so the electron spins are not induced to produce a high-spin
state, while non-disjoint super-molecules are characterized by small interactions
induced through exchange integrals, leading to high-spin states due to Hund’s rule.
This simple concept is not a rule of thumb but can be logically proven using linear
algebra without introducing any approximations except those inherent in the Hiickel
method. First, we present the derivations of the NBMO degeneracy for both disjoint
and non-disjoint systems using an atomic-orbital (AO)-based Hamiltonian [3] and
then using a molecular-orbital (MO)-based Hamiltonian.

2.2 Atomic-Orbital-Based Proof for Disjoint
and Non-disjoint Hydrocarbons

In this section, the derivation of a rule to obtain two degenerate NBMOs in a
super-molecule composed of two HC radicals is presented for systems based on
pure HCs. In odd-alternant HCs, we can number alternating active carbon atoms,
denoted by a star “*”, from 1 to A, while avoiding the labelling the neighboring
carbon atoms and the other atoms are numbered from (2 + 1) to n. The equations
for the above two sets can be expressed for molecule A as follows:

na
—eCot Y B Ci=0 (r=1,2,..,h)
P 7 (2.2)
—eCrt Y B Ci=0  (r=hat1ha+2,.. . )
s=1

where h, represents the number of active (starred) carbons and n, represents the
total number of carbon atoms in molecule A. In the same way, the secular equation
for molecule B can be expressed using hp as follows:

—eCr + Z pCi=0 (r=na+1,..,n4+hg)
s=ns +hg+1
na+hg

—eC, + Z p.Ci=0 (r=na+hg+1,...,n)

s=ny + 1

(2.3)

where the numbering of the carbon atoms in molecule B is from (n5 + 1) to n, the
total number of carbon atoms. The secular determinant of the two isolated systems
(before being linked) is written as
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* -partof A 0 - partof A * -partof B 0 - partof B

* -partof A —& ﬂl 0 0
0 - partof A ﬁ]T —&l 0 0
A(e) = (2.4)
*-partof B 0 0 —&l ﬂz
0 - partof B 0 0 ﬁzr —&l

where —¢l in the diagonal blocks indicates that the matrix is completely diago-
nalized, because starred active carbons (or unstarred inactive carbons) cannot be
directly combined within a molecule. Off-diagonal blocks are indicated by

Bing+1 P +2
Bopes1 Bany+2

ﬁhA S1A

and

bnA+l,nA+h[;+1 bnA+1,nA+hB+2
bnA+27"A+hB+1 bnA+2,"A+h3+2

pa

(2.6)

bn,n

Equations (2.5) and (2.6) provide the interaction terms between the active and

inactive carbon atoms within molecules A and B, respectively. Whether an matrix

element has value or not depends on bonding information at the Hiickel level. That

is, off-diagonal block matrices f; and f, indicate intramolecular bonding infor-
mation between active and inactive carbon atoms in each molecule.

2.2.1 Hydrocarbons Disjoint (HC-AO-D)

We now consider disjoint combinations. If a link is created between inactive atoms
(0) of both molecule A and molecule B, the secular determinant can be written as
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—el B 0 0
B’ —el 0 P
Ae)= (2.7)
0 0 —el B
0 P’ B —&l

b

where P(P") in the off-diagonal block is added to Eq. (2.4). The P(P") matrix
includes only one non-zero element because one bond is formed between molecules
A and B.

The rank of the matrix can now be reduced using mathematical techniques in
linear algebra. That is, the first 4 columns (the columns corresponding to the *-part
of A) and the columns from (ng + 1) to (ns + hp) (the columns corresponding to
the *-part of B) of Eq. (2.7) are multiplied times 1/(—¢). Additionally, the rows from
(ha + 1) to ny (the rows corresponding to the O-part of A) and the last ng — hg rows
(the rows corresponding to the O-part of B) are multiplied times-¢, so that Eq. (2.7)
can finally be expressed as

Ale) = (o) 2= g | = &|Ho o, (2.8)
where
| |
oA o 10
Bl i 1 0 i -eP
|Hyo|= (2.9)
o 0 I B
0 % —eP" B % el

In Eq. (2.8), it is assumed that the number of active carbon atoms is greater than
the number of inactive carbon atoms by one. Therefore, 2hy — ns + 2hp — np
becomes 1 + 1 and as such, A(g) = 0 possesses the double solution with & = 0.
This means that no interaction occurs between the original two NBMOs, resulting
in so-called “disjoint” molecules.
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2.2.2 Non-disjoint Hydrocarbons Non-disjoint (HC-AO-N)

Next, we consider non-disjoint combinations. If a link is formed between the
inactive atom (0) of molecule A and the active atom (*) of molecule B, the secular
determinant can be written as

Ale) =

I I
I I
I I

—el B 0o ! 0
| |

,,,,,,,,, N N S

| |

g - I 0
I I
I I
1 1
I I

o 1 7 el B
| |
I I

,,,,,,,,, S A
| |
0 ! 0 B e

I I
I I

2

(2.10)

where the position of the off-diagonal block is different from that in Eq. (2.7)
because the link between two molecules is assumed to occur between an inactive
carbon atom in molecule A and an active carbon atom in molecule B. After
reducing the rank of the matrix using a procedure similar to that applies for
Egs. (2.7) and (2.8), Eq. (2.10) can finally be expressed as

where

A(e) = &?|Hy .|,
1 B 0 0
B el P 0
0 Pr I B
0 0 B &1

(2.11)

(2.12)

The presence of A(e) = 0 in Eq. (2.12) again provides two solutions with ¢ = 0.
It was not immediately obvious whether the *—0 linkage could also cause exactly
two solutions with ¢ = 0, as in the case of a 0-0 linkage, but it became clear by
mathematical derivation. The existing of degenerate ¢ = 0 means that the original
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NBMOs are completely reserved, even though some interaction occurs between the
two NBMGOs; thus, these systems are called “non-disjoint,” as will be shown later.

We can conclude that the formation of either 0-0 or 0—* linkages between two
molecules that already have NBMOs can maintain the original NBMO levels after
linking. The mathematical prove is possible similarly for the case in which a system
has more than one NBMO in its isolated molecules because the positions of the
starred and unstarred carbons remain unchanged, even though several degenerate
NBMOs are mixed with each other. Some applications to several models of organic
conjugates systems are presented in the previous paper [3] where the reliability of
the indices shown in the next Sect. 2.3 is examined by using both the density
functional theory (DFT) with functional methods and the complete active space
SCF (CASSCEF) calculations.

The above AO-based proof simply addresses whether or not an ¢ = O solution
exists after link formation; however, the interaction mechanism on the NBMO
reservation are still not clarified. In the next section, an MO-based proof will be
provided that permits a more detailed understanding of the reason why the
NBMOs remain unchanged, even in a super-molecule, particularly in non-disjoint
molecules.

2.3 Molecular-Orbital-Based Proof for Disjoint
and Non-disjoint Hydrocarbons

As explained above, we can prove that the two types of linkages formed between
two radical molecules can still preserve the original NBMO level in each isolated
molecule after the intermolecular interaction. However, the AO-based treatment
does not provide any insight into the mixing pattern between the MOs, which is
important when trying to predict a high-spin ground state. Therefore, we present a
proof of the same results as above using an approach based on the MOs of the two
isolated molecules instead of their AOs [4]. The objective of this technique is to
enable perturbation calculations to be performed for the newly created bond based
on the isolated molecules. However, in fact, we treat the additional term arising
from a new bond by a “variational method” using zeroth-order terms before the
interaction. Therefore, the results obtained are not just from the lower-order terms
of perturbation theory (unlike perturbational MO (PMO) analysis [5]) but provide
exactly the same results a using full conventional diagonalization.

In general, the determinant of the secular equation based on the MOs can be
expressed as

Hij_SijS :O, (213)

where Hj; and S;; are Hamiltonian and overlap matrix elements, respectively, based
on the ith and jth MOs. If the MOs used here are already solved for the whole
system, H;; corresponds to a diagonal matrix whose diagonal elements are &;, and
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S becomes ¢;; for the orthonormal condition, then Eq. (2.13) is already satisfied.
However, we can use any kind of basis for i and j because the original Hamiltonian
and overlap matrices in the AO basis are unique for the whole system after linkage.
The eigenvalues obtained after diagonalization are invariant if the transformations
of the matrices are unitary. We suppose here that Hj; is the interaction matrix whose
basis MOs arise from two isolated molecules before their combination.

For simplicity, considered at the Hiickel level, the secular equation for solving a
supermolecule from isolated MOs can be written as

H,'j — 5,']‘8 = O, (214)

where Hj; is a resonance matrix element between particular MOs, i and j, in each
isolated molecule, which is given by

n n 0 0 0
H; = ZZ VO (HY + AH,) = &0+ AH (2.15)

where the C,(.?) is defined as zeroth-order terms composed of MO coefficients of
isolated molecules A and B as

wia) =Y (A),, (2.16)

Wi(B) = > C(B)y, (2.17)

H,(.?> represents the resonance integrals in the isolated molecules before linkage,
and AH,, represents the resonance matrix elements resulting from the linkage,
which, in general, is f,, at the Hiickel level, between the rth and sth AOs, each of
which belongs to a different molecule. AH,, yields non-zero values when r = p and
s = q according to the linkage definition shown in Fig. 2.1. We can treat the inter-
action using perturbation theory to estimate the linkage effect between the two
molecules, where AH, is defined as a perturbation applied to the zeroth-order
wavefunctions given in Egs. (2.16) and (2.17). To reach the correct solution,
however, perturbation theory enables terms beyond the second-order perturbation
energy to be obtained. Therefore, we apply here a variational treatment using the
secular equation to solve the interaction directly, not in the AO basis as for the
conventional method, but in a zeroth-order MO basis. The results thus obtained by
solving the zeroth-order MO-based secular determinant must be completely identical
to those obtained by solving the whole system directly by conventional AO-based
secular determinants. Therefore, we can discuss and analyze the results by supposing
a completely correct solution in the framework of a given equation. This point is the
advantage of the MO-based variational method compared to a perturbation method.
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2.3.1 Hydrocarbons Disjoint (HC-MO-D)

We consider the linkage between two unstarred carbon atoms, one of which belongs
to molecule A and the other to molecule B, regardless of whether the molecule is
alternant or non-alternant hydrocarbon. The secular equation corresponding to
Eq. (2.14) in the disjoint combination can be expressed as

2.18
A?i’s(g) - ( )

where n, and ng represent the numbers of MOs of molecules A and B, respectively,

and N, and Ny indicate the NBMO levels of molecules A and B, respectively. SEA)

and SEB) correspond to the orbital energies of molecules A and B, respectively,
which are already solved in the isolated molecule and therefore fully diagonalized
within each subspace. The NBMO level in each molecule with one radical has zero
orbital energy if the Coulomb integral o is supposed to be 0 in the Hiickel method;
then, the central element in each diagonal element related to N or Ny is given by
(0 — ¢). The most significant feature of this expression can be seen in off-diagonal
sub-blocks, where all the matrix elements related to N4 or Ny in the two molecules
are given by zero, as described below.

For a disjoint combination, the secular equation corresponding to Eq. (2.18) can
be expressed as

onA onB on A onB
AHpy, = <Z + Z) (Z + Z) C,(?)C,(&AHrs
onB onA

=3 N VA, =0 (i=1.2,...n)

(2.19)
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onA onB onA onB
AHy , = (Z + Z) (Z + Z) cy)CYAH,

onA onB (220)
—ZZ VACYAH, =0 (j=1,2,...,n)
onA onB onA onB
AHyy, = (Z + Z) (Z + Z) ccy) AH,
r r K s
onA onB (221)
=33 PPl =0 (i=12,...n)
onA onB onA onB
i = (32457 (824 5% e,
r r s s (2.22)

onA onB

- ZZCNB,CJ(S AH, =0 (i=12,...n),

where it is evident that at least one coefficient, either the rth or the sth, is zero
because the coefficients under discussion are related to Ny or N even though
AH,(=AH,,;) is non-zero at the linkage position. On the other hand, AH,; = 0 when
both of the coefficients in each equation are non-zero, because the linkage is done
only between the pth and gth AOs. Finally, Egs. (2.19)—(2.22) must be zero.
Therefore, two NBMOs with ¢ = 0 in the isolated molecules are not mixed at all
with any other elements; that is, they are block-diagonalized for the two elements,
thus keeping the original NBMO levels unchanged even after solving the secular
equation. This type of mathematical proof is not easy to obtain using the pertur-
bation method, since the full higher-order perturbation series must be successively
calculated to achieve complete convergence. Therefore, using MO-based determi-
nants, two clear solutions of Eq. (2.18) can be obtained:

ADE(e) = (—2)* AR (e). (2.23)
It was demonstrated that two NBMO levels are maintained even after the for-

mation of an intermolecular linkage between two carbon atoms with zero
coefficients.

2.3.2 Hydrocarbons Non-disjoint (HC-MO-N)

We now consider the case of a non-disjoint linkage where an unstarred carbon in
molecule A is combined with a starred carbon in molecule B. To maintain the two
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NBMO levels after the linkage is formed, we found that molecule A, in which an
unstarred carbon atom joins with molecule B, should be an alternant HC that obeys
the pairing theorem. That is, the orbital energy should have a relationship between
the (np — i + 1)th and ith energy levels that corresponds to

Epp—i+ 178 (224)

In addition, the coefficients in molecule A must fulfill the condition so that the
(na — i + L)th MO coefficient is given by a constant multiple of the ith MO
coefficient:

A
Cr(zAliJrl r klrcz(r)a (225)
where k;; = —1 for unstarred atoms when k;. = 1 for starred atoms, and vice versa.

For molecule B, no restriction is imposed on the coefficients to maintain the energy
of the NBMO. Using the relationship described by Eq. (2.25), the matrix element
between the (ny — i + 1)th and its paired ith MO can be expressed as

na

nA H—l} ZZCnA 1+1r Js HE?B sztrclr 5 AB) —k H( )

(2.26)

where k;, = +1. Mathematical proof that the two NBMOs keep their NBMO levels
even after the formation of a linkage between starred and unstarred atoms is shown
below.

In this case, the secular equation corresponding to the disjoint combination (i.e.,
Eq. (2.18)) can instead be expressed using Eqgs. (2.24)-(2.26) as

(2.27)

where the Coulomb integral term in the Hiickel method was set to zero (i.e., o = 0)
for simplicity. It can be seen that the column and line along N, are all zero except
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for the diagonal element, —¢, while those along Ng have non-zero values in
the off-diagonal blocks, which differs from the case of disjoint linkages. This
determinant obviously provides one solution with ¢ = 0. By reducing the rank of
the determinant A, (&) after extracting the isolated —¢, we can extract another —¢
from a series expansion of this part. Then Eq. (2.27) can simply be expressed as

s(f‘) +¢&
AnNonfdis(g) _ (—8) (—8) Z Ai\/ir;';dis . HAk (8(13> _ 8) (8(23) _ 8)
T "

(2.28)
o (—g) (8’(11;)71 _ 3) (8}<£> - a)}

= (M),

Finally, the determinant for a non-disjoint linkage exhibits the same form as
Eq. (2.23), which was derived for a disjoint linkage, and also provides doubly
degenerate NBMO levels after the linkage. However, the process for the creation of

(78)2 terms in non-disjoint linkage is different from that used for disjoint linkages.
Disjoint linkages contain two isolated NBMOs that maintain their levels at the
energy of the isolated molecules simply because there are no interactions with other
orbitals, while a non-disjoint linkage contains one interacting NBMO in addition to
one isolated NBMO. The presence of an interacting NBMO means that the linked
carbon atom that has coefficients causes an interaction with the (non-NBMO)
orbitals in the other molecule while still maintaining the original NBMO level, even
after the interaction, because of the condition that molecule A must fulfill the
pairing theorem, that is, it must be an alternant HC.

A simple model of the linkage between two allyl radicals, as shown in Fig. 2.2,
is used for specific elucidation of (a) disjoint and (b) non-disjoint linkages. The
secular determinants to be solved based on the zeroth-order MOs (isolated two allyl
radicals), corresponding to Egs. (2.18) and (2.27), are also given for disjoint
(Eq. (2.29)) and non-disjoint (Eq. (2.30)) linkages, respectively.

(a) Disjoint type (b) Non-disjoint type
1
1 1 — % 0
LI 3 * —= 2
NG 2 N % \k
0 -~ 0 L L
L L L V2 V2
2 x vz

Fig. 2.2 MO coefficients of a disjoint and b non-disjoint HCs following linkage formation
between two allyl radicals
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| == === (i e B \”’/777
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20 1 -2lg-c1 0 1 0
I L2 I I
o 10 10 0 leg—e! 0
777777 L i e
75 i 0 i i 0 i 0 35175
2 2 [ I
= 0 0 Qd 8 Qd
4 2 4
0 1e,—c1 0 0 0 0
0 0 & —¢ —Qd _B —Qd
- 4 2 4 . 530
AN () = =
’ R —QJ q—c 0 0 (2.30)
4 4
8 0 _8 0 - 0
2 2 ?
ﬁﬂ 0 7£93 0 0 &—¢€
4 4

The first diagonal block in each matrix represents the secular equation for the left
allyl molecule and the second diagonal block indicates that for the right allyl
molecule in each of the linkage types shown in the upper figure. It is evident that
Eq. (2.29) yields two isolated NBMOs, (&, — 3)2, that do not mix with other terms,
while Eq. (2.30) gives one isolated NBMO, (&, — ¢), from the left allyl molecule
and another NBMO, (e, — ¢), from the right allyl molecule that will interact with ¢,
by f/2 and with &5 by —f/2 in the left allyl molecule; these elements are finally
cancelled after the interaction. These matrices in the secular equations can be
understood from the orbital interactions before and after the linkage, schematically
presented in Fig. 2.3 for disjoint (upper) and non-disjoint (lower) linkages.

The upper interaction model in Fig. 2.3 corresponds to the case in which two
original NBMOs are still isolated after the interaction, in what is known as a “disjoint”
linkage, and the lower interaction model to the case in which one NBMO interacts
while the other remains isolated, in what is known as a “non-disjoint” linkage. In the
latter case, it is evident that the NBMO from the allyl molecule on the right maintains
its original level, ¢ = o, even following the interaction between the occupied and
unoccupied orbitals in the allyl molecule left by /2 and —f/2, respectively, corre-
sponding to the terms in Eq. (2.30). The NBMO from the right-hand side (where the
starred atom is the linkage position) remains unchanged as a result of the interaction
with the other orbitals in the allyl molecule on the left. Non-disjoint linkages keep the
original NBMOs when the left molecule satisfies the pairing theorem because the
stabilization (resulting from a decrease in the energy caused by the interaction
between the occupied orbital ¢; in the left allyl and the NBMO in the right allyl) and
destabilization (resulting from an increase in the energy caused by the interaction
between the unoccupied orbital &3 in the left allyl and the NBMO in the right allyl)
completely cancel, resulting in an NBMO level that is unchanged from the original.
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Allyl radical Disjoint type Allyl radical

N 8—8—8 . (l)inl;age a 8—8—8 "y
ST TATAT I
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Non-disjoint type
Allyl radical linkage

Allyl radical
0
o349 " 34 e
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Fig. 2.3 Schematic illustrations of orbital interactions in disjoint and non-disjoint linkages
between two allyl radicals

Therefore, as shown in the right-hand side of Fig. 2.1, molecule A, in which the
unstarred atom is linked with molecule B, must be restricted to an alternant HC that
satisfies the pairing theorem. This feature is the so-called 0—* linked non-disjoint
effect caused by the unstarred carbon atom of the alternant HC and a starred carbon
atom of an alternant or non-alternant HC. That is, a weak interaction between two
radicals through an indirect interaction between the NBMO in molecule B and the
non-NBMO orbitals in molecule A might lead to high spin stabilization. The main-
tenance of degeneracy is related to Hund’s rule, which states that the term with the
maximum multiplicity has the lowest energy for a given electron configuration.
Therefore, the non-disjoint linkages described here would apply to the design of high
spin organic polymers that could potentially show magnetic properties.

On the contrary, as described in Sect. 2.3.1, a disjoint linkage is useless from a
magnetic design point of view because no interactions between radicals can be
expected. Finally, we can conclude that only a non-disjoint linkage between an
unstarred carbon atom in an alternant HC and a starred carbon atom in an alternant
HC or a non-alternant HC can possibly generate a high-spin state in the resulting
super-molecule. This concept can be also applied to the polyradical systems seen in
one-dimensional polymers or two-dimensional sheets.



2.4 Atomic-Orbital-Based Proof for Disjoint and Non-disjoint ... 45

2.4 Atomic-Orbital-Based Proof for Disjoint
and Non-disjoint Heteroatom-Included Hydrocarbons

The above mentioned method of predicting NBMO degeneracy in super-molecules
supposes pure HC systems, but, for wider application, can be extended to systems
that include heteroatoms. Most high-spin organic systems possess heteroatoms, and,
therefore, any rule that can be applied only to pure HC systems is of little use for the
general design of ferromagnets. It is necessary to determine a rule that can also be
employed to design techniques that incorporate heteroatoms into HC compounds
while maintaining the original NBMO levels even after two molecules are linked in
a disjoint manner. To be widely applicable, the rule should be as flexible as possible
about the position of the heteroatoms. That is to say, a simple method of replacing
some carbon atoms in an HC with heteroatoms while reserving their NBMO levels
is necessary. By systematical searching at the Hiickel level, we showed that there
are two possible linkage patterns in a super-molecule that can result in two NBMOs
(not necessarily ¢ = a) in the dimer after the linkage is formed. The first suitable
linkage can occur when all the starred carbons are replaced by identical heteroatoms
(denoted as “Type-I" hereafter) and the other can occur when some or all of the
unstarred carbon atoms are replaced by the same or different heteroatoms (denoted
as “Type-II” hereafter). Therefore, we can divide the super-molecule into two
molecules, each of which has an NBMO and can then construct a mathematical
proof to understand why these systems make it possible to maintain the parent
NBMOs at the Hiickel level. All of the isolated molecules capable of forming
degenerate NBMOs are first classified as Type-I or Type-II; an example of this is
shown in Fig. 2.4. Type-I provides an NBMO with A = xf5; the remaining levels are
distributed symmetrically, satisfying the paring theorem around A = xf/2. On the
other hand, for Type-II molecules, the NBMO level maintains /4 = 0, but the paring
theorem is not satisfied because the heteroatoms that replace the inactive carbon
atoms destroy the orbital symmetry even though they do not affect the NBMO level.
Using these properties in HHC systems, we can discuss super-molecules that
maintain their NBMO levels after linkage formation. Some examples of
non-disjoint linkages considered for Type-I and Type-II molecules are depicted in
the same figure.

Mathematical proofs that Type-I and Type-II systems maintain the NBMOs of
their parent molecules are described below for both disjoint and non-disjoint
linkages using both AO-and MO-based secular equations.

To understand the electronic states of HHC systems at the Hiickel level, we first
consider Type-I, in which all of the starred carbons are replaced by a unique
heteroatom, X. We suppose that the Coulomb term on the heteroatom is corrected
as x through resonance integral f§ as

ox = o+ xp, (2.31)
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Fig. 2.4 Energy levels of benzyl radical (alternant HC) and related Type-1 and Type-II HHCs.
Examples of possible non-disjoint combinations are depicted in the lower part of this figure

and that the resonance integral between the carbon (C) and heteroatom (X) is
corrected as

Bex = 1B. (2.32)

The adjusted diagonal term in the secular equation in the AO base is
ox —e=—¢e+xp (for o =0), (2.33)
If all of the starred carbon atoms are replaced with the same type of heteroatom
with a Coulomb integral of cy, following the method of Tyutyulkov and Polansky

[6], the secular equations show the following forms under the nearest-neighbor
approximation in the Hiickel method:
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(e + xp)C, + > B,Ci=0 (r=1,2,...,h)

i s=hd . (2.34)
—eC, + > p.,Ci=0 (r=h+ 1,h + 2,...,n)

s=1

where £ is the number of starred atoms. The secular determinant is given in each
submatrix of starred and unstarred atoms by

*-part 0-part
|
*-part (—e+xB)I i 5]
! 2.35
A(e)= 7””7”77”"37 7777777 — ( . )
I
0-part B" i —el
I
I

where [ is the unit matrix and f is the resonance integral between the starred and
unstarred atoms in neighboring molecules and has the form

Bint1 Pinsa
Bani1 Ponsn

ﬁh,n

and ST represents the transposed matrix of . By multiplying the first # columns
(the columns corresponding to the *-part) of Eq. (2.35) times 1/(—¢ + xf) and
multiplying the last n—h rows (the rows corresponding to the O-part) times
(—¢ + xf3), one obtains the following identity:

Ae) = (—e+xB)*" " |=-==-—-- prommommees . (2.36)
B" i e(e—xP)I
|

In general, A(e) = 0 has (2 h — n) degenerate solutions corresponding to the
NBMO level ¢ = xf8. For simplicity, if (2 h —n) =1 (i.e., the molecule is an
odd-alternant molecule), then molecules of this type have one NBMO with
e = xp.
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2.4.1 Heteroatom-Included Hydrocarbon Type-1 Disjoint
(HHC-AO-I-D)

We have defined the substitution in which all of the starred carbon atoms are
replaced by the same type of heteroatoms as Type-I. First, we suppose a disjoint
linkage, that is, a linkage between the unstarred atom of molecule A (the O-position
of A: A(0)) and the unstarred atom of molecule B (the O-position of B: B(0)). The
secular determinant is expressed as

Al¥) A(0) B(x) B(0)
A(x)|  (—e+xB)I 3, 0 0
A(0) B —el 0 P
ADis(e) [Type-1] - (2.37)
B(x) 0 0 (—e+xP)1 8,
B(0) 0 P 3,7 —el

where xf in the diagonal blocks represents the Coulomb term of the starred het-
eroatoms, all of which replace the original starred carbons. P has only one non-zero
element, because only one new bond is assumed between molecules A and B. f§;
and f3, are the resonance integrals between starred and unstarred atoms within
molecules A and B, respectively. After reducing the rank, Eq. (2.37) can simply be
written as

AP (&)[Type-T] = (=& +xB)* A7, (¢) [Type-I], (2.38)
where
I i B 0 0
B e(e-xp)1 0 (-e+xp)P
A (e)[Type-l]= (2.39)
0 0 I B
0 (—e+xp)P" B } e(e-xp)I

giving two solutions with ¢ = x f when A" (¢)[Type-I] = 0.
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2.4.2 Heteroatom-Included Hydrocarbon Type-I
Non-disjoint (HHC-AO-I-N)

Next, non-disjoint linkages are discussed to show that two NBMOs are preserved in
the situation in which a linkage exists between the inactive atom (0) of molecule A
(A(0)) and the active atom (*) of molecule B (B(*)). The secular determinant in this
case is written as

Alx) A(0) B(x) B(0)
Al¥)|  (—e+xB) B 0 0
A a7 e P Lo
Aril\/on—dix(e) [Type-l]: (240)
B() 0 P’ (—e+xp)I B,
B(0) 0 0 8, —el

The multiplications to reduce the rank can be implemented in the same manner
as was used for Eq. (2.37) so that Eq. (2.40) becomes

AV (&)[Type-T] = (=& +xB)°ANs (&) [Type-1], (241)
where
I B 0 0
B e(e-xPB)I P 0
A @) Type]= (2.42)
0 P’ 1 b,
0 0 B e(e—xP)I

Then, AN~ (¢)[Type-1] = 0 provides two solutions with & = xf8. However, the
difference between the physical meanings of Eqs. (2.38) and (2.41) for the disjoint
and non-disjoint linkages, respectively, is not apparent, apart from the fact that both
of them have the same factor of (—¢ +xﬁ)2 in the final form. The magnitude of the
interaction between the NBMOs is important for producing a high-spin state, but
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this treatment based on AOs cannot provide such information. This problem can be
solved by treating the interaction between NBMOs with an MO-based expression of
the secular equation, by which the differences between Eqgs. (2.38) and (2.41) will
be rationalized in Sect. 2.5 using polyene with odd-number carbon atoms as an
example.

2.4.3 Heteroatom-Included Hydrocarbon Type-II Disjoint
(HHC-AO-II-D)

Next, we explore another case that provides degenerate NBMOs after a linkage is
formed between HCs that include heteroatoms. This case is defined as Type-II, in
which arbitrary inactive atoms (0) of molecules A and B are replaced with arbitrary
heteroatoms. We again suppose a disjoint linkage first, that is, between A(0) and B
(0). In the same manner as for the case of the Type-I disjoint linkage, i.e.,
Eq. (2.37), the secular determinant can be expressed as

Al*) A(0) B(x) B(0)

Al)| =l | 8, 0 | 0

A0) BT 4 P 0
Aﬁl\lon—dis(g) [Type_H] —_ (243)

B(x) 0 P’ —el 3

B(0) © 0 B, B,

where
—&
—& + xp; 0
A= - (2.44)
0 —& + xﬁ]

for molecule A and
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—& -l—xﬁk
B

(2.45)
—&+xp;

—&

for molecule B, indicating that some or all of the inactive carbon atoms (0) are
replaced with arbitrary heteroatoms. The definitions of f§; and f, are the same as
before. P in Eq. (2.43) shows that a connection between an inactive atom (0) of
molecule A (A(0)) and an inactive atom of molecule B (B(0)) exists in the
off-diagonal blocks. After reducing the matrix, Eq. (2.43) becomes

Afl)is ((e) [Type-H] — (_(O)ZAQLVZ (P) [Type—H} 5 (246)
where
—&l ﬂl 0 0
ﬁ\r A' 0 P
AT, (&)[Type — 11 = (2'47)
0 0 —&l ﬁz
0 Pr ﬁzr B,

Therefore, the equation A" (£)[Type-II] = 0 has two solutions with & = 0. Two
degenerate NBMOs remain after the formation of a 0-0 linkage, as observed for the
all-HC disjoint molecules.

2.4.4 Heteroatom-Included Hydrocarbons Type-I1
Non-disjoint (HHC-AO-II-N)

Next, the case in which there is a bond formed between an inactive atom (0) of
molecule A (A(0)) and an active atom (*) of molecule B (B(*)) is examined. The
secular determinant is written as
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Alx) Al B(x) B0
A(x)|  —ef i B, 0 i 0
A0) 8" 4 P 0
AnNun—dis (5) [Type-II] _ (2 . 48)
B(x) 0 P’ —el B,
B(0) 0 ‘ 0 3, LB

s

where P has only one non-zero element. The same multiplications as before can be
performed on Eq. (2.48) to obtain

AnNon—dis (6) [Tpr-H] _ (_ 8)2 AnN(_”é_dis (6) [Type-]ﬂ , (249)
where
;o B o o
ﬁ\r —e4, P 0
A'”‘f’:”’/’\ (&)[Type-lI]= (250)
0 P’ 1 B
0 0 B’ —€B,

Equation (2.50) again results in two solutions with ¢=0 when
Af:’”"fd”(a) [Type-1I] = 0. Therefore, A(0)-B(*) bonding has no effect on the two
degenerate NBMOs, maintaining two degenerate NBMOs with ¢ = 0; this feature is
similar to the case of pure HC systems.

This proof is based on the assumption that two HHC Type-II molecules are
combined, but it can be also generalized to mixed systems composed of a HHC
Type-II as molecule A (inactive site) and a pure HC (see Fig. 2.4) or another HHC
system as molecule B (active site) if molecule B has an NBMO with ¢ = 0.

Finally, we can summarize the results for all of the cases (HCs and Type-I and -II
HHCs) with disjoint (0-0) and non-disjoint (0—*) linkages, as shown in Table 2.1, in
which the ranks of all of the determinants are two less than those of two whole
molecules.

It is evident that, for both 0-0 and 0—* linkages between two molecules, there
are always two degenerate solutions with ¢ = 0 for HCs and Type-II HHCs and
with ¢ = xf for Type-I HHCs. In the latter case, xf is defined as the Coulomb
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Table 2.1 Summary of determinants for HCs and Type-I and Type-II HHCs

Linkage System
HCs Type-I (Heteroatoms at Type-II
starred positions) (Heteroatoms at
unstarred positions)
Disjoint (0-0) | (=)°AP%(e) | (—e-+xf)*A2(e) (—e)*A%%(2)
?é"i')d““"m (e AN e) | (—e+xB) AN (z) (=) AN (2)

parameter and depends on the type of heteroatom placed at the starred positions. In

fact, the value of x does not affect (—.s)2 for Type-II, unlike in Type-I. Therefore,
the ability to maintain two NBMO levels with ¢ = 0 also remains for mixed systems

consisting of HCs and Type-II HHCs because the factor (—8)2 does not include xf.
We have also confirmed that the equations derived for HHC, if x3 is set to zero, are
equivalent to those of HCs.

2.5 Molecular-Orbital-Based Proof for Disjoint
and Non-disjoint Heteroatom-Included Hydrocarbons

A general proof analogous to that for HC systems is not easy for HHC systems.
Here we use polyene with odd-number carbon atoms as a parent molecule because
the analytical expression of the MOs is known.

2.5.1 Heteroatom-Included Hydrocarbons Type-I Disjoint
(HHC-MO-1-D)

First, we examine the NBMOs of Type-I polyene (Fig. 2.5) in an MO base using
analytical solutions of

2
c© :‘/N—Hsm(?v—ilr) r=1,2,..,N (2.51)

Instead of diagonalizing the Hamiltonian matrix H in an AO base, we can
diagonalize H', the matrix transformed in polyene’s MO base, as

Fig. 2.5 Structure of Type-I 2 4 N-1

polyene
N e N
*1 * 3 * 5 * * N (=odd)
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ctOpcO — g, (2.52)

The matrix elements are represented as

Hy; = N+IZZ m( ) in(?v'ilS) Hrs, (2:53)

where H,; denotes the Hiickel matrix elements in the AO base of Type-I polyene in
which all of the starred atoms are replaced by heteroatoms with Coulomb integrals
of Eq. (2.31). The secular equation to be solved can be expressed as

e, —€ 0 0 ------ 0 |------ 0 0 X3
2

0 &-¢ 0 " 0 |-~ (U % 0
o o o0 0

1 o| %o j

2
H=|0 0 ------ 0 &y —e 0------ 0 0
] — (2.54)

0 — 0 N : :

2 . ‘

o o o S 0
%3 0 ------ 0 |-em--- 0 ey,—¢ 0
% 0 0 ------ 0 |------ 0 0 ey —¢€

where the diagonal terms are the sums of the orbital energies of simple polyene
itself and the contributions from heteroatoms replaced on starred (*) positions as

where

&(HC) = o +2f cos <]\7—+ll>’ (2.56)

&(X) = Nil{xﬁZsm ( ) 2(1-1) BZSIH(N+1) in((rJ;VlJ)rhln.v}

:Ex[f-l-(l— B cos<z\;:il> ifi#(N+1)/2

=xp ifi=(N+1)/2

(2.57)

Equation (2.57) comes from an intramolecular interaction that occurs by
replacing carbon with heteroatom X, which differs from an intermolecular inter-
action that has no effect on the diagonal elements in each molecule. It must be noted
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that the summation on X in Eq. (2.57) runs only over starred heteroatoms of the
same type [7]. The NBMO level that corresponds to i = (N +1)/2 is given by
enamo = XxP. The terms related to the NBMOs, HQNBMO and Hjygu10 j»in Eq. (2.53)

i
are

2 Tei-r s
] _ = . - . - .
H; vpvo “NT1 E, ES s1n(N 1) sm( 2 ) H,

20 SN (neier OiB), s
=¥+ 2 sm<N+ 1> YZ: mn(T) =0 (2.58)

and

2 n-r m-j-s
/ _ . .
HNBMOJ‘N—HZ ZS sin(77) Sm(N+1> Hrs
A0 SN mer (FB), Tjs
:m E SIH(T) E Sln(N+ l) =0 (259)

r=1 s=1

respectively. Therefore, eypyo experiences no mixing with other orbitals, as can be
seen from Eq. (2.54). We can therefore solve the two-by-two simultaneous equa-
tions and obtain new orbital energies for the HHC system using

2 2
g=2 (- 2) 260
and
exgmo = B (2.61)

In a Type-I system, the pairing theorem holds around %ﬁ (see Fig. 2.4), and, thus,
for orbital energies, has the relation

) oo

and for coefficients
Cn—l +1r = —KiC,-,,, (}’ : starred) (263)

and
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1
Cocit1, = ?Ci_,, (r : unstarred), (2.64)

1

where

K=+ P8, K=&, |—N=irl (2.65)
—&; en_iy1 — Xp.

Using these relations, the existence of NBMOs in combined super-molecules can
be examined in the form of MO-based secular equations.

Next, we consider a disjoint combination of two unstarred atoms of a Type-I
HHC. We define the zeroth-order MOs to be solved for Type-I HHCs (not for
polyene); the MO-based secular equation can be constructed using a method similar
to that described in Sect. 2.3 for HCs and can be expressed as

NBMO(A) NBMO(B)
) 2 -7 V777
g —€ 0 / /// 0 %/
7y v 7]
NBMO(A) ES\/,\) —& 0 0 0 0

Ar?is (5)[Type-1] ) | S 4 o A S W N

o ////// 7
0

0

NBMO(B) 0 0 0 ey —¢ 0
07777 / ///////// 7 % )
//A ’ éé //% ’ E("u)75 .

The matrix elements have the same form as Eq. (2.18) because Eqgs. (2.19)-
(2.22) are satisfied as well. That is, at least one coefficient, either the 7th or the sth,
is zero because the coefficients under discussion are related to Ny or Ng even
though AH,; (=AH,,;) is non-zero at the linkage position. On the other hand,
AH,, = 0 whenever the NBMO-related coefficients are non-zero on a starred atom,
because the linkage occurs only between the pth and gth AOs. Therefore, disjoint
HHC Type-I systems exhibit properties identical to those of disjoint HCs because
the starred and unstarred positions in the HC systems are constant in HHC systems,
even though the values of the NBMO coefficients change. Therefore, a disjoint
combination between two Type-I HHC molecules also maintains the original
NBMOs, in a similar manner to Eq. (2.23), giving

AP (8) = (—&+xB) AL (e). (2.67)

This is consistent with Table 2.1, and the two NBMOs are isolated without any
interaction between the two parent molecules. As described in Sects. 2.2.1 and
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2.3.1; however, this kind of NBMO arrangement does not contribute to spin par-
allelization between the two radicals because no exchange interaction is generated
between the non-interacting NBMOs. In the next Sect. 2.5.2, we therefore consider
non-disjoint combinations of HHC Type-I molecules.

2.5.2 Heteroatom-Included Hydrocarbons Type-I
Non-disjoint (HHC-MO-I-N)

The secular equation based on MOs for Type-I can be written as in Sect. 2.3.2 in
the form,

NBMO(A) NBMO(B)
e® —¢ 0
(5

NBMO(A) 0 ey, —€

0

A’ll\fonfdis(&—)['rype_l] _ ___0____ (268)

NBMO(B) 0 ey —€ 0

0 0 e —e

where the matrix elements have the form

na ng
(AB) _ (A) ~(B) 7(AB) _ ~(A) ~(B) 1y(AB
HGY =3 CGYCIH = ¢V HY.
r=1 s=1
It is evident that the NBMO in molecule A is isolated, while that in molecule B

interacts with other orbitals, as is the case for non-disjoint HCs. However, after the
derivation using the relations

HYY =™, B =kl k=1 (2.69)
and
(AB)  _ ~(A) ) y(aB) _ L ~(4) ~B) y(ap) _ 1 (aB)
Hy iy = Conmiv1pCig Hpg " = K; Cip Cig Hpg ' = K; Hij™ (2.70)

we can finally obtain
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—2¢ 0
0 Ay |00 0
0 —2e
0 TTE TS 0o
Apor=dis(e)[ Type-1] = A | 0 ‘:‘5»,: p (2.71)
N R 77/
0 0 Av-B /Molecule B /
0o )
and
= (xp — &)* x |2{Polynomial} + |on|20|Molecule B=Y ” , (2.72)
where
2 Xﬂ (1) na
An(e) = (xB —&)"(2 = A2 + (6 — &) (1) {~K, (xf — &1 — £)}A,.

(2.73)

The rank of the second term on the right-hand side can be further reduced to
2
AL (8) = =Koy (B — ey — &) (& — ) (B — &)+ (Wb —2) - (e, — &) (2.74)

until the second term vanishes, where another (x§ — ¢) can be extracted. Finally, we
can also extract (xff — ¢)* from the second term.

Therefore, the original NBMO levels of xf are retained even after a non-disjoint
combination is formed. This MO-based result is consistent with the AO-based proof
in Eq. (2.41).

2.5.3 Heteroatom-Included Hydrocarbons Type-II Disjoint
(HHC-MO-11-D)

We define the Type-II system for the polyene radical as shown in Fig. 2.6:
Heteroatoms (X, Y, etc.) are placed at unstarred atoms, that is, on even-numbered
atoms. The positions and types of heteroatoms are more flexible than in Type-I
HHCs under the condition that the NBMO in the parent molecule is retained. Any

Fig. 2.6 Structure of Type-II 2 4 N-1
polyene /\/X
N NN
£ '3 % ES

1 3 5 N (N=o0dd)
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type of heteroatom can be placed at any of the unstarred positions of polyene, while
maintaining the NBMO level in the original pure HC polyene radical, as shown in
Fig. 2.4. The pairing theorem is not valid for Type-II HHCs, but the disjoint
connection can be proven in the same way as described in Sects. 2.3.1 and 2.5.1 by
MO basis. In fact, the electronic structure is very similar to that of a non-alternant
HC, and, therefore, a disjoint combination between a Type-IIl HHC and another
molecule should follow the rule that was previously described [2]. Consequently, a
0-0 combination between two Type-II HHCs or a Type-II HHC and an HC
(HHC) does not affect the original NBMO levels of 4 = 0.

2.5.4 Heteroatom-Included Hydrocarbons Type-11
Non-disjoint (HHC-MO-II-N)

For a non-disjoint combination of Type-II HHCs, the two NBMOs with 4 = 0 also
remain unchanged after the combination according to the 0—* rule in the framework
shown in Fig. 2.1. The electronic structure of molecule A must satisfy the pairing
theorem so that the stabilizing and destabilizing interactions between molecules A
and B, which occur through the NBMO of molecule B with 4 = 0, cancel, leaving
the two NBMOs unchanged. One of the two NBMOs is isolated, but the other
remains as a result of the interaction with molecule A. Therefore, a Type-II HHC
molecule can act as molecule B in Fig. 2.1, and this type of super-molecule can be
expected to exhibit a high-spin state rather than a low-spin state. The mathematical
proof for the two degenerate NBMOs remaining in this type of combination also
follows that described in Sect. 2.5.2.
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Chapter 3
Simple High-Spin Index L;
for Ferromagnetic Organic Molecules

Abstract The assessment of the high-spin stability of a molecule using indices,
rules, etc. plays an important role in the design of ferromagnetic materials. In this
chapter, we propose a simple high-spin stability index L;, which is related to the
exchange integral Kj;, using computational and analytical approaches. The com-
putational approach requires only non-bonding molecular orbital coefficients and
subsequent unitary rotations to calculate the index LE““. On the other hand, the
rpm
y

direct quantum chemistry calculations. Using a variety of examples, we examine
the reliability of the index by comparing the results with the high-spin stability
AE(L — H) obtained from ab initio calculations including electron correlation
effects. We also note that L; provides us with an efficient strategy for designing

high-spin systems while considering the correlation effects.

analytical approach can predict the index L' for larger systems without requiring

3.1 Introduction

As mentioned in the previous chapter, many types of rules, indices, and values have
been proposed for predicting magnetic properties. However, it is worthwhile to
pursue a more useful method that exhibits both high efficiency and reliability in the
design of promising ferromagnetic materials. In this chapter, we introduce very
simple high-spin index L;; we estimate the index using two different approaches,
i.e., computational and analytical approaches. The effectiveness of the index will be
discussed based on its application to many example systems.
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3.2 High-Spin Stability Index L;; (Computational
Approach)

3.2.1 L for Diradical Systems

In the previous chapter, we proposed the simple “(0—*) linkage” rule to design
high-spin molecules, in which a (0—*) linkage between radical units generated
non-disjoint non-bonding molecular orbital (NBMO) degenerate systems [1].
Figure 3.1 shows the allyl radical (AR) dimer with a non-disjoint (0—*) linkage.
The model was realized by connecting the 0-site of AR(A) with a *-site of AR(B).
The “*” (star) sign represents an active carbon atom with a finite NBMO coefficient,
while the “0” (unstarred) sign represents an inactive carbon atom with no NBMO
coefficient. The non-disjoint (0—*) linkage generates NBMO mixings (overlaps)
between radical units, even when considering a unitary rotation, and the degenerate
NBMOs are maintained after causing the interaction. On the other hand, the (0-0)
linkage also produces two degenerate NBMOs (see Fig. 3.2), where the 0-site of
AR(A) connects with the 0-site of AR(B). However, the NBMO coefficients can be
localized onto each unit after the unitary rotation, and NBMO mixings cannot be

(a) Allyl radical (AR) monomers
* Non-disjoint (0-*)

1
V2 ) linking 0
) X i TN

“hx AR(A) 1 AR(B)
(b) Allyl radical dimer

- /\

| ep T
_ﬁ '\'BMO 10 \/ﬁ 1//“’”0 (: Lijmin)

NBMO

Unitary NBMO’ . NBMO
transformation [W’ ]:[ sin - cos aj(l// ]

O=tan"' 5 yme | (—cos® sin 6 ) v,
(cl)
B 0 0
0 N
y/‘.NB““" l//jwwo'

Fig. 3.1 AR dimer model with non-disjoint (0—*) linkage: a NBMO coefficients of each AR
monomer, b NBMOs of AR dimer before unitary rotations, and ¢ NBMOs of dimer after rotations

(6 = tan~'/3). Modified with permission from Ref. [1]. Copyright 1999 John Wiley & Sons, Inc.
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Allyl radical (AR) monomers

Disjoint (0-0) * 7
...... linking
0 0 7
...... X1
AR(A) AR(B) * 2
(b) Allyl radical dimer
l 1 1
2 2 2
) 4 and Lij=0'25
1 1 1
) 2 2
W_NBMU NBMO
Unitary NBMO’ . NBMO
transformation Vi = sing - cos OY y; !
oo g B’ —cos@ sin 6 |y
— J
(©)
1
Np)
_% (= Lijmin)
NBMO’ ’\/BM()’

’ /

Fig. 3.2 AR dimer model with disjoint (0-0) linkage: a NBMO coefficients of each AR
monomer, b NBMOs of AR dimer before unitary rotations, and ¢ NBMOs of AR dimer after
rotations (0 = m /4). Modified with permission from Ref. [1]. Copyright 1999 John Wiley &
Sons, Inc.

expected from such a disjoint (0-0) linkage. Based on the comparison with the
(0-0) linkage, the former non-disjoint (0—*) linkage has the potential to generate
exchange interactions between two radical electrons and holds the promise of
realizing a high-spin system.

In this study, we also proposed a simple index L; for estimating the NBMO
mixing (overlaps) and predicting the high-spin stability of hydrocarbon systems [1];
this study was later extended to systems containing heteroatoms [2]. For the
diradical molecule, L; is defined by the coefficients of two degenerate NBMOs,

l//ﬁVBMO and l/ijBMO, as

Li =Y (CiCy)?, (3.1)

r
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Fig. 3.3 Schematic
illustration for calculating L;;
from coefficients of two
NBMOs, "M and " G
Modified with permission

from Ref. [1]. Copyright 1999 Y,
John Wiley & Sons, Inc.

where C,; represents the coefficient of the r-th atomic orbital (AO) in npfv BMO ithin
the framework of the linear combination of atomic orbitals (LCAO) approximation.
Equation (3.1) consists of the product of the molecular orbital (MO) coefficients at
the same position (more properly, at the same AO) between MVBMO and w;VBMO.

For example, L; for the non-disjoint (0—*) AR dimer can be calculated using
(see Fig. 3.3)

Lyj = |C1iC1yf* +|CoiCoyl® +[C3:C3,* + |CaiCal” +|Cs,Cs4° +Co:iCoi*. (3.2)

The magnitude of L; depends on whether the coefficients of the two NBMOs
exist on the same sets of atoms or not. The freedom of the unitary rotations should
be considered when estimating L;. For example, for a non-disjoint (0—*) linkage,
the unitary rotation changes L; from 0.1 (Fig.3.1b) to 0.222... (Fig. 3.1c).
However, the NBMO coefficients cannot be confined to the different sets of atoms,
even by a unitary rotation, and always give L; > 0. In contrast, for disjoint (0-0)
linkages, the NBMO coefficients can be confined to the different sets of atoms and
give L;=0.0 after the rotation (Fig. 3.2c); prior to the rotation, L; = 0.25
(Fig. 3.2b).

To avoid the under-specification of L; in the unitary rotations, the minimum
value of L;, namely, Lg‘i“, can be determined as follows. The two NBMOs in a

diradical system, npf’BMO and 1//§VBM0, can be expanded within the LCAO approxi-

mation as
YO =N " Cyyy and YO =N " . (3.3)

The common (2 X 2) unitary rotation can be described as

lﬂ?’BMO/ _ sinf  cos0 lﬁﬁVBMO (3.4)
Y¥BMO |\ —cosO sin0 wj.VBMO ’ :

J



3.2 High-Spin Stability Index L; (Computational Approach)

65

where WﬁVBMO/ and lﬁjNBMO/ are the NBMOs after the unitary rotation and are

expressed as

NBMO' _ /] NBMO' _ /
Wi = E C,ixy, and ; = E Coitlrs
r r

(3.5)

respectively. From these equations, the transformed NBMOs can be given by

NBMO/ . NBMO NBMO
v =sin0y; + cos 0 l/(,«
=sin0 Z Criy,+ cos0 Z Ciix,
r r

= Z (sin0 Cy; + cos 0 Cyy) 1,
e
and

YVPMO" = — cos 0 yYPMO + sin 0y YPMO

= Z (—cos0Cyi+ sin0Cy)y,
= Cy
r
Thus, the NBMO coefficients after the rotation are provided as
Cl; = sin0C,; + cos 0C,;, and C;j = —cos0C,; + sin 0C,.

After unitary rotations, Lj;() can be expanded by

L.(0) = C.C.)? = sin 0C,; + cos OC,;)(— cos 0C,; + sin 0C,;) 2
ij 7 7

rirj
r r

2
= sin® 0 cos® HZ (ij - Cfl)

— 2sin 0 cos 0 cos 20 Z (Cf] - Cfl) C,iCyj+ cos?20 Z cc?
r r

rirj
= sin® 0 cos” Oo; — 2 sin 0 cos 0 cos 20y; + cos? 208;

1 1
T o + cos2 20 < I o + ﬁij> — sin 20 cos 20y;;

1 1 . 1
= g(aij +4B;) — {2%7 sin40 + 3 (o7 — 4PBy) cos40}7

(3.6)
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where Lj;(0) is a function of the rotation angle 0. In Eq. (3.9), oy, By and p;
are respectively defined as

= (ch- ) 5= Z CiCl, andy; =Y (C2—C2) CuCy. (3.10)

r

Equation (3.9) can then be rewritten using constants, A and ¢, as

Li;(0) = (o4 +4p;) — {Asin40cos ¢ + A cos 40 sin ¢ }

OOI>—‘<>OIH

= < (o +4p;) — Asin(40+ o), (3.11)

where

1 . 1
Acosq):iﬂ/ij, andA51n(p:§(otij74ﬁij). (3.12)
From the sum of the squares of Eq. (3.12), A can be derived as

(Acos @) + (Asin p)* = A2 (cos® @ + sin” @)

2 2
=A% = (%V,J + {%(aij — 4ﬁij)}

1 (3.13)

1 1 2

A= iz\/y,2j+ E(oc,-jf4ﬁ,.j) :

On the other hand, from the ratio of Eq. (3.12), we can obtain ¢ as
Asin ¢ 1 1 o — 451';
= {; = — i — 4 .. — .. =—,

Acos @ ang {8(“1 ﬁv)}/(z”f) 4y,

(3.14)

o =t [ i),
4"/,»]-

The first term of Eq. (3.11), (1/8)(oy; +4p;), is positive. Thus, L;(0) gives the
minimum value when the second term, —Asin(40+ @), is at its smallest value.
The possible conditions for the minimum Lj;(6) are given by

1
40+9=1, 02*(E—<p) (if, A>0)
2 42
3 L 73 . (3.15)
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/(min)

Finally, the minimum Lj(0)(= L; ) can be obtained as

L{(min)

J

1 1
(o +4B;) —5\/y,§+ 16 —4p;)°. (3.16)

o =

Here, L;:](-mm) corresponds to the smallest NBMO mixing within the unitary
/(min)
ij
According to the above procedures, we obtained Lj™ = 0.1 for the non-disjoint

(0—*) model (see Fig. 3.1b); here, the NBMOs before the unitary rotations acci-
dentally gave the minimum L; for this model. In contrast, L,r-;"“ = 0.0 for the

rotations. For our convenience L is rewritten as simply Lj™.

disjoint (0-0) model (see Fig. 3.2c) can be obtained by unitary rotations. By
comparing the values of Lg““ between the models, we can uniquely judge that the
(0—*) model has NBMO mixings larger than those of the (0-0) model, leading to
the higher spin stability of the former model. It should be noted that the comparison
of L;; before unitary rotations (ngo_*) =0.1< Ll(jo—o) = 0.25) provided us with the
different conclusion from the Lgﬂ“ result.

3.2.2 L;; for Polyradical System

Although it is a simplified method, L;; can be generalized for polyradical systems
with more than two NBMOs by summing all of the combinations of NBMO
mixings in the system as

b= Y 5= Y Yo @17
ij(>1i)

ij(>i) r

where L is the “component NBMO mixing” between the ith and jth NBMOs.
Figure 3.4 shows the procedures for determining Lg‘in for a polyradical system. The
(2 x 2) unitary rotation can be applied to determine the minimum value of each Ly,
that is, Lﬁj‘.’““c’ (Fig. 3.4a). The NBMO coefficients can be changed by each rotation.
Thus, a series of unitary rotations for all of the NBMO combinations is
self-consistently repeated until all of the coefficients become invariant under rota-
tions (Fig. 3.4b). For example, Lg-‘i“ for a triradical system can be determined
self-consistently as
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Cycle 1
Cyo 2 00 mino 1(01) ~(01)2
Stepl : L}, = Zr (C1Cr)” — L™ = Z, (C1"Car")
Stepz . LT:; = Zr (C;(lﬁl)cr3)z 0, meo _ Zr (C;(IOZ)C:,?Z))Z

Step3 : L;3 = Zr (CL(ZQI)C;(;)Z))Z ﬁ) ngno _ Zr (C:’(;})C;(:;H%))Z
Cycle 2

Stepl . LTz — Zr (C;(102)C'(203))2 04 meo _ Zr (C:(104)C:,(204>)2 (318)
Step2 : Li; = Y (CYCy S =37 (el

Stepd L5, = 3, (LGP e — 3 (e

Cycle3
Stepl = L, = Y (G B =3 (e ey
where C:(l(m is the NBMO coefficient after a unitary rotation with angle 0,. The

numbers corresponding to “cycle” and “step” in Eq. (3.18) are represented by the
large (solid line) and small (broken line) loops in Fig. 3.4, respectively. For a
polyradical system, L;}“" is given by the NBMO coefficients after self-consistency as
(Fig. 3.4¢)

= 3 = 3 S (3.19)

ij(>1i)

3.2.3 Alternate Explanation of Ly

At the Hartree—-Fock (HF) MO level, the total energies of the open-shell singlet
(S) (Fig. 3.5a) and triplet (T) (Fig. 3.5b) states of a biradical system with two
degenerate NBMOs, lﬁﬁVBMO and W;VBMO, can be expressed as

gy = E°+ HE + ™ (20 — Kig) — HE™
k=1
n
= (2 — Ka) — (Jy — Ky) + Ky +Q, (3.20)

and
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Fig. 3.4 Procedure for minimizing L; for polyradical systems based on (2 X 2) unitary rotation

and self-consistent loops

T
E t(otil =

n
EO +Iijcore + Z (2ka _ Kkj) _ Hicore
k=1

=D (20— Ki) = (Jy — Ky) — Ky + &,
k=1

(3.21)
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respectively. In these equations, E° and Q represent the total electronic energy of
the closed-shell singlet state (Fig. 3.5c) and the total nucleus—nucleus repulsion
energy, respectively. H{°"*, J;, and K; represent the MO-based molecular core,
Coulomb, and exchange integrals, respectively, which are given by

HEre —/w {——A1+V( )}wi(l)dn, (3.22)

5= [ < O @dudn, (3.23)

7‘12

and

62
— [[wu0 v, (3.24)

From Eqgs. (3.20) and (3.21), the total energy difference between the open-shell
singlet and triplet states is given by

E® —ED — ok, (3.25)

total total

That is, the triplet state is more stable than the open-singlet state by 2Kj;, where
K;; > 0. By focusing on its one-center and higher-order terms, K;; can be rewritten
using an AO-based description as

Kij = Z Z Z Z C,iCSjC,,»Cuj (rs | tu)
= Z (CriCy) 2(rr| )+ ZZZZC”CSJC” Wi (rs | 1u). (3.26)

o s#rot#rou#tr

where the indices r, s, #, and u are the numbers of the AOs, and (rs|mu) is the
AO-based 2e-integral. If we assume that the one-center 2e-integral term in

S
N Wy

-

Fig. 3.5 Electron configurations: a open-singlet, b triplet, and ¢ closed-singlet states for a
diradical molecule
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Eq. (3.26) mainly contributes to K;; and that all of the one-center 2e-integrals have
the same value, that is, (11|11) = (22|22) = (33|33) = -+ = const., Eq. (3.26) can be
rewritten by neglecting higher-order terms as
s T 2 2
Bt~ Evgay = 2Ky = 23 (CaCy)*(rr|rr) o 3 (CaCy) = Ly (327)

r

Equation (3.27) shows that L; is directly related to the high-spin stability,
ES;LI — E,((Qd, through Kj;. Therefore, the tendency of a system to exhibit high-spin

stability can be predicted by L;; without performing heavy fourfold loop 2K;; or

direct El(ost)a, — t(;()ll calculations. In particular, the latter method often faces serious
self-consistent field (SCF) convergence problems for the low-spin state calcula-
tions. L; can be obtained from only the NBMO coefficients, and the NBMO
coefficients can be obtained using a wide range of quantum-chemistry (QC)-based
calculations, for example, the Hiickel method, semi-empirical MO methods,
ab initio MO methods, and so on.

Within the framework of the HF method, the total energy of the singlet state is
variable and depends on the unitary rotation angle 6, whereas the triplet state energy
does not depend on 6, as shown in Fig. 3.6 (one can simply prove it using 2 x 2
unitary transformation). Consequently, the singlet—triplet energy difference and the
corresponding value of L;; vary with 0, and 0™ which gives the lowest singlet state
energy, is expected to give the minimum LJ™. L™ provides us with the minimum

possible NBMO mixings leading to high-spin stability.

3.2.4 Effects of Electron Correlation on High-Spin Stability

Consideration of electron correlation effects is essential when discussing high-spin
stability because such effects are the dominant factors that stabilize the low-spin
state compared with the high-spin state; they therefore contribute to the reduction of
the high-spin stability.

Figure 3.6 shows the singlet and triplet energies at both the HF and second-order
Moller—Plesset (MP2) levels for three different situations: (a) a disjoint model with
ET(HF) ~ E3(HF) at 0™, (b) a non-disjoint model with E"(HF) < ES(HF) at 0™,
and (c) a non-disjoint model with ET(HF) < ES(HF) at §™". As shown by the
change from the HF level to the MP2 level, the singlet state is more stabilized by
correlation effects compared with the triplet state. In Fig. 3.6a (disjoint model), the
singlet and triplet states have the same HF energy at 0" due to zero Lg‘i“ value as
well as zero exchange integral between NBMOs. The correlation effects largely
stabilize the singlet state, and a singlet ground state is expected as the result. In
Fig. 3.6b (non-disjoint model), high-spin stability occurs at the HF level due to a
finite Lg-““ value as well as an existing exchange integral between NBMOs.

However, singlet—triplet energy inversion occurs as the result of correlation effects.



72 3 Simple High-Spin Index L; for Ferromagnetic Organic Molecules

(a) Disjoint ( ET(HF) = ES(HF) at ™)
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Fig. 3.6 Schematic illustration of 6 dependences of singlet and triplet energies for a disjoint
linkage, b non-disjoint linkage with E'(HF) < ES(HF), and ¢ non-disjoint linkage with
ET(HF) <« ES(HF). Modified with permission from Ref. [1]. Copyright 1999 John Wiley &
Sons, Inc.

In Fig. 3.6¢c (non-disjoint model), larger high-spin stability occurs at the HF level
compared with the case shown in Fig. 3.6b. A large preference for high-spin sta-
bility at the HF level can prevent singlet—triplet inversion, even after the inclusion
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of correlation effects. Our purpose is to find systems such as those shown in
Fig. 3.6¢ that show high-spin stability even when electron correlation effects are
considered.

Of course, it is possible to confirm the occurrence of the inversion by performing
post-HF calculations; however, post-HF calculations have much higher computa-
tional costs than HF-level calculations, and it is not realistic to use such calculations
to identify high-spin systems from a large number of candidates.

3.2.5 Comparison Between Lijmi“ and Ab Initio MP2
Calculations

To confirm the reliability of L™, the index L™ was compared with the direct

ab initio calculations at the MP2 level using eight models, as shown in Fig. 3.7.
Figure 3.7a—c show diradical models; the upper and bottom models correspond to
disjoint (0-0) and non-disjoint (0—*) linkage models, respectively. Figure 3.7d
illustrates triradical models; the upper and bottom models, respectively, correspond
to disjoint (0-0) and non-disjoint (0—*) linkages between part-A, which consists of
a non-disjoint (0—*) linkage dimer, and monomeric part-B. Each panel includes the
Lg‘i“ value obtained using the Hiickel method. AES"T(HF) and AES T(MP2) are the
singlet—triplet energy differences (E*"s'" — E™P'"y at the HF and MP2 levels,
respectively. Similarly, AEP"%HF) and AEP (MP2) are the doublet—quartet
energy differences (E%"*'" — E4"“"") at the HF and MP2 levels, respectively.

In all of the models, AES_T(HF) and AED_Q(HF) are positive, which means these
models show high-spin stability at the HF level. The point here is the extent to
which the electron correlation effects reduce the high-spin stability. In the AR dimer
models (Fig. 3.7a), the absolute value of AES™T decreases with the change from HF
to MP2 for both the disjoint and non-disjoint linkages. Although AES™" for both
linkages remains positive, even at the MP2 level, the non-disjoint linkage is more
positive than the disjoint linkage, which suggests larger high-spin stability in the
former case. In the models consisting of benzyl and AR units (Fig. 3.7b), AES™T
decreases with the change from HF to MP2 for both the disjoint and non-disjoint
linkages. AES™T for the non-disjoint type remains positive, even at the MP2 level,
while AES™T for the disjoint type becomes negative at the MP2 level. Consequently,
only the non-disjoint type is expected to have a high-spin stability. In the model
consisting of two benzyl radical (BR) units (Fig. 3.7c), AES™T increases and
becomes negative for both the disjoint and non-disjoint linkages upon changing
from HF to MP2. However, AES~T(MP2) of the non-disjoint type is larger than that
of the disjoint type. In triradical models with a linkage between parts A and B
(Fig. 3.7d), AEP"(MP2) for the non-disjoint type is more positive than that of the
disjoint type. Therefore, the non-disjoint type has a larger high-spin stability than
the disjoint type.



74 3 Simple High-Spin Index L; for Ferromagnetic Organic Molecules

(a) Allyl radical dimer (Diradical) (b) Benzyl radical + Allyl radical
(Diradical)
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Fig. 3.7 a—c Diradical models with disjoint (upper) and non-disjoint (bottom) linkages between
radical monomers. d Triradical models with disjoint (upper) and non-disjoint (bottom) linkages
between AR (0-*) dimer (part A) and monomer (part B). Each panel includes L};‘i“, calculated
using Hiickel method, and singlet-triplet(or doublet—quartet) energy difference, AES™" (or AEP~?)
estimated from ab initio MO calculations. Modified with permission from Ref. [1]. Copyright 1999
John Wiley & Sons, Inc.

It was found that, for all of the cases shown in Fig. 3.7, Lgﬂ“ for the non-disjoint
type was larger than that of the disjoint type. We can conclude that LE““ can
accurately predict the tendency for high-spin stability when considering electron
correlation effects; therefore, Lg-‘i“ can be useful for the efficient design of organic
ferromagnetic materials.

We propose here a practical strategy using Lg-‘i“ to find high-spin systems effi-
ciently (see Fig. 3.8). First, systems with large values of L™ at the HF level are

identified from a large number of possible molecules as the first selection
(Fig. 3.8a). Next, post-HF calculations such as MP2 are applied to the selected
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Large number of possible systems
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Fig. 3.8 Proposed strategy for selecting organic ferromagnetic candidates using Lf;““; a st

selection in which systems with large Lg.“i“ are selected at the HF level, and b 2nd selection in

which the selected candidates are calculated at a post-HF level to confirm the high-spin stability
while considering electron correlation effects

candidates to confirm the high-spin stability while considering electron correlation
effects as the second selection (Fig. 3.8b). This two-step selection process can make
it possible to identify ferromagnetic candidate materials efficiently from a large
number of possible systems.
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(a) Non-disjoint (0-*) linkage

Closed-type Op en-typ ¢
* o
BR-1

BR—
* * *
0
* _ -
[ ]
* *
BR-2 * BR-2 * * *

(b) Disjoint (0-0) linkage

L 0

Fig. 3.9 Three different types of linkages between BR units: a (leff) closed non-disjoint (0—*),
(right) open non-disjoint (0—*), and b disjoint (0-0) linkage models. Modified with permission
from Ref. [3]. Copyright 2006 American Chemical Society

3.3 Analytical Approach to L;

L}}““ is useful for predicting whether or not a system will exhibit ferromagnetism
because its calculation only requires the NBMO coefficients for the high-spin state.
For huge systems, however, it is often hard to obtain MO coefficients. Here, we
introduce an analytical prediction (AP) method that allows the efficient calculation
of L;li" for a large system [3]. This analytical approach can be realized without
performing direct QC calculations by predicting the NBMO shapes corresponding
to Lg?i“ using only the “zero-sum rule” of the NBMO method.

3.3.1 Closed and Open Non-disjoint (0-*) Linkages

We now focus on the system based on a BR unit, which is often used in typical
organic ferromagnetic materials. For the BR dimer consisting of BR-/ and BR-2
(Fig. 3.9), two types of linkage models, that is, non-disjoint (0—*) (Fig. 3.9a) and
disjoint (0-0) (Fig. 3.9b) linkage models, can be defined. The (0—*) linkage can be
further divided into closed and open (0-*) models depending on their linkage
position, as shown in Fig. 3.9a. In the closed model, the radical center of BR-2,
denoted as “»”, links to the inactive carbon atom (“0”) at the meta position of BR-1.
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Here, the radical center corresponds to the active carbon (“*”) with the largest
NBMO coefficient in the radical unit. On the other hand, in the open model, the
active carbon at the ortho or para positions of BR-2 links to the inactive carbon at
the meta position of BR-1. In the following subsection, we explain the AP method
for calculating Lmln for both the closed and open (0—*) models.

3.3.2 Closed (0-*) Linkage: Benzyl Radical Dimer
(Diradical Model)

Figure 3.10 illustrates the AP procedures for predicting the NBMO shapes of a BR
dimer model with a closed (0—*) linkage. The procedure can be summarized as
follows:

(i) First, the whole system is divided into separate BR units. According to the
conventional NBMO zero-sum rule, the NBMO coefficients are assigned
separately for each BR unit using different letters a, b, c, etc. within the area
of each unique unit.

(i) Next, the assignment is continued to the area outside of the BR unit of
interest. When we are focused on BR-1, for example, the zero-sum assign-
ment is expanded to the BR-2 region. According to the rule, however, the
NBMO on BR-1 (NBMO, assigned by a) cannot be expanded to the BR-2
region. In contrast, the rule allows for the expansion of the NBMO on BR-2
(NBMO2, assigned by b) to the region of BR-1. Consequently, NBMO1 is
localized only on the BR-1 unit, while NBMO?2 can be delocalized onto both
the BR-1 and BR-2 units. For the sake of convenience, NBMO1, which is
delocalized onto one benzene ring, is defined as a single ring (SR)-type
NBMO, whereas NBMO2, which is delocalized onto two benzene rings, is
defined as a double ring (DR)-type NBMO.

(iii) The NBMO coefficients, a and b, can be obtained by normalization as

2a 2a NBMO1 R type
L] o
-a -a -a -a
é é Normalization
- 0.~ — u 0.38 NBMOI(SR)
\ ._,
L ;' .+ NBMO2 (DR)

NBMO mixings:
LI =0.04286

—b=032

Fig. 3.10 AP of NBMO shapes and L; for closed (0—*) BR dimer. Modified with permission
from Ref. [3]. Copyright 2006 American Chemical Society



78 3 Simple High-Spin Index L; for Ferromagnetic Organic Molecules

NBMOI1 (SR type) : Z Chavor, = (2a) +2(—a)’ +a* =Ta* = 1

NBMO?2 (DR type) : Z Cvon, = (2b)° +4(=b)* + 257 = 100* = 1

1
— ~0.37796, b=—— =~ 0.31623.
ﬁ V10

(3.28)

(iv) Finally, L;; can be calculated from the NBMO coefficients as

, (7

:i~004286 LAP]SR<—>2DR),
70

Lj = (CuCy)* = (ab)* + (ab)’ + (ab)’ = 3(ab)* =3

(3.29)

where L;; is denoted as LAP(1 SR2,DR) , which means the analytically predicted

L; for the mixing between NBMOI1 (SR-type) and NBMO2 (DR-type).

It should be stressed that these procedures only include calculations that may be
undertaken mentally [(i) and (ii)] and through simple number work [(iii) and (iv)].
Figure 3.11 shows L;}’i“ and the corresponding NBMO shapes for the BR dimer
calculated using the simple Hiickel MO (HMO) method and subsequent unitary
rotations. It was found that our AP results in Fig. 3.10 accurately predicted both

L‘Pin and the NBMO shapes calculated using the HMO method. Lg-li“ (HMO) was

slightly larger than LAP([ SR—2,DR)

. This difference can be explained by the fact that
the AP approach is capable of predicting more ideal minimum NBMO mixings,
though the HMO treatment reaches the vicinity of the minimum point after the
unitary rotation. The AP approach is therefore a promising method of finding the

ideal minimum of Lij.

3.3.3 Closed (0-*) Linkage: Benzyl Radical Trimer
(Triradical Model)

Figure 3.12 shows three possible models of the closed (0—*) BR trimer, that is,
trimer-A, trimer-B, and trimer-C. Each model consists of three BR units, BR-1,
BR-2, and BR-3, and involves three NBMOs.

In the same manner as for the dimer model, we can predict L}}“" for the trimer
models without QC calculations. First, we focus on trimer-A, which exhibits a
linear form. After assigning the NBMO coefficients within each BR unit based on
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Fig. 3.11 NBMO 0.76
coefficients corresponding to
Lg‘i" for closed (0—*) BR
dimer calculated using simple
HMO method followed by
unitary rotation. Modified
with permission from Ref. [3].
Copyright 2006 American
Chemical Society 002
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the zero-sum rule, the assignment is extended to the whole molecule by the same
rule. We use the letters, a, b, and ¢ for NBMO1, NBMO2, and NBMO3, respec-
tively. As a result, we can obtain the SR-type orbital NBMO1 and the DR-type
orbitals NBMO2 and NBMO3. By normalizing the coefficients, we can obtain

1
V7

Thus, Lgp can be estimated as

Trimer-A : a = — (for SR type), b=c= (for DR type). (3.30)

1
V10

. APo(1,SR—2,DR
Trimer-A : L;}P = E Lz‘.P" — JAPo(1,SR=2,DR)

ij

ij( > i)

i L,;Po(lﬁSRHS,DR) i Lij
2

=3 x (ab)’ +0+3 x (be) (3.31)
1

_3<1X1>2+3(X1>2
V7 V10 10 10
3

3
=70 + 100~ 0.07286.

APo(1,SR—3,DR)

Similarly, for trimer-B, NBMO1, NBMO2, and NBMO3 correspond to SR-, DR-,
and DR-type, respectively. We can obtain the normalized coefficients and Lgp as

1 1
Trimer-B : ¢ = —— (for SR type), b =c¢=— (for DR type)

V7 V10
AP __ APo __ 1 APo(1,SR<2,DR) APo(1,SR—3,DR) APo(2,DR—3,DR)
L=y L =1L + 1y +L;
J(> )
=3 x (ab)* 43 x (ac)* +3 x (bc)* 2303 Lousm
B ~70 70 T 100 ‘

(3.32)
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(a) Trimer-A (b) Trimer-B (c) Trimer-C
p
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Fig. 3.12 AP of NBMO shapes and L; for closed (0—*) BR trimers, a trimer-A, b trimer-B, and
¢ trimer-C. Modified with permission from Ref. [3]. Copyright 2006 American Chemical Society

For trimer-C, both NBMO1 and NBMO3 are SR-type. In contrast, NBMO?2 is
delocalized onto three benzene rings; therefore, we call this orbital a triple ring
(TR)-type NBMO. The normalized coefficients and Lji” value can be obtained as

Trimer-C: a = ¢ = (for SR type);

§|~

ZCNBMOZr = (2b)* +6(=b)* +3b* = 13" = 1;

1
b =——==0.27735 (TR type)

V13
AP APo APo(1,SR—2,TR) APo(1,SR—3,SR APo(2,TR—3,SR
L=y =™ L™ '+ L )
ey

=3 x (ab)* +0+3 x (bc)’ _3(\1[ \/1_>2

3(in>2—i+i~006593 (3.33)
VI3 Vi) o1 Tor T ' '
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3.3.4 Closed (0-%*) Linkage: Benzyl Radical Pentamer
(Pentaradical Model)

As an example of a more complicated case, we investigated a BR pentamer model
consisting of five BR units (BR-1 to BR-5) with five NBMOs. We selected one of
the pentamer isomers, as shown in Fig. 3.13 (pentamer-A), to show the Lf}P esti-
mation. For pentamer-A, the letters a—e were used for NBMO1-NBMOS5. NBMO1
and NBMO?2 were assigned as SR-type, whereas NBMO3 was DR-type. NBMO4
and NBMOS5 were found to be TR-type. Therefore, the normalized NBMO coef-
ficients are

Fig. 3.13 AP of NBMO shapes with smallest overlaps for closed (0—*) BR pentamer
(pentamer-A). Modified with permission from Ref. [3]. Copyright 2006 American Chemical
Society
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1 1
Pentamer-A : a = b = — (for SR type), ¢ =—= (for DR type),
V7 v10 3.34
1 (3.34)
d = ¢ = —(for TR type).
V13
Lg" for pentamer-A can be calculated as
Pentamer-A : LI;[’ — ”(Z>L,-Ajl)o _ L?jPo(l,SR@lDR) +L3PO(I;SR<—>4.TR) +L3PO(Z.SR<—»4.TR)
(> i
| [APOBDREATR) | APO(LDRSTR) |y APo(4TR=S,TR)

i i i
=3 x (ac)* 43 x (ad)’ +3 x (bd)* +3 x (cd)* +3 x (ce)* +3 x (de)”
3 3 3 3 3 3
=25+ o1 o1 T 130 T 130 T 1 ~ 017270 (3.35)
In a closed (0—*) system, the NBMOs may be classified into only three types,
i.e., SR, DR, and TR, even when considering systems with more than three benzene
rings. In other words, there is no NBMO that is delocalized across more than three
benzene rings within the framework of a closed (0—*) system.

3.3.5 Closed (0-*) Linkage: Tetraradical Model Including
Methylene and Methylidyne Radical Units

Figure 3.14 shows a tetraradical model with a non-disjoint (0—*) linkage. The
model includes both the methylene (:CH,) and methylidyne (:CH-) radical units,
MR-1 and MR-2, respectively, in addition to two BR units, BR-1 and BR-2.

Basically, the NBMO shapes can be predicted in a similar manner to that
described in the previous subsections. First, the NBMO coefficients are assigned
within each radical unit. The letters a, b, ¢, and d were used for MR-1, BR-1, MR-2,
and BR-2 units, respectively. Although the conventional zero-sum rule was applied
for assigning the BR units, “2a” and “2¢” were assigned exceptionally for MR-1
and MR-2, respectively. After that, the assignment of NBMO coefficients was
extended to the area of the other radical units according to the zero-sum rule. As a
result, NBMO1-NBMO4 were obtained; NBMO1, NBMO2, and NBMO4 were
assigned as SR-type, while NBMO3 was DR-type. Thus, we can obtain the nor-
malized NBMO coefficients and Lj}" as
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2 a NBMO1 SR
% = hvé @,d)
b\b
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NBMO mixings

NBMO2  NBMO4
(SR) (RS)

NBMO2

BR1 BR2

otied [)

MR1 MR2

NBMO1 NBMO3
(SR) (DR)

\_ BR2 J

Fig. 3.14 AP of NBMO shapes with smallest overlaps for closed (0—*) tetraradical model that
includes methylene (:CH,) and methylidyne (:CH-) radical units (MR units). Modified with
permission from Ref. [3]. Copyright 2006 American Chemical Society

1
a=b=d=— (for SR type), c¢= o (for DR type)
AP APo __ 7 APo(1SR—2,SR) | ;APo(1,SR—3.DR) | ;APo(1,SR—4SR)
L —'KZ‘)LU' _L,.j L +L
iy

o s o g o g 3'36
+LAP (2.SR—3,DR) +LAP (25R—45R) +LAP (3,DR—4,SR) (3.36)
=3 x (ab)* +3 x (ac)* +0+43 x (bc)* +0+3 x (cd)*

3 3 3

3
@—I—%—F O+% 0.18980.

g

As shown here, by adding the initial assignments of “2a” and “2¢” for the MR
units to the AP procedures, L4” can also be estimated for the system that includes
MR units.

3.3.6 General Procedures for the Analytical Prediction
of L;; for Closed (0-*) Linkage Models

It has been noted that there are three types of NBMO shapes for closed (0—*)
linkage models; that is, SR-, DR-, and TR-type NBMOs, which are delocalized
onto one, two, and three benzene rings, respectively. Based on the results discussed
in the previous subsections, these three types of NBMOs are sufficient to assign
NBMOs, even in very large closed (0—*) systems. From their combinations, six
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. . . . . AP
possible types of NBMO mixings, and their corresponding Li" values, can be
obtained as follows:

2
o(SRe 3
SR« SR: LR = 3 5 (afRe$R)? = 3 x (7 X —) = 49 ~ 006122,

! v V1
SR «» DR: L7 OR7PR = 35 (afRoPR)? = 3 x <i x L)Z— 3~ 0.04286
V1 V10 70 ’ ’
o(SR 1 1\’
SR« TR: L ER7TR = 3 5 (45R5IR)> = 3 x ( ) = ~0.03297,
ﬁ V13
2
3
DR < DR: LAPo(DRHDR) 3 DR DR _ — =0.03
- x (% «/_ \/_o ~ 100 ’
2
APO(DRHTR) DR TR 3
DR « TR: L} = — =7 ~0.02
o =3 x (aRulR)? 3><(\/_ ) T3~ 002308
and
TR « TR: Lj" "™ = 3 5 (4[F5®)? = 3 x (L x L>2 2 001775
v VI3 V13) 169 '

(3.37)

Here, o] (x = SR, DR, or TR) is the normalized coefficient of the i-th NBMO
having an x-type shape, that is, SR, DR, or TR. o} depends only on the NBMO
shape and was already determined in the previous subsections as

1 1 1
[XSR — O(SR - OC-DR — O(DR _ and O(,TR = O(.TR = — (338)

ARV A A A

We define the number of possible mixings of NBMO components LAPO(X’HX" Vin

the system as N4 °(i%) where x; (= SR, DR, or TR) and x; (= SR, DR, or TR) are
the shapes of the i-th and j-th NBMOs, respectively. L P for the whole system can
be generally defined by

LAP NAPo(SR=-5R) L,jPo(SRHSR) 4 NAPo(SRDR) L;\PO(SRHDR)
| NAPo(SR-TR) LéPO(SRHTR) | NAPe(DR=DR) APO(DRHDR)
+NAPO(DRHTR)L3PO(DR4_>TR) +NAPo(TRHTR)L3PO(TRHTR). (3.39)

Equation (3.39) is the general formulation for LAP for closed (0—*) BR systems
with or without MR units. N47°®~%) for each term can be counted by hand. Thus,
L’;P can be estimated from Eq. (3.39) using the Lgp ° values listed in Eq. (3.37).

For example, the BR pentamer model in Fig. 3.13 has one SR < DR, two
SR « TR, two DR ++ TR, and one TR «+ TR mixings. Thus, Lgp can immedi-
ately be calculated as
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L;;p —0 x L[AjPO(SRHSR)+1 % L/;\_PO(SR—DR)+2 % L;PO(SR—TR)+O % L,;PO(DR—DR)
APo(DR—TR) APo(TR—TR)
+2 x Lij +1 x sz (340)

3 3 3 3

As another example, the tetraradical model containing MR units shown in
Fig. 3.14 has one SR < SR and three SR +» DR mixings. LgP is

L;}p 1 x L;—]\_PO(SRHSR) 13 % L;;Po(SR—DR) 40 x L;;Po(SR—TR) 40 x L;;Po(DR—DR)
APo(DR—TR) APo(TR—TR)
+0 x Lij +0 x Lz’j (341)

3 3
=1x (E) +3 x <%) ~ 0.18980.

3.3.7 Analytical Prediction of L;; for Quasi-One-
Dimensional Closed (0-*) Benzyl Radical Systems

In this subsection, discuss the formulation of Lj}P as a function of NV®M© for various
quasi-one-dimensional closed (0—*) BR systems, which are shown in Figs. 3.15 and
3.17, where NVBMO defines the number of NBMOs in a model. In two-line (2L)
models, that is 2L-1, 2L.-2, and 2L-3 in Fig. 3.15, the BR (or MR) units align in
two lines, whereas in three-line (3L) models, that is 3L-1, 3L-2, and 3L-3 in
Fig. 3.17, the units align in three lines.

Formulation of Lﬁp for Two-Line Models

First, we formulate L’;P for 2L models, i.e., 2L-1, 2L-2, and 2L-3, which are

shown in Fig. 3.15. The right-hand side of the figure shows the process of assigning
the NBMO shapes using SR, DR, or TR for each NBMO. According to the
assigned shape, we can systematically count the number of component NBMO
mixings in the system. Figure 3.16 shows an example component count for the
NBMO mixings in 2L-1. We can count the number corresponding to each
overlap-type (i.e., SR < DR, DR « DR, etc.) in the system at each N"?M°_ By
using simple sequence treatments, the number of components with each type of
NBMO mixing can be obtained for an arbitrary system size (NV?M° = p).

Table 3.1 summarizes the number of components with each type of NBMO

mixing as a function of N2 for models 2L-x (x = 1, 2, and 3). Here, L;}P of 2L-1

NBMO
N

for = n can be formulated by Eq. (3.39) as
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| Two-line (2L) models |

NBMO mixings
(a) 4 SR
| 201 Q. )
1 unit é @ DR.’,'[.:" “‘DR
BR1 . ’

6,0

&, .
oz © —> é

(b)

Fig. 3.15 AP of NBMO shapes with smallest overlaps for 2L models of quasi-one dimensional
closed (0—*) BR systems. Each unit structure is shown in parentheses. Modified with permission
from Ref. [3]. Copyright 2006 American Chemical Society
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NBMO mixings
SR

2L1

:a[ ’(‘:Lo O Fo
& DD
S
NNBMO =4 NNBMO =8 NNBMO =10
Number of | SR&DR 2 2 2
NBMO DR«<DR 1 3 4
.. DR—TR 2 6 8
mixings | ;p R o 2 3

Fig. 3.16 Formulation of the number of components with each type of NBMO mixing for model
2L-1 used for predicting Lj". Modified with permission from Ref. [3]. Copyright 2006 American
Chemical Society

Table 3.1 Number of components with each type of NBMO mixing at NVBMO — p for 2L and 3L
models

Model | Number of components (NBMO mixing), L™ Condition
SR~ SR |SR < DR |[SR+~ TR |DR < DR |DR < TR |TR < TR of n

2L-1 0 2 0 n2) — 1 n—2 n2)—2 |n=4,6,8,
10, ...

212 0 2 0 74 —4 |0 0 n=4,8,
12, 16, ...

2L-3 1 n—1 0 n/l2) — 2 0 0 n=2,4,6,
8, ...

3L-1 0 2 0 n/3 (2/3)n @3n—-7 |n=6,9,
12, 15, ...

3L-2 0 3 2m/3 —1) | (n/3) — 1 2m/3 —1) |(n/3)—2 n==6,9,
12, 15, ...

3L-3 0 2 0 n/2 S/ -3 | (B8N —2 |n=28§, 16,
24,32, ...

Modified with permission from Ref. [3]. Copyright 2006 American Chemical Society

Model 2L-1:

L;}P -9 L;PO(SRHDR) T (g . 1) L:;PO(DR<—>DR) +(n-2) L;«_Po(DRHTR)

n APo(TR+TR)
+ (< — 2)L~-
(2 (3.42)

y

A (- 62
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Basically, for all of the models discussed here, Lf}P increases with increasing
system size. Thus, when comparing L‘g-’) among the different models, it is conve-
nient to use the average value of Lg‘u at the n limit (n — ©0), i.e., lim (L‘;P /n). The

n—oo

average value for 2L-1 is

AP 6 1 1\ 3 2\ 3 1 2\ 3
y )= e —__=Y_-
n {70n + ( n) 100 + (l n) 130 + (2 n> 169}’ (3'43)

and its n limit can be obtained as a unique value:

4P 1 3 3 1 3
im -2 =0+ (=-0 1-0 0) -2 ~0.04695. (3.44
oo 11 + (2 ) 100 +( )130 + (2 ) 169 (3:44)

Similarly, i} and lim (L{” /n) can be obtained for 2L-2 and 2L-3 as

n—oo

Model 2L-2:

(e} >, 7 o — 6 7 3
L = 2L APPSRP) (Zn_4>L¢P (or-pR) _ O <_n_4) 3

v 70 4 100
L 6 4\ 3 3 (3.45)
fim —0 — fim -0 4 (7 —0+(2-0)-2 —0.0525
n—oo n n—oo | 70n 4 100 4 100 ’
and
Model 2L-3:
JAP — APo SR—SR) t(n— ) APo (SR—DR) i (g _ 2) L,;PO(DRHDR)
3 3 n 3
49 +( )70 ( 100
Ly 1 2\ 3 (3.46)
lim - = lim —— =) —
n—oo n n—oo 49}’1 2 n/) 100
3
=0+(1-0)=— ——0]—~~0.05786
+( )70 * ( > 100 :

respectively. Therefore, lim (L;}P n) predicts the order of high-spin stability as
n—oo
2L-3(=~ 0.05786) > 2L-2 (= 0.0525) > 2L-1 (= 0.04695).



3.3 Analytical Approach to L; 89

Formulation of L‘;P for Three-Line Models

We can formulate Lj}P for 3L models, i.e., 3L-1, 3L-2, and 3L-3, which are

shown in Fig. 3.17, in the same way as for the 2L models. Table 3.1 also lists the
number of components with each type of NBMO mixing as a function of NVZM© for

Three-line (3L) models NBMO mixings

(a) 3L-1 . é 0
1 unit Jél L.
0L,

é.BRZ —_ . ) Jéljé —_
e

()

-
BR1

Sy , o

EsRs->ér'J£:L°BR3 —> A %
" HeWek ST

) ’ ,Jé.

®

Fig. 3.17 AP of NBMO shapes with smallest overlaps for 3L models of quasi-one-dimensional
BR closed (0—*) systems. Modified with permission from Ref. [3]. Copyright 2006 American
Chemical Society
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models 3L-x (x = 1, 2, and 3). L;;"” and lim (Lg” /n) can be estimated for 3L-1 to
3L-3 by
Model 3L-1:

LAP ) LAPo(SR<—>DR) n (ﬁ) [APO(DR=DR) <z n) APo(DR-TR)

3 y 3 y
4 7\ fAPo(TR=TR)
+ gn_ if
L GO 3.47
70 100 130 3 169 (3.47)
1'mL3P—1'm 6+1+2+47 3
i n neee|70m 100 T 130 T \3 169
1 2 4 3
=04+ — 4+ — +(Z-0) -2 ~0.04905
100 T 130 (3 > 169 ’

Model 3L-2:

LAP —3 LAPo(SR<—>DR) n (’; ) (2 LAPo(SRHTR) + LAPo(DR<—>DR) ) LAPo(DRHTR))

n 2) [ APo(TR=TR)
G

9 n 6 3 6 n 3
—— (2 SIS B ()
7o+(3 )(91+100+130>+(3 )169
i B O (L V(63 6 (1 2) 3
e N ae\70n T \3 ) \o1 T 100 T 130) T\370) 169

1 6 3 6 1 3
0*(5‘0)(91+ oo+ﬁ>+<§_0)@”0'05328’

(3.48)

and
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Model 3L-3:

AP _ ~yAPO(SR=DR) | (M, APo(DR—DR) 5 APo(DRTR)
AP = 2L i (f)L.. n <4n - 3) L

ij 2/ i
n <§ _ 2) LAPo(TR<—>TR)
g
6+()3+533+323 3.49
_ 3 (3, N3
=707\ 100 T \a 130 " \3 160 (3.49)

limIi}P—lim 6 + 1 é—é + >
n—oo n oo | 70n 100 n 13 169
1N\ 3

_O+(§> 100+( )130

3.3.8 Comparison Between L.\" and Direct Quantum

Chemistry Calculations for Quasi-One-Dimensional
Closed (0-*) Benzyl Radical Systems

+
N
oo |
I
\_/
Z
=]
o
N
S
N
=]

To confirm the validity of our AP, Lf}P for quasi-one-dimensional closed (0—*)
models was compared with the high-spin stability obtained using direct QC cal-
culations. Figure 3.18a shows the relationship between Lj}P and the number of

(a) (b)
14.0 - 0.7
ROB3LYP/3-21G
120} 06|
2L-3
100 } ® o5t
S
£
S 80} 2 o4l
§ X c "
<:§ ~
4 eof 03}
-
N—
40} W2}
20} 041}
0.0 0.0 1 1 .
0 10 20 30

N

Fig. 3.18 Relationship between N and a Lj”(N), b AE(L-H) for 2L models. Modified with
permission from Ref. [3]. Copyright 2006 American Chemical Society
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(a)20 (b)
1.8 L 0.7
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0 21-2 8 o O 2L-2
141 o 0.5 X 2L-3
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Ly 40} S8 g
08} 3 — 03|
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T ] < 02f
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Fig. 3.19 a Comparison of L;; for AP and HMO + unitary rotation methods for 2L models (N = 8
and 16). b Comparison of AE(L—H) calculated at various levels of theory for 2L models (N = 8).
Modified with permission from Ref. [3]. Copyright 2006 American Chemical Society

radical centers N (= N"*¥?) for models 2LL-1 to 2L-3. The AP approach predicted

the order of high-spin stability to be 2L-3 > 2L-2 > 2L-1 regardless of

N. Reasonably, the order is consistent with the results from lim (Lj}P / n). For the
n—o0

first step, Lg‘-P was compared with that obtained using the HMO method
(Lg"“ (HMO)) (see Fig. 3.19a). For comparison, N = 8 and 16 were selected as the
numbers of radical centers. Although Lj” is smaller than L™ (HMO), the order of
Lgp is similar to that of L;‘i“(HMO) at both N = 8 and 16, except for the inversion

of 2L.-2 and 2LL-3 at N = 8. This difference can be explained by the fact that unitary
rotations of L;}““ (HMO) did not result in the identification of the ideal minimum Ly,

whereas Lf]‘.P corresponds to the minimum.
Next, the AP results were compared with the high-spin stability,

LS—HS (__ LS HS : : P : LS
AER (— Epu — EToml), estimated using ab initio calculations, where E7), ; and

E%Sml are the total energies of the lowest and highest spin states, respectively.
Figure 3.19b shows AEES 1S for 21L-1 to 2LL-3 for N = 8 at various levels of theory,
calculated using the Gaussian 03 program [4]. Here, AEES 5 was obtained from
single-point  calculations based on standard geometrical parameters:
C-C=1395A, C-H=1100A for a benzene ring; C-C=154A4,
C-H = 1.070 A for CH or CH, groups; 120° was adopted for all the bond angles;
dihedral angles were selected to maintain a planar structure. The split-valence basis
sets 3-21G, 6-31G, and 6-31G(d) were used. We selected the HF, second-order
Moller-Plesset perturbation theory (MP2) with frozen core (FC) approximation, and
DFT (B3LYP functional) levels of theory. The restricted open-shell HF (ROHF)
scheme was selected for calculating the open-shell systems. From Fig. 3.19b, it can
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be seen that the order of AEL S was 2LL-3 > 2L-2 > 2L-1 for all the computa-

Total
tional conditions. Thus, we can conclude that Lf}P accurately reproduced the order

of AELSHS estimated using ab initio calculations. In Fig. 3.19b, the MP2 and DFT

results show smaller values of AEL 1S than the HF results as a result of correlation
effects that mainly stabilize the low-spin state compared with the high-spin state.
To confirm the suitability of Lji” for predicting high-spin stability for larger
values of N, we examined the relationship between AEL 5 and N (= 8, 16, 24, and
32) for 2LL-1 to 2L-3 at the ROB3LYP/3-21G level (see Fig. 3.18b). The order of

AEES 1S was found to be 2L-3 > 2L-2 > 2LL-1 for any N; the order was the same
predicted order as Lg”. Thus it was confirmed that Lj” reproduced the trends

calculated using AESH5 even for large N.

Next, 3L systems are discussed. Both Lgp and N are compared for 3L-1 to 3L-3
(see Fig. 3.20a). The order of high-spin stability predicted by Lgp was
3L-2 > 3L-3 > 3L-1 for all of the N regions investigated. To confirm the validity
of Ly” for these models, ab initio calculations were performed to obtain AEf, ™ at
N =24 using the ROHF/3-21G and ROB3LYP/3-21G levels of theory (see
Fig. 3.20c). At both levels, the order of AEL M5 was found to be
3L-2 > 3L-3 > 3L-1. AEES 5 at the HF level was smaller than that at the DFT
level because of correlation effects. For comparison, Lgp at N = 24 is plotted in

Fig. 3.20b. For the 3L systems, it can therefore be concluded that Lgp also repro-

duced the trend observed in AELS 5 obtained using ab initio calculations.

A
&b,
(a) 16.0 —— (b) ©
14 —m8M8—— 1.8
140 st ® 3L-1 16l ® 3L-1
12.0 2 ozl — = 0 3L-2
. ..{ 13l x o3| § 14f X 3L-3
O
s 100} 2y § 12f
= &40 3L-2 a £
<o 8.0 | Sy s ° £ 1.0}
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Q- 08
6.0 . . T 08
‘ < 06f
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4.0 \ L ]
s é‘z& 11 = °
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2.0 02f $
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Fig. 3.20 a Relationship between N and ij‘-P (N) for 3L models. b L?}P and ¢ AE(L-H) for 3L
models (N = 24). Modified with permission from Ref. [3]. Copyright 2006 American Chemical
Society
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The magnitude and degree of NBMO mixings is directly related to the order of

Ly"; therefore, candidate systems with large Lj}” can be designed using the fol-

lowing strategies:

(1) The order of the magnitude of NBMO  mixings is

JAPO(SR=SR) [ APO(SRODR)  y APO(SR—TR) 1 APO(DR=DR) 1 APo(DR=TR) 1 APo(TR=TR)

g q g J ) U ’
as shown in Eq. (3.37). Thus, a large ferromagnetic property can be expected
by including large-component NBMO mixings such as
LgPo(SRHSR)7 L,;Po(SRHDR), and L‘;;PO(SRHTR)‘

(2) Large NBMO mixings can be expected when each NBMO mixes with as
many adjacent NBMOs as possible. For example, we consider the trimer
models in Fig. 3.12. In trimer-A, NBMO1 mixes only with NBMO2. On the
other hand, in trimer-B, NBMO1 mixes with both NBMO2 and NBMO3.

Here, trimer-B has an advantage compared with trimer-A.

. . . . . AP
Strategy (1), in particular, was found to be important for achieving large Lj;

when we compared systems with similar sizes. For instance, model 2L-3 has the

APo(SR—DR)

largest Lgp of the 2L models because it contains many L; components.

Similarly, in the 3L models, 3L-2 has the largest Lf}P because this model has many

L;PO(SRHTR) components. In addition to these approaches, we were able to develop

more detailed strategies as follows:

P
l_] b

(denoted by a dot sign). In such cases, large NBMO mixings are expected over

the phenyl ring.

(4) To enlarge Lf}P , each radical center should be connected with a small number

(3) To enlarge each phenyl ring should be linked with many radical centers

of phenyl rings. When a radical center connects with phenyl rings, the cor-
responding NBMO is delocalized over these rings. The delocalization of the
NBMO over many phenyl rings makes each NBMO coefficient small after the
normalization, and results in smaller values for L;}P . In contrast, the delocal-
ization over fewer rings keeps each NBMO coefficient large, and results in a
larger Lj".

Points (1)-(4) can be useful guidelines when designing radical units and their
linkages to realize large-L‘{}P systems.

Here, every system is assumed to have a planar structure for simplicity.
However, this treatment does not prevent functional design because it is obvious
that a deviation from the planar structure weakens the ferromagnetism; the mag-
nitude of this weakening can be approximated by considering the orbital overlap
between two adjacent p-orbitals used to construct the w-conjugation. In addition, the
system is assumed to be isolated in a vacuum. However, for n-conjugated systems,
through-bond intramolecular exchange interactions should play a dominant role in
ferromagnetic interactions and through-space exchange interactions from the sur-
roundings could result in second-order effects in general.
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In the previous subsections, we presented the formulation of a relationship
between high-spin stability of a periodic system and N using an analytical approach.
On the other hand, for aperiodic random systems, Ll’-}P can be estimated by counting
the number of NBMO mixings one by one instead of formulations.

3.3.9 Analytical Prediction of L; for Open Non-disjoint
(0-*) Benzyl Radical Systems

Our analytical method can also be applied to open non-disjoint (0—*) models, as
shown in Fig. 3.9a [5]. Figure 3.21 shows the AP procedures for the open (0—*) BR
dimer (Fig. 3.21a) and trimer (Fig. 3.21b) models. The prediction method is similar
to that used for the closed (0—*) model except for the NBMO shape.

(i) The system is divided into each radical unit (BR1, BR2,..., etc.). NBMO
coefficients are assigned within each BR unit by the NBMO zero-sum rule.
Different letters, a, b, c, etc., are used for different BR units.

(i) The NBMO coefficients for each unit are expanded to the region of the other
BR units by the zero-sum rule. As can be seen in Fig. 3.21, the NBMOs for
the open model are delocalized asymmetrically over more than one BR unit
(except for the SR-type NBMOs) and are elongated to the terminal. The
NBMOs delocalized asymmetrically over two, three, four,..., n benzene

( SR type
a
BR1 NBMOI(SR)
BRZ Y \B\/l()l
\ 2b 05 P -',,
—
0.5b Nswoz

NBMO1(SR)

-0.5b

" .
/ 'NBMO3 (OR3)

-0.25¢

Fig. 3.21 AP of NBMO shapes with smallest overlaps for open (0—*) BR a dimer and b trimer
models
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Fig. 3.22 NBMO shapes of (a) AP

open (0—*) BR dimer 0.76
obtained using a AP and
b HMO + unitary rotation
methods

(b) HMO 076

-0.38 -0.38

0.36
NBMO2

AP i
L ~0.01382 L0 = 0.01395

Y

rings are named open-ring 2-(OR2-), OR3-, OR4-,..., ORn-type NBMOs,
respectively.
(iii) The NBMO coefficients for open systems are normalized as

NBMOL1 (SR type): Y Chpyor, = (20)° +2(—a)’ +a® =7a* = 1
NBMO2 (OR1 type): Y Clpyon, = (2b)° +2(=b)> +b* +2(0.5b) + (—0.5b)=7.75b* = 1
NBMO3 (OR2 type): Y Cagyos, = (2¢)° +2(—c)* +¢* +2(0.5¢)* + (=0.5¢)*

+2(0.25¢)% + (—0.25¢)*= 7.9375¢* = 1

a= ~ 0.35494

! ~ 0.37796; b= 1 ~0.35921; c¢=

1
Nz Viis V71.9375

(3.50)

@iv) Lf}P can be calculated for open non-disjoint (0—*) BR dimer and trimer
models as
Dimer model: L;}P = [APUSRE20R) Z (CaCy)°

)
-

= (=0.5ab)* + (0.5ab)* + (0.5ab)* (3.51)

=3 ~ 0.01382,

(0.5 x % x W%)z

and



3.3 Analytical Approach to L;

Trimer model : Lgp = Z LI*.}P °=L

i(>1)
AP
+L;

(1,5R—3,0R3)

AP(1,SR—2,0R2)
ij

AP(2,0R2+3,0R3
+L 03)

= 3(0.5ab)* +3(0.25ac)” + 3(0.5bc)” + 3(0.125bc)*

1 1 \? 1 1 2
=3{05%x—=x +3(025 x —x
( V7 \/7.75> ( V7 \/7.9375>
1 1 2

+3(05 X —— X ———

( V1.5 \/7.9375>

1 1 2

+3{0.125 x X =...,

( V175 \/7,9375>

respectively.
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(3.52)

For the dimer model, the NBMO shapes in the AP and HMO methods are
compared in Fig. 3.22. The AP approach accurately reproduces the NBMO shapes
obtained using the HMO + unitary rotation treatment. As a result, Lfy’ ~ 0.01382

agrees well with L] "™ = 0.01395.

We formulated L‘;P for the open (0—*) model 1 (depicted in Fig. 3.23) as a
function of N. For reference, the formulation was also conducted for closed model 2
(depicted in Fig. 3.23). The formulation was achieved using the same procedure as
for the closed system, although its formulation is more complicated. Lj}P (N) for

these models is given by

Fig. 3.23 Relationship
between Lg‘.P (N) and N for
open 1 and closed 2 (0—*) BR
oligomers

Li/"(N)

8.0
(o]
70
6.0 [ Closed type ’,0
2 K4
50 [[: ] 1~ /o’
4.0 ’,O
o
’
30} ’,d
’,O 1
201 o
’
o
1.0 7 N
/O Open type
0.0 1 1 1 1
0 50 100 150 200 250

N
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Model 1 : L7 (N) :32N: XN: (li 16k>/{<3§4k+4’> (3%4’%4’“)},
i k=0 k=0

=1 m(>1)

(3.53)

and

Model 2 : L;"(N) = Sy

- 54
100" 175 (3:54)

The values of Lf}P (N) for these models are plotted in Fig. 3.23. Lg‘p for the open
model 1 is about half of that for the closed model 2. These results indicate that the
closed (0—*) linkage is more effective for constructing BR-based high-spin systems
than the corresponding open linkage.

3.4 (2 x 2) Unitary Rotation for Minimizing L; and Its
Comparison with the Edmiston—Riidenberg Method

In Sect. 3.2.1, we introduced the (2 x 2)-based unitary rotation for minimizing L;;
by localizing NBMOs [see Eq. (3.4)]. In this subsection, we compare the (2 x 2)
localization method with the Edmiston—Riidenberg (ER) localization method [6] for
minimizing L;. In the ER method, the unitary rotations shown in Eq. (3.55) are
performed by maximizing the self-repulsion energy (SRE), Jsgg, in Eq. (3.56).

(a) 0.007 (b) 60000
0.006 | I
ER I 50000 X
—_ 1
0.005 F cross )
(cross) @ 40000 F ER ','
2 o0.004} (2x2) ry :
£ (circle) £ 30000} X
= 0.003 | = /
=~ & 20000 !
0.002 s © X
td
0.001 } Open type N 10000 '/’ (2{)( 2)
N S
0.000 b—t— 0 Lgp—rmmmnny® 000
1 2 3 4 5 6 7 0 5 10 15 20 25 30 35
N

Fig. 3.24 a Comparison of L,‘.J’.‘i" (N) values calculated using (2 x 2) and ER localization methods
for open model 3 at ROHF/STO-3G level. b Comparison of CPU times required for each method
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(pj’.:;(piUij G=1,2,....n) (3.53)

sse(ol) =3 [ 166005 () '@ Pt (3.50

For comparison, Lg‘i“ for the open model 3 (depicted in Fig. 3.24a) was calcu-
lated at the ROHF/STO-3G level using both localization methods. Figure 3.24a
shows the relationship between Lg‘i" and N, where the highest spin-multiplicity was
selected for each N. The (2 x 2) method provided essentially the same Lg‘i" value
as the ER method. Furthermore, the methods gave quite similar NBMO shapes
corresponding to L;‘i“. Figure 3.24b shows the CPU time required to obtain Lg‘i" for

both methods. For larger N, in particular, the (2 x 2) method required much less
CPU time than the ER method. Thus, the (2 x 2) method is useful for obtaining
L;}-‘i“ because of its small computational cost and excellent reliability.
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Chapter 4
Through-Space/Bond Interaction Analysis
of Ferromagnetic Interactions

Abstract In general, through-space (TS) and through-bond (TB) exchange inter-
actions play dominant roles in radical crystals and polymers, respectively. In spite
of their importance, the quantitative relationship between these interactions and
magnetic properties has not been thoroughly investigated. In this chapter, we
introduce one of the candidate methods for this purpose, called the TS/TB inter-
action analysis method. The TS/TB method makes it possible to investigate specific
intra- and/or inter-molecular orbital interaction(s) at the ab initio quantum chemistry
level of theory. An analysis using model benzyl radical molecules quantitatively
revealed that TB interactions between radicals are the dominant contributors to the
high-spin stability of the system. In addition, a detailed analysis showed that
electron correlation effects control the high-spin stability.

4.1 Introduction

In the previous chapter, we noted that the exchange interaction controls the fer-
romagnetic properties of a system and can be of either of two types: through space
(TS) or through bonds (TB) . Ferromagnetic systems should be realized by tightly
controlling the features of these exchange interactions between spin radicals by
adjusting their pathways, strengths, and so on. Two types of strategies, viz., TS and
TB approaches, are utilized for designing ferromagnetic systems. The TS and TB
approaches were developed to produce radical crystals and radical polymers,
respectively. In general, radical polymers that utilize intramolecular exchange
interactions through m-conjugation are expected to have much higher Curie tem-
peratures than radical crystals.

We also noted that quantum chemistry (QC) calculations may facilitate quan-
titative examination of the exchange interactions and enable greater understanding
of inter-radical interactions and ferromagnetic system design. However, conven-
tional QC calculations (except for natural bond orbital (NBO) analysis [1]) basically
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provide information for the whole system and do not give specific information
about each individual orbital interaction in the system. To better understand the
relationship between inter-radical interactions and ferromagnetic properties, it is
necessary to analyze the specific orbital interaction(s) in the system beyond the
conventional methods.

In this chapter, we introduce a QC-based treatment, called the ab initio TS/TB
interaction analysis method [2], to understand the exchange interactions quantita-
tively from the viewpoint of intramolecular orbital interactions. Here, in particular,
we focus on radical polymers given by the TB approach for the design of new
high-performance materials.

4.2 Ab Initio Through-Space/Bond Interaction Analysis
Method

The ab initio TS/TB interaction analysis method was developed to analyze quan-
titatively specific orbital interactions in a molecule at the ab initio molecular orbital
(MO) level [2]. The effectiveness of the method has been confirmed by applying the
TS/TB method to the elucidation of various phenomena in organic systems,
including stereoelectronic effects [3, 4], exchange interactions [5], rotational bar-
riers [6, 7], m/c-conjugation effects [8, 9], and so on [10-12]. This chapter discusses
the application of the TS/TB method to elucidate the orbital interaction paths that
provide high-spin stability.

4.2.1 How to Analyze Orbital Interactions Using
the Through-Space/Bond Method

In the TS/TB method, we can eliminate the contribution of a specific orbital in-
teraction(s) to the system by using extremely large exponents in the basis functions
related to the interactions. By comparing the total energies before and after elim-
ination, we can estimate the contribution of the interaction in question to the total
energy.

As an example, we consider the elimination of the TS orbital interaction in
ethane that occurs between the ls-type atomic orbital (AO) y,, belonging to
hydrogen atom Hj,, and the ls-type AO y;,, belonging to Hg (see Fig. 4.1a). To
achieve the elimination, we artificially enlarge the absolute magnitude of the
exponent o of the Gaussian function (exp (—or?)) in the basis functions related to

the interactions until the orbital overlap between y, and y,; completely disappears;
Enlarge o

that is, S, = [x,(1)z,(1)dty — 0. This enlargement contracts the corre-
sponding AOs, and the AOs are localized on each atomic nucleus as a result. When
using such an extremely large «, all of the off-diagonal integral elements related to
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Fig. 4.1 Elimination of orbital interactions using TS/TB analysis for a TS interaction between
Is-type AOs g, and y, in ethane, and b TB interaction arising from m-conjugation effects in 1,
3-butadiene (Modified with permission from Ref. [3]. Copyright 2005 Wiley Periodicals, Inc.)

the interaction between y, and y, become zero because there is no overlap between
the AOs. That is, the r—s elements of the kinetic energy integral T, the nuclear—
electron attractive energy integral V2{A = Ha, Hg, Hc, ...}, and the two-electron
integrals, (rs|rs), (rs|rr), etc., should be zero under such conditions. The completely
localized AOs into the atomic center make a point charge e on each atomic
nucleus, and the negative charge automatically shields a related amount of nuclear
charge, +Ze. If we delete all the possible orbital interactions between atoms A and
B, the nuclear charges of these atoms are completely shielded by the negative
charges caused by the contracted AOs. Both the spatial interactions resulting from
AO overlaps and the electrostatic interactions between atoms A and B can be
deleted unintentionally. Strictly speaking, this situation can be realized by can-
celling the nucleus—nucleus repulsion energy between atoms A and B by the
VHs vHi - and (rrfss) terms with the classical electrostatic energies caused by
classical point charges generated by the contracted AOs.

Next, we show an example for deleting TB conjugation effects in 1, 3-butadiene,
which is depicted in Fig. 4.1b. In this model, a series of p-type AOs perpendicular to
the molecular plane (y, ~ y,) are relevant to the conjugation effects. The simplest
way to eliminate the conjugation effects is to delete one of the orbital interactions
between two adjacent p-type AOs, for example, the interaction between y, and y,.

The advantage of this treatment is the fact that we can discuss the contributions
of the specific interactions using total energies. This method can be applied to
examine a variety of phenomena related to various types of intra- and/or inter-
molecular orbital interactions, such as stereoelectronic effects, electron conjugation,
rotational barriers, steric repulsion, and so on.
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4.2.2 Procedures for the Through-Space/Bond Interaction
Analysis Method

The procedure for the ab initio AO-based TS/TB interaction analysis method can be
summarized as follows (see also Fig. 4.2):

1. The molecular structure and the information for deleting the orbital interactions
are prepared.

2. All of the AO integrals are calculated using two different basis sets, that is, a
normal basis set with a normal exponent (x) and an artificial basis set with an
extremely large exponent («'). The normal and artificial AO integrals are sep-
arately saved to a disk as file-1 and file-2, respectively.

Fig. 4.2 Procedures for
AO-based ab initio TS/TB * Molecular structure
interaction analysis method * Deletion information
(Modified with permission I

from Ref. [3]. Copyright 2005 I I

Wiley Periodicals, Inc.) - -
Integrals with Integrals with
normal AO basis artificial AO basis
(Normal exponent) (Large exponent)
S, T, V2, (rs|tu) SUUTE, VAD (rs|tw)®

| Save to File 1 I | Save to File 2 I

File merging

Remaining Deleting
elements elements

Integrals for TS/TB analysis
(After merging)
ST, T, VA, (rs|tu)

|
| Make Fock matrix |

HF-SCF

Post HF treatment (Cl / MP) based on
S, T, VA, (rs|tu)’
]
Total energy and electronic structures
after deletions

Comparison with Full interaction state with no deletion
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3.

The integrals for the TS/TB method are obtained by merging file-1 and file-2. In
other words, the integral elements corresponding to the remaining interactions
are extracted from file-1 (normal exponent), and the elements corresponding to
the deleted interactions are extracted from file-2 (large exponent). We can
thereby obtain the integral sets for eliminating the specific orbital interactions.

. The Fock matrix after deletion is constructed using the merged integrals.

Conventional Hartree—Fock self-consistent field (HF-SCF) calculations are
adopted to solve an eigenvalue problem, |F,; — &S,5| = 0, based on the merged
integral sets. After reaching SCF convergence, we can obtain the total energy
after deleting the specific orbital interaction(s).

. Electron correlation effects can be introduced by connecting the TS/TB method

to conventional configuration interaction (CI) or Moeller—Plesset
(MP) perturbation treatments; because the deletion in the TS/TB method is
performed at the level of the AO integral element (not at the level of the Fock
matrix element), the deletion is automatically reflected in the post-HF calcula-
tions, which utilize AO integrals.

. The total energy (or electronic structure) obtained after deleting the specific

orbital interactions is compared with that before the deletion (called the full
interaction state). The comparison gives us quantitative information about the
contribution of the specific orbital interaction(s) to the total energy/electronic
structure.

These procedures are incorporated into the program GAMESS [13]. The

ab initio calculations described in this chapter, other than those related to the TS/TB
method, were performed using the Gaussian03 program package [14].

A basis other than AOs can be adopted for the TS/TB method. For example, we

introduced the NBO-based TS/TB method [3, 4], which is illustrated in Fig. 4.3. In
this method, a basis conversion from AO to NBO is required for the integrals. The
transformation matrix U is obtained using the conventional NBO procedures [1].
The conversion is conducted using

S0 = N Ul 8, U, (4.1)
1wy
Tr{sNBO} = Z Uj:uT;w Uvsa (42)
JTRY
vANBO) Z Ul VAU, and (4.3)
1,
(rs| 1) ™ = 5™ UL UL U Uso (v | 20). (4.4)
wv,Aa

The conversion is applied to both the normal and artificial AO integrals. In the

NBO-based TS/TB method, a specific orbital interaction can be deleted based on
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* Molecular structure
* Deletion information
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Make Fock matrix
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Fig. 4.3 Procedures for NBO-based ab initio TS/TB interaction analysis method (Modified with
permission from Ref. [3]. Copyright 2005 Wiley Periodicals, Inc.)

chemically understandable NBO shapes. Following this step, the total energy and
electronic structures after deletion can be obtained using procedures similar to the
AO-based TS/TB method.

4.2.3 Features of the Through-Space/Bond Interaction
Analysis Method

Table 4.1 summarizes the features of the TS/TB interaction analysis method.
Table 4.1a—d concern features available in the TS/TB analysis method. In the
TS/TB method, the deletion of the orbital interactions is conducted at the level of
AO integrals prior to forming the Fock matrix. Thus, the interaction deletion is
naturally reflected in any post-HF treatment; for example, in the Cl-level TS/TB
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Table 4.1 Features of ab initio TS/TB analysis method (Modified with permission from Ref. [3].

Copyright 2005 Wiley Periodicals, Inc.)

TS/TB analysis method

(a) Cutoff

Integral element level

(b) Available methods

HF, CI, MP, etc. (any post-HF treatment)

(c) Available electron
configurations

» Ground state
+ Excited state

(d) Connection to other
methods

+ Finite field method
* PCM method, etc.

(e) Deletion of two
electron integrals

(rs112)coutomb — 0 (cutoff)
(r*|12)Exchange — 0 (cutoff), etc.

(f) Basis type for deletion

AO, NHO, NBO bases, etc. (any basis type)

(g) Wavefunction

* SCF
* Desired number of SCF cycles

(h) Nucleus—nucleus
repulsion

Automatically shielded by electron point charges (deletion of
electrostatic interactions)

(1) Types of analyses

* Orbital interactions
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« Electron transfer

+ Conjugation

« Stereoelectronic effects
+ Steric repulsion

» Rotational barriers, etc.

method, the deletion of the interactions is automatically introduced not only in the
ground state electron configuration, but also in various excited electron configu-
rations. Therefore, the TS/TB method is capable of analyzing orbital interactions
while considering electron correlation effects in both the ground and excited states.
For the same reason (i.e., orbital deletions at the integral level), the TS/TB method
can be connected with the finite field (FF) method (TS/TB + FF method), polar-
izable continuum model (PCM) calculations (TS/TB + PCM method), and so on.

Table 4.1e-h list the details of the interaction deletions. Table 4.1e concerns the
treatment of the two-electron integrals during the deletions. The element of the
Fock matrix can be described by AO-based integrals as

1
Fr = Hﬁ;)re + ZPtu |:(I’S | tu)Coulomb_ 5 (ru | tS)Exchange . (45)

tu

Then, the orbital interaction between AOs y, and y, is deleted. In the TS/TB
analysis method, all the 2e-integral elements corresponding to the interaction are
deleted by using the large exponent. That is, the 2e-integral elements in the element
F,, are deleted; at the same time, the 2e-integral elements corresponding to the
deletion of y, <> y, in the other Fock matrix elements (F,j ), for example,
(75112) Coutomp 10 Frz1s22 and (1] 12) g gange 10 Frz1)2, are also automatically
deleted as a result of the zero value caused by the large exponent.
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Any basis, such as AO, natural hybrid orbital (NHO), natural bond orbital
(NBO), etc., can be used for the TS/TB method (Table 4.1f). Generally speaking,
the AO-based TS/TB method has the advantage of deleting a pinpoint site, such as
the deletion of an orbital interaction between p; (atom A) and p; (atom B), for
instance. On the other hand, the NBO-based TS/TB method has an advantage in
that it allows the deletions based on chemically understandable NBO descriptions
such as m and ¢* orbitals, and so on. In addition, even if we use a larger basis set,
the NBO-based TS/TB method can retain the simple definition of the interaction
deletion.

Table 4.1g shows the treatment of the wavefunction. The TS/TB method gives
an SCF wavefunction that satisfies the SCF under the deletion of the specific
interactions. Of course, we can obtain the results after a desired number of SCF
cycles according to our purpose.

Table 4.1h shows the treatment of the nucleus—nucleus repulsion energy. In the
TS/TB method, an appropriate amount of electron point charges is generated on the
corresponding atomic nucleus by using a large exponent. The electron point charges
automatically shield the nuclear point charges. As the result, electrostatic interac-
tions are deleted in addition to the electron delocalization effects. We can select
another deletion mode in which the only electron delocalization effects are deleted.
Such a high degree of freedom in the TS/TB method promises wide potential
applications to electrostatic-interaction-related phenomena such as steric repulsion,
rotational barriers, etc., in addition to the analysis of electron delocalization
(Table 4.1i).

4.3 Analysis of Inter-radical Interactions Using
the Through-Space/Bond Method

4.3.1 Through-Space/Bond Analysis of a Non-disjoint
(0—*) Benzyl Radical Dimer

To examine the relationship between high-spin stability and the inter-radical
interaction path, the TS/TB method was used to analyze the benzyl radical (BR)
dimer 1, as shown in Fig. 4.4a [5]. The BR dimer 1 has a non-disjoint (0—*)-type
linkage between two BR units, BR-1 and BR-2, and is expected to have NBMO
mixings leading to exchange interaction between the radicals. We can assume two
types of interaction pathways between the radicals: interactions through space
(Fig. 4.4b) and through bond (Fig. 4.4c). A key question is which interaction
pathway mainly contributes to the exchange interactions and causes high-spin
stability? Here, the high-spin stability, AELS A5 is defined as the total energy
difference between the lowest spin state and the highest spin state; that is,
AELSHS — ELS — EfS  Positive or negative values of AELS H5 mean that the
high-spin or low-spin state is more stable, respectively. For model 1, we explicitly
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+, $. 4T a2

Interactions

Interacti
nisractons through bond (TB)

through space (TS)

Cut off Cut off
TS interactions

Extremely large exponent Extremely large exponent

Fig. 4.4 a BR dimer model 1 with a non-disjoint (0—%*) linkage. Atoms are assigned letters a—n,
as shown in parentheses. Illustrations of b TS and ¢ TB interaction paths between radicals in 1.
Schematic illustrations for deletion of inter-radical interactions d through space and e through
bond by TS/TB analysis method (Modified with permission from Ref. [5]. Copyright 2006
American Chemical Society)

define the high-spin stability by the energy difference between the singlet (E5 )
and triplet (ET ) states; that is, AES T =E5  —ET .

First, the electronic structure of 1 was calculated by including all of the
intramolecular orbital interactions without any interaction deletions. We call this
condition the “full interaction (FULL)” state. The restricted open-shell
second-order MP (ROMP2) method was used to calculate the triplet state. The
singlet state was treated as closed shell and calculated using the restricted MP2
(RMP2) method for the first step. Here, a frozen core (FC) approximation was
adopted for the MP2 treatments. The full interaction calculation (MP2(FC)/6-311G)
was performed based on the ROHF/6-311G optimized geometries; the split-valence
triple-zeta basis set 6-311G was used to describe the w-conjugation adequately. The
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geometrical optimizations for singlet and triplet states were conducted separately
while maintaining the planar structures.

For our convenience, we have rewritten E, , , as Eyp;. We can divide the R(O)
MP2 total energy Epypr(=E;p) into the HF energy (Epr) and the MP2 perturbation
energy (Egon(up2)) terms. Thus, the high-spin stability (AE}5(=AE;, 1)) can be
rewritten as

- s s
AEy, = (EHF + Ecorr(MP2)> - (EITfF + EcTorr(MP2)>

= (EilF - EIZ-IF) + (Eforr(MPZ) - EZ:)rr(MPZ)) = AE}S:I;T + AE;‘S‘(;*;I'"(MPZ)ﬂ
(4.6)

where AES;! is the contribution of the HF energy to the high-spin stability, while

AEfo‘”T(Mm) shows the contribution of the second-order perturbation energy, cor-

responding to the electron correlation effects, to the high-spin stability.

The energy diagram for the FULL state of 1 is shown in Fig. 4.5a. The triplet
state is more stable than the singlet state by 0.022 a.u. (hartree); that is,
AE3 5 = 0.022 a.u. Although the triplet state is more stable than the singlet state
by 0.099 a.u. at the HF level, the relative energy of the triplet state is reduced after
considering electron correlation effects using the MP2 treatment; that is, the singlet—
triplet gap is reduced from AEy:" =0.099 au. to AEj;, =0.022 au.
(AES, L \py) = —0.077 a.u.). The reduction in the relative stability of the high-spin

Singlet
Ecarr(MPZ)

= —1.258 a.u.) by the correlation

state is attributable to preferential stabilization of the singlet state (

Triplet
Ecorr (MP2)

effects. Consequently, the high-spin state of 1 is still preferred, even when the
correlation effects are considered (AE3;; = 0.022 a.u.).

Next, we discuss the deletion of the TS interaction pathway between the radical
centers at sites g (BR-1) and n (BR-2) using the TS/TB method (see Fig. 4.4b).

We eliminated all possible combinations of the orbital interactions
" "

pz (D5, Dy, Py) lat site-g] — pz(p, Py, ) [at site-n], where the z-axis is perpen-
dicular to the molecular plane of 1, (see Fig. 4.4d) and p consists of three orbitals,
Py, Dy, and p”/, with different exponents when treated with triple-zeta basis func-
tions. The results obtained after deleting the TS interaction (i.e., the delete-TS state)
are shown in Fig. 4.5b. The deletion changed the diagram very slightly from the
FULL state, and we obtained a small change in the stability of the high-spin state
from AEj5(FULL) = 0.022 au. to AEy;5(delete-TS) = 0.024 a.u. The small
change means that the TS interaction between the radicals does not substantially
contribute to the high-spin stability. For the triplet state of 1, the distance between
the radical centers in the optimized structure was found to be 4.98 A, which is
expected to be too far to allow for effective orbital overlap using p; orbitals.
Finally, we consider the TB interaction pathway between radical centers (see
Fig. 4.4c). We deleted the interaction by cutting off a part of the TB interaction

—1.335 a.u.) over the triplet state (
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Fig. 4.5 Energy diagram of
TS/TB analysis for a full
interaction state,

b TS-deleted interaction state,
and ¢ TB-deleted interaction
state in model 1 (ROMP2
(FC)/6-311G//ROHF/6-311G)
(Modified with permission
from Ref. [5]. Copyright 2006
American Chemical Society)
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path, that is, the pz(site-e) — pz(site-g) and pz(site-m) — pz(site-n) orbital inter-
actions (see Fig. 4.4e). The deletion was expected to suppress the inter-radical ©
conjugation that occurs through C—C bonds. The results obtained after deleting the
TB interaction (i.e., the delete-TB state) are shown in Fig. 4.5¢c. Eliminating the TB
pathway strongly decreased the stability of the high-spin state from
AEST(FULL) = 0.022 a.u. to AE},](delete-TB) = 0.003 a.u. It should be noted
that the small value of AEf,Ij,g(delete—TB) resulted from the cancelation of the
increase in AE;" (0.099 a.u. (FULL) — 0.200 a.u. (delete-TB)) and the decrease

in AES T\, (-0.077 au. (FULL) — -0.198 a.u. (delete-TB)).

The contribution of the TB interaction to the FULL state (= FULL-delete-TB) is
summarized in Table 4.2a. The contributions are ~0.020 a.u. and ~88% of the
high-spin stability. Furthermore, this contribution resulted from the cancelation of
the unfavorable high-spin AE}.T(TB) (= —0.101 a.u.) and preferred high-spin
AEST(TB) (= 0.120 a.u.) energy differences. The HF term AE3;! (TB) mainly
comes from the large stabilization of the singlet state Ey,(7B) (= —0.071 a.u.). On
the other hand, the second-order energy term AE}, [, ) (TB) predominantly arises
from the large destabilization of the singlet state Eforr(MPZ)(TB) by 0.135 a.u.
Therefore, it can be concluded that the most important term in the TB contribution
to the high-spin stability is the destabilization of the second-order energy term for

the singlet state EJ, ;) (TB).

The destabilization of Efm,r( MP2)

AESJ(FULL). To obtain further details, we examined the MP2 energy term

Eforr(MPZ) (FULL) for the singlet state of 1. In particular, we focused on the most

important component between the highest occupied (HOMO) and lowest unoccu-
pied molecular orbitals (LUMO) (HOMO-LUMO component), written as

(TB) is the main reason for the positive value of

lia | ia)|*

ES,HOMO*LUMO(FULL) _ 2( ) ’
Eq — &

corr(MP2) (47)
where ¢; and ¢, are the orbital energies of HOMO (¢;) and LUMO(¢,), respec-
tively. [ia | ia] is the MO-based two-electron integral, which can be expressed as

ala = [ 6:(1)0,(1); 41 2)6,Ddides, (8)

Table 4.2b lists the values of Ef;ﬁ?%ggwﬂm, its numerator, and denominator for

the “FULL” and “delete-TB” states. The “TB contribution” (=FULL — delete-TB)
shows the difference between the FULL and delete-TB states. Deletion of the TB

interaction considerably reduced Efﬁ?ﬁg;wMo from —0.015 au. (FULL) to

—0.098 a.u. (delete-TB). From a different standpoint, the TB interaction increases

Somipn) ¢ by 0.083 a.u. In addition, 61% of the singlet state destabilization
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ES TB) =0.135a.u.) comes from the HOMO-LUMO component
corr(MP2) P
Ef{’)ilr%ﬂ;[gz;wMO(TB) (=0.083 a.u.). Thus, the TB interaction prevents the stabi-

ES,HOMO*LUMO
corr(MP2)

stabilization of the high-spin triplet state of 1.
The reduction in Ef(’fr?ggzgwMO stabilization by the TB interaction (—0.098 a.u.

(delete-TB) — —0.015 a.u. (FULL)) can be explained by the following two effects:

lization of . For this reason, the TB contribution results in the relative

1. The TB interaction increases the numerator of Eq. (4.7) by 0.018 a.u.® and
reduces the absolute value of the numerator in the FULL state (—0.022 a.u.”
(delete-TB) — —0.004 a.u.” (FULL)). Figure 4.6 shows the HOMO and LUMO
shapes of the singlet state of 1 in the FULL (upper) and delete-TB (bottom)
states. Both the HOMO and LUMO coefficients are delocalized over the whole
molecule in the FULL state. However, the coefficients are localized onto the
radical centers after deleting the TB interaction. The change in HOMO and
LUMO shapes means that the TB interaction through the m-network pathway
contributes to the delocalization of the HOMO and LUMO. The orbital shape
change is directly related to the change of the numerator in Eq. (4.7),
—|[ia | ial .

2. The TB interaction increases the denominator of Eq. (4.7) by 0.048 a.u. (0.224
a.u. (delete-TB) — 0.272 a.u. (FULL)). This change accelerates the decrease in
the absolute value of the HOMO-LUMO component. The deletion of the TB

Singlet state

Delete-TB )
<>
e, =0.112 a.u.

gap

-0.11

Fig. 4.6 HOMO and LUMO shapes for singlet state of model 1: FULL (upper) and delete-TB
(bottom) states. For simplicity, only p,” coefficients in triple-zeta basis functions are shown. &,
indicates HOMO-LUMO energy gap (Modified with permission from Ref. [5]. Copyright 2006
American Chemical Society)
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Triplet state

NBMO2
000 0.03 002 0.12

(P05 10) = (0.24,0.42,0.51)

Delete-TB

(Py. 5. P))= (0.26,0.44, 0.51) (P05 P)= (0.26,0.43, 0.51)

Fig. 4.7 Two NBMOs (NBMO1 and NBMO?2) for triplet state of model 1: FULL (upper) and
delete-TB (bottom) states. For simplicity, only p,” coefficients in triple-zeta basis functions are

shown, except for those corresponding to radical center. L};’i" shows magnitude of NBMO mixing

(Modified with permission from Ref. [S]. Copyright 2006 American Chemical Society)

interaction reduces the HOMO-LUMO orbital energy gap &y, as shown in
Fig. 4.6 (0.136 a.u. (FULL) — 0.112 a.u. (delete-TB)). That is, the TB inter-
action increases the HOMO-LUMO energy gap. Here, the ¢,,, change relates to

the change in the denominator of Eq. (4.7), 2(g, — &).

Figure 4.7 shows two NBMOs corresponding to Lg‘i“ after unitary rotations for
the triplet state of 1 in the FULL (upper) and delete-TB (bottom) states. In the
FULL state, active carbon sites, denoted as “*”°, have coefficients with finite values
in both NBMO1 and NBMO2. The FULL results show that NBMOI1 in BR-1 was
completely localized on its own unit and was not delocalized over the BR-2 unit. In
contrast, NBMO2 in BR-2 was slightly delocalized over the BR-1 unit. This feature
highlights the fact that the O—* linkage between BR-1 and BR-2 produces
non-disjoint NBMO mixings.

The deletion of the TB interaction had several consequences. Firstly, the NBMO
coefficient at the radical center position increased slightly (see the p’, and p/
coefficients), while the NBMO coefficients at the other active carbon sites
decreased. In other words, the deletion suppressed the 0—* property of the alternant
hydrocarbon. At the same time, the delocalization of the NBMO coefficients into
the adjacent BR units was eliminated after deletion and each was localized into each
own unit. The localization reduced the NBMO mixing and increased the disjoint
property. The decrease of LI™ (77.0 x 10°° (FULL) — 1.8 x 10™° (delete-TB))
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supports the reduced NBMO mixing. It can be concluded that the TB interaction
contributes to (1) the delocalization of NBMOs into adjacent unit(s) and (2) the
increase in NBMO mixing leading to the non-disjoint (0—*) property.

In this subsection, the effects of the TB interactions between radicals were
described using two different approaches. One was a direct discussion using the
total energy. The other was an indirect but understandable discussion using NBMO
shapes and the corresponding Lgﬁ“ values. The former energetic treatments firmly

supported the reliability of Lg‘i“ for predicting the magnetic properties of a system.

4.3.2 Spacer Size and Number of Radicals: Effects
on High-Spin Stability

To gain a deeper understanding of the relationship between inter-radical TB
interactions and high-spin stability, we further examined the following issues:

1. The effect of inter-radical spacer size on the high-spin stability.
2. The effect of the number of radicals on the high-spin stability.

We prepared models 2—4 as shown in Fig. 4.8a and 4.10a. Single point calcu-
lations at the ROMP2(FC)/6-311G level were performed for models 2-4 based on
their ROHF/6-311G optimized geometries while maintaining their planar structures.
The TB interaction was assumed to occur through the shortest TB pathway between
radicals, shown as a bold line in the figures. Based on this assumption, 3 has an all-
trans TB pathway, while 2 and 4 have mixed cis—trans TB pathways.

Figure 4.8b shows the relationship between the high-spin stability, AES> T, and

spacer size n for models 2 and 3. AES T in model 2 drastically decreases with
S—T
1

increasing n compared with that of model 3. At n = 0 and 1, AE; ; in model 2 is
positive, meaning that the high-spin state is stable. When n > 2, however, AE;E;J
becomes negative, indicating that the low-spin state is more stable. Figure 4.8c

shows the components of AEy [, i.e., AE" and AEyS .. In model 2, the

positive AEy," and negative AEjy, ., effectively cancel each other in AEy, ;.

The negative AEL}&WO arises because AE]fﬁJg(wrr) mainly stabilizes the singlet

state. The cancelation results in a smaller absolute magnitude of AES T, AEST

gradually increases with n and tends to converge to a constant value. In contrast,

AEf,I;,g(wm drastically decreases with n. The decrease in AE;f;(g can be explained by

considering the AE,SW;&CW) term, which can be further divided into singlet
(EStpa(corr)) and triplet (Ej,, ) energies, as shown in Fig. 4.8d. The behavior of

AEfl}g(wrr> can be explained by the fact that Efm(
ET

MP2(corr)

corr) stabilizes more quickly than

does with an increase in n.
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Fig. 4.8 a Bi-radical models 2 and 3 for examining inter-radical interaction pathways. Bold lines
indicate possible shortest TB interaction pathway between radicals. n represents number of spacer
units. b and ¢ Relationships between the singlet—triplet energy difference (and its components) and
n for models 2 and 3. d System size dependence of MP2 correlation energy term for each model
(Modified with permission from Ref. [5]. Copyright 2006 American Chemical Society)

In contrast to AES I of model 2, AES ' of model 3 gradually decreases with
n and remains positive even at n = 4 (see Fig. 4.8b). This result implies that the all-
trans TB pathway in model 3 is more effective for long-range exchange interactions
between radicals than that in model 2. This behavior can be explained by the fact

that AE;Z,;-T remains constant, whereas AEIS@J&CO") gradually decreases with n (see

Fig. 4.8c). The small AEi,;g(wrr) change in model 3 is quite different from the large

AEf/Ig(mn) change in model 2. From Fig. 4.8d, it is evident that the small change in
AEf/I;,g(w”_> for model 3 comes from the stabilization in Efm@r}.) with n, which

T
occurs at almost the same speed as for Eyp, .-

The results show that the high-spin stability of these systems is controlled by the

electron correlation term AEj,) ., rather than the HF term AEj,". Moreover, in

the correlation term, the energy difference AEiI;,g(wrr) is more important than the
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Fig. 4.9 Relationships between HOMO-LUMO (or NBMO-LUMO) energy gap and n for
a model 2 and b model 3 (Modified with permission from Ref. [5]. Copyright 2006 American
Chemical Society)

energy of the spin states, E}f/[PZ(corr) and E,TWP2<CW). The difference between the

behaviors of the correlation terms of models 2 and 3 can be qualitatively explained
by the difference between their HOMO-LUMO energy gaps, which corresponds to
the denominator of Eq. (4.7). Figure 4.9a, b show the relationships between n and
the HOMO-LUMO gaps for models 2 and 3, respectively. For the triplet state, the
energy difference between the highest NBMO and LUMO was used instead of
the HOMO-LUMO gap. The energy gap of model 2 rapidly decreases with 7 in the
singlet state, while the gap gradually decreases in the triplet state. By considering
the large decrease in the HOMO-LUMO gap, it is expected that the absolute value
of the HOMO-LUMO component [Eq. (4.7)] drastically increases with n in the
singlet state. The large negative E[f/IPZ(Cnrr) relative to the ELPz(wrr) term results in

the large negative AEf,I;g(wrr). In addition, the HOMO-LUMO gap converges to a
constant value with increasing n. In contrast, AE]fﬁ,g(wrr) continuously decreases

with increasing n. The behavior of the AEj) ., implies that the numerator of the
HOMO-LUMO component is more important than the corresponding denominator
in the range of larger n. On the other hand, the singlet and triplet states of model 3
show very similar behaviors. The similarity is expected to be the reason for the

similar values and behaviors of E[f/IPZ(corr) and Ezapz(mn-)' The similar energy terms
for the singlet and triplet states result in the small absolute value of AEfl;g(wrr).

Figure 4.10 shows the relationship between the high-spin stability of 4 and the
number of radical units m, excluding the terminal two BRs (Fig. 4.10a), and the
corresponding components (Fig. 4.10b). m = 0, 2, 4, and 6 were selected. The total
numbers of radicals present in the whole system corresponded to (m + 2), i.e., 2, 4,
6, and 8 for m =0, 2, 4, and 6, respectively. The low-spin (L) and high-spin
(H) states of model 4 were the singlet and highest spin states, respectively. For
example, for m = 2, the total number of radicals was (m + 2) = 4, and the L and H
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Fig. 410 a Relationship between high-spin stability and m for poly-radical model 4, where
m corresponds number of radical units excluding terminal two BR units. Bold line indicates
possible shortest TB interaction path between radicals. b HF and MP2 correlation energy
components in high-spin stability. ¢ System size dependence of MP2 correlation energy term
(Modified with permission from Ref. [5]. Copyright 2006 American Chemical Society)

states were the singlet and quintet states, respectively. In this case, AEL # increases

with m. This behavior can be explained by the following two effects: the increment

of AELZH in proportion to m and the convergence of AE[@;S’(CW) to a constant value

with increasing m. Figure 4.10c shows the details of AEZ@;QI(CW) for model 4. In the
correlation term, the magnitude of the energetic stabilization of Ez%m( corr) is larger

H
than that of EMP2(corr)
decrease in a similar manner with m. This similar decrease resulted in the constant

AE@;’;@W). It can be considered that each radical unit in model 4 is connected to

the adjacent unit while maintaining the short-range TB path. In such a system,
high-spin stability can be expected because the stability increases linearly with the
number of radicals.

In this subsection, we have shown that electron correlation effects mainly control
the high-spin stability of a system. The design of the correlation term directly leads
to the design of ferromagnetism. The relationship between the correlation effects
and ferromagnetic properties discussed here is a fundamental but essential factor in
the effective design of ferromagnetic materials.

. However, the correlation energy terms of both spin states
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Chapter 5

O(N) Ab Initio Open-Shell MMELG-PCM
Method and Its Application to Radical
Polymers

Abstract We developed the minimized mixing elongation—polarizable continuum
model (MMELG-PCM) method, which implements the elongation method in
conjunction with the minimized mixing molecular orbital localization process for
non-bonding molecular orbitals under the polarizable continuum model. Besides the
highest spin state, the MMELG-PCM method can treat the lowest or even inter-
mediate spin state of open-shell systems, which is either difficult or impossible to
implement correctly with the conventional method. The MMELG-PCM method can
also be combined with the L;, method, which was described in Chap. 3. The
MMELG-PCM-L,,;, method can predict the high-spin stability of conjugated
organic radicals with solvent effects and thus would be useful for designing organic
ferromagnets.

5.1 Introduction

Organic radical molecules possess unpaired electron(s), and, as a result of their high
reactivities, prefer to combine with other radicals, achieving stability by forming
dimers instead of existing as radicals. However, it is now known that stable organic
radical molecules maybe synthesized by controlling the time spent at ambient
conditions. Stable organic radicals have been extended to their related radical
polymers, which can exhibit many useful functions, including conduction, mag-
netism, photosensitivity, non-linear optics, and charge storage. In particular,
n-conjugated high-spin radical alignment has been used in attempts to synthesize
organic-based ferromagnetic materials; noteworthy compounds have been prepared
by Nishide [1-4], Rajca [5-8], and many other experimentalists in the polymer
synthesis field. In addition, molecular magnets based on organic radicals have been
investigated as new magnetic materials, and the syntheses of polyradical molecular
stacking systems have been significantly developed.

The functional properties of materials are based on their microscopic electronic
states, and thus quantum chemistry (QC) that precisely reflects the electronic
properties of an individual atom or molecule must be effective. However, the
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computational time required increases as the number of the bases functions is
increased: at the Hartree-Fock (HF) level, time requirements scale at N and
become N7 at post-HF levels. Therefore, the application of full post-HF-level
methods to cohesion systems and materials remains difficult, even if the most
advanced supercomputers, which are not widely available for use, are employed. As
was described in Sect. 1.7.1, the DMRG method is expected to become a powerful
ab initio QC tool rapidly for the investigation of magnetic properties.

The elongation (ELG) method, an efficient treatment developed in our laboratory
since the early 1990s, has also been applied to large systems (for example, [9-21]).
It can be supposed that this method, which was developed for large closed-shell
systems, especially biological systems, will also be applicable to open-shell sys-
tems. Using this method, one can mimic experimental polymerization/copolymer-
ization procedures computationally and determine electronic states efficiently and
precisely, including for radical polymerization processes. The ELG method
addresses local parts directly (but includes the electronic states of whole systems),
and it therefore shows several advantages when we deal with large-scale complex
systems, which the conventional (CONV) method cannot handle.

One advantage of the ELG method is its fast computational time on a single
computer core because the concept is sequential and local. In other words, paral-
lelization scalability is not linear with respect to the number of cores at the end of
the complete ELG, although parallelization efficiency at each SCF step is the same
as in CONV calculations. That is, single core calculations are very fast due to the
sequential concept that underpins the ELG method; thus, this method does not
appear to scale well when applied to multi-core calculations. Therefore, the ELG
method can be implemented efficiently even on small laboratory-based cluster
systems with less than 100 cores, which have become the most preferable parallel
size in conventional ab initio QC calculations, because the ELG method is as well
parallelized at each ELG step as the CONV method when comparing the same level
of theory.

The second advantage is a smoothly converged self-consistent field (SCF)
procedure, which results from the small SCF space in the regional localized
molecular orbitals (RLMOs) used in the calculations [11]. We already found data
that show that the ELG-SCF converges within 20-30 cycles even for complicated
systems that include metals, for which conventional SCF methods cannot converge,
even after 500 SCF cycles. The fast ELG convergence is because the dimension of
the diagonalization in the ELG method maintains a constant size for the whole
system from the starting cluster calculation to the end of the ELG, while that used in
the CONV method increases with system size; in the latter case, the eigenvalues
become too dense, leading to difficulties in SCF convergence.

The third advantage is smoothly converging geometry optimization resulting
from the use of a small number of optimized parameters. The process may be
undertaken without the loss of necessary optimization in the geometrical parameters
because we can remove unnecessary parameters that are already optimized. The
optimization routine used by the ELG method can even reach more stable structure
that cannot be found using CONV direct optimization methods.
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The fourth advantage is that post-HF calculations can be very efficiently
implemented based on RLMOs; for example, the second-order local Meller—Plesset
(LMP2) or local configuration interaction (LCI) methods can use RLMOs as the
basis wavefunctions [15].

The fifth advantage is that the ELG method can perform efficient search of the
most preferable energy, sequence, function in large systems, and so on (not only the
structure optimization), because the electronic states that have already been
obtained can be frozen against any new interaction with the attacking monomer if
the effect of the interaction is negligible within the frozen region. The orbital freeze
in unnecessary part makes it possible to calculate the necessary part as a partial SCF
only in the local space while including all of the effects of the frozen part. In
contrast, it is necessary to repeat the calculations for the whole system when using
CONYV direct methods, even for very slight perturbations. Therefore, to find the
most likely spin states, for example, we can search the preferred spin states at each
ELG step, and then the system that has been elongated to the desired length must
eventually reach the most stable spin state.

Only one disadvantage appears when we use a high-performance computer with
one million cores for a single molecular system, because the ELG process is
sequential. This disadvantage in scalability can be overcome by simultaneously
performing the many independent calculations required for a lot of samplings,
because ELG performance across a few cores is very fast as mentioned above,
which allows many jobs to be submitted with different conditions using other cores
in parallel.

The most important advantage of the ELG method is that no approximations are
incorporated, which makes the approach different from other O(N) fragmentation
methods. The only step required is to remove some orbitals (frozen orbitals) that are
unnecessary in the SCF; however, the frozen orbital removing is not an approxi-
mation but simply a manipulation to reduce the dimension diagonalized in the
eigenvalue problem to avoid unnecessary calculations. The removal of the frozen
orbitals is well-controlled to keep the energy difference between the conventional
and ELG methods to less than some threshold (we normally set it to be 107°
hartrees per atom in energy errors). Recently, the ELG method was extended from
one-dimensional systems to three-dimensional systems [16, 20, 21].

In this chapter, we describe the application of the ELG method to high-spin
systems toward the theoretical design of organic magnetism. Post-HF techniques
must be used to deal with magnetic properties because the existing open-shell large
active space requires configuration interactions. To facilitate a qualitative prediction
of magnetism, the ELG procedure was developed to be applicable to large
open-shell systems possessing the highest spin states as the first step (a treatment
for intermediate spin states based on RLMOs is in progress), where a fast local-
ization method, called the minimized mixing molecular orbital (MMMO) local-
ization method, was implemented for existing systems containing many
non-bonding molecular orbitals (NBMOs) to evaluate the high spin stability.
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We named this approach the minimized mixing NBMO (MMNBMO) method. By
combining the MMNBMO and ELG methods, a classical index to show high spin
stability, described in Chap. 3, was introduced to examine the possibility of mag-
netism in large organic systems at the ab initio level of theory.

5.2 Method
5.2.1 Elongation Method for Closed-Shell Systems

Using the ELG method, the electronic structure of a polymer is theoretically syn-
thesized step-by-step via a sequential interaction between an oligomer and an
attacking fragment, as occurs in a real polymerization reaction. For this purpose, the
electronic states of an appropriately sized small oligomer are calculated (starting
cluster), and RLMOs are defined at the oligomer terminus that experiences an
interaction with the monomer. For this purpose, some of the canonical molecular
orbitals (CMOs) in the starting cluster are regionally localized into region B (active
RLMOs) near to the attacking monomer and the others are localized into region A
(frozen RLMOs) far from the monomer.

Next, we proceed to ELG of the chain during which the oligomer (starting
cluster) interacts with the attacking monomer. The HF SCF calculations are per-
formed on the system in which the approaching monomer interacts with one end of
cluster part B. The interaction in our treatment means to diagonalize only the
RLMO-based Fock matrix of the interactive region until the SCF calculation
converges within this small space.

In the subsequent ELG process, the achievement of linear scaling is attributed to
the efficient treatment of only the necessary interaction between the active RLMOs
of the cluster and the attacking monomer, while discarding the unnecessary frozen
RLMGOs; this leads to O(N) computations for large systems. The working space for
the new interaction is then limited by the RLMOs assigned to the B region together
with the CMOs of the attacking monomer. The solution yields a set of CMOs in the
reduced space of B + C, which can be localized again into a new frozen region
(A + B) and a new active region (C). The whole ELG procedure is repeated until
the desired length is reached. As the system enlarges, the size of the interaction
region is unchanged from that of the starting cluster, and the CPU time required for
the ELG-SCF is more or less constant throughout the ELG process. Consequently,
SCF convergence is much smoother than that of the CONV direct method due to
the limited number of eigenstates (orbital energies in the SCF).

Figure 5.1a shows an illustration that represents the concept of ELG by repeated
localization and interaction along the polymer chain, while the Fig. 5.1b shows the
schematic orbital shapes of the frozen and active RLMOs during the ELG process.
It is evident that the active RLMOs are always concentrated in the area of inter-
action with the attacking monomer, as are the active atomic orbitals (AOs).
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Fig. 5.1 a Schematic illustration of ELG method and b corresponding RLMOs. (Modified with
permission from Ref. [16]. Copyright 2012 Royal Society of Chemistry)

The dotted line between the white and gray zones in the growing units indicates the
boundary between the frozen and active AOs. The frozen AOs are removed from
the two-electron (2e) integral calculations when constructing the Fock matrix,
except for the necessary strong Coulomb interaction integrals that must have some
effect on the Fock matrix in the active region. Hereafter, the CPU time required to
calculate the 2e-integrals—which makes up around 90% of the time required for a
conventional HF calculation—will be much reduced. A detailed explanation of this
method and its application to biological systems like DNA or proteins are described
in our review (for example, [16]).

5.2.2 Open-Shell Elongation Method with Polarizable
Continuum Model

The ELG method for closed-shell systems has been extended to include open-shell
systems [12]. In this section, a brief outline of the open-shell ELG method is
provided. To initiate the ELG method, the eigenvalue problem of the starting cluster
A + B is solved using a CONV method with a high-spin state if the purpose of the
calculation is to determine highest-spin states of the final system. Here, we suppose
that each unit has one unpaired electron in a high-spin system, as shown in Fig. 5.2,
and then the system is elongated. In this example, a triplet state is used in the
interaction region, although any multiple states calculations are feasible. For sim-
plicity, in the case in which two units are used as a starting cluster, the CMOs of the
A + B starting cluster are localized into two different sets using an RLMO method.
One set is localized in region A, and the other is localized in region B, each of
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Fig. 5.2 Schematic
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which has one electron. In the next step, region A is frozen and only region B is
active toward a new attacking monomer M, which also has one electron.
The eigenvalue problem of B + M to be solved is

RLMO(B + M) (w) (~new(w) _ QRLMO(B + M)(w) (~new(w) new(a
Frivow+u)  Crumos+m) = Srivos+m)  Crimos+m)® ) (5.1)

where

FRLMO(B +M)(w) CRLMO(B + M)((A))TFAcliveAO(w) CRLMO(B +M)(w)
RLMO(B+ M) — “Active AO Active AO Active AO ’

(5.2)
for each spin (), o spin orbital, or 5 spin orbital. The new coefficients obtained are

based on RLMO (B + M) and are transformed back to the original AOs in their
RLMO(B + M)(w)

basis using AO-based RLMOs, C, .40 , using the relation
new(a RLMO(B +M)( new(w
CActifz:f)&O = CActivef(XO ) w)CRL}VEOEB-Q—M)' (5.3)

It is necessary to solve Eq. (5.1) for each spin state using the unrestricted HF

(UHF) method. The new CMOs obtained, CZ?;;EZ)‘O, are again localized onto parts B
and C. In each ELG step, a new M is added, and the eigenvalue problem is treated
at the desired multiplicity by solving the Fock matrix with a constant dimension of
active RLMOs. This process is repeated until the system has been elongated to the
desired length.

Open-shell systems have recently been found to contribute to spin batteries,
spin-donor conduction, and photonic devices, in addition to ferromagnets, and
solvent effects sometimes provide important enhancements of spin transport as well
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as functional properties. To be applicable to a solute in solution, we introduced the
polarizable continuum model (PCM) method [22] for a simple treatment of solvent
effects in the open-shell ELG method. The PCM allows one to treat solvents such as
liquid crystals, which have intrinsic dielectric anisotropy. In the ELG method, the
Fock matrix for am(o or f8) spin in the working space with the PCM can be described
for (A + B) <— M at the first ELG step as follows:

v>, (5.4)

(e

where F uv)) (A|B+M) is a matrix element of the solute Fock matrix with @ spin,
the second term in the right-hand side is the matrix element of the electrostatic
potential, and a(s) is the surface charge distribution. The size of part A (i.e., the
frozen region) will become larger and larger as the size of the whole system
increases, and the size of B + M (i.e., the active part) used in the SCF remains
constant. The ELG calculations under PCM are implemented only as the second
term is added to the one-electron Hamiltonian, reflecting the solvent effects on the
electronic states in the SCF part at each ELG step.

py

Fi)(PCM) = Fi)(A|B+ M)+ <#‘/%d2s
r—s

5.2.3 Minimized Mixing Molecular Orbital Localization
and Minimized Mixing Elongation Methods

To formulate a reasonable index that should show the possibility of high spin
stability, we introduce a special localization treatment, the MMMO localization
method, by which we can localize the NBMOs to provide the minimum on-site
overlap between two degenerate NBMOs, followed by the process described in
Sect. 3.2. This manipulation must provide regionally localized orbitals similar to
those prepared using the RLMO procedure of the ELG method, but differs in the
conditions used to make the localization. The localized NBMOs thus obtained can
be used in the L,;, method described in Sect. 3.2. In applying the open-shell ELG
method, the MMMO localization procedure is applied to the open-shell part, i.e.,
the singly occupied molecular orbitals (SOMOs), while the RLMO localization in
the ELG method is applied to the other orbitals, either fully occupied or fully
unoccupied.

We suppose that a system has plenty of units (A, B, ...), each of which has an
unpaired electron with an up-spin. The flow chart of MMELG method is shown in
Fig. 5.3 where an index to show the mixing between two NBMOs

Ln=> L =3"%" (C;,.c;j)2 (5.5)

i>i i>i r
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Fig. 5.3 Flow chart for
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is defined to perform the MMMO localization. The details of the process have been
described elsewhere [23]. The treatments described above are also available at the
density functional theory (DFT) level of theory.

5.3 Applications and Comparison with the
Conventional Method

5.3.1 Application of the Open-Shell Elongation Method

To investigate the accuracy of the open-shell ELG method for high-spin systems at
both the HF and DFT levels of theory, test calculations on the polyglycine radical in
Fig. 5.4 (Model 1) were performed at the ROHF/6-31G(d), ROB3LYP/6-31G(d)
(restricted open-shell Becke’s three-parameter, Lee—Yang—Parr exchange-
correlation functional), UHF/6-31G(d), and UB3LYP/6-31G(d) (unrestricted
B3LYP) levels. The starting cluster size was set to 10 units (Ng = 10), in which the
number of units in region A was set to two, that in region B was set to eight, and
that in M was set to two. Therefore, the number of unpaired electrons present in the
whole system at each step N increases with ELG as N, = 10, 12, ..., 38, 40.
Figure 5.4 shows that the energy differences between the CONV and ELG
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Fig. 5.4 AF/atom (a.u.) for polyglycine radical (Model 1) and polyethylene radical (Model 2)
calculated at restricted and unrestricted HF and DFT levels with 6-31G(d) basis set

calculations AE/atom are almost zero (%10_10 a.u. per atom) and increase
asymptotically with the number of atoms for both restricted and unrestricted
open-shell treatments.

Calculations were also undertaken using the polyethylene (Model 2) radical with
the 6-31G(d) basis set (Fig. 5.4, right-hand side). The differences (errors) between the
CONYV and ELG calculations must become flat at large numbers of atoms for all the
panels (a)—(d), which is easily attained when the one unit is small. In the case of
Model 2, panels (a) and (b) show the results obtained when the starting cluster size
was set to nine units (Ng = 9), in which the number of region A was set to one, that of
region B was set to eight, and that of the monomer was set to one (N, = 9, 10, ..., 48).
Panels (c) and (d) in Model 2 show the results obtained when the starting cluster size
was set to 10 units (N = 9), in which the number of units in region A was set to one,
that in region B was set to nine, and that in M was set to one (N, = 10, 11, ..., 48).
The results show that the unrestricted treatments yielded total energy differences one
order of magnitude smaller than the restricted treatments, even when a longer starting
cluster was used. In both cases, AE/atom was almost negligible.

5.3.2 Application of the Minimized Mixing
Elongation Method

To confirm the validity of the MMMO localization method and the L,,;, values
obtained as described in Chap. 3 for predicting ferromagnetism, the two methods
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were combined with the GAMESS program package [24]. The L.,;,(MMMO) was
defined by localizing the coefficients of the canonical NBMOs generated using the
CONV method. As a reference, L,;,(ER) was also calculated directly using the
coefficients of the localized NBMOs (LNBMOs) generated using the Edmiston—
Riidenberg (ER) localization method [25]. In the ER localization method, where the
unitary transformation U in ¢, = >, ¢, Uy ({@,} is the basis) is defined to give
the maximum for the 2e integrals, D(¢) =), [qﬁ%’qﬁ?] , and then the coefficients of
the LNBMOs are generated for calculating L,,;,(ER) [see Chap. 3].

The validity and efficiency of our L.;;(MMMO) method was examined by
comparing the results with L.;,(ER). Figure 5.5a shows that L.;,(ER) and
Lnin(MMMO) are the same for the model depicted in the graph with N, = 4, 6, 8,
10, and 12 at the level used for testing (ROHF/STO-3G). It was confirmed that the
MMMO localization method works correctly for cases including two NBMOs in a
unit. A small basis set was used because the ER localization needs a long CPU time
to converge at large system sizes; thus, the MMMO CPU time cannot be distin-
guished from the zero axis line in Fig. 5.5b. It can be seen that the CPU times for
Lnin(ER) increase dramatically, while the CPU times for L,;,(MMMO) are kept
constantly small. Also, though we don’t show the graph here, the memory
requirements for the ER localization method increase dramatically with increasing
N.. These disadvantages, which are inherent in the ER method, render the ER
method impractical for calculations on large systems. The increases in CPU time
and memory requirements arise because the ER localization method requires heavy
2e integrals calculations, while the MMMO localization method only needs
localization procedure. Therefore, the MMMO localization method can be applied
quite efficiently to large open-shell systems during the ELG process. Figure 5.5¢
shows that K increases with L.,;,(MMMO) for the model at the ROMO06-HF/6-31G
level. The exchange integral Kj; corresponds to the energy difference between the
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Fig. 5.5 a L,;, calculated with coefficients of canonical NBMOs and localized NBMOs by ER
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triplet and open-shell singlet states, corresponding to AE(L-H) in Chap. 3. For
simplicity, however, the closed-shell singlet state can also be used in the discussion
of L, in this approach because the CI treatment used to determine the open-shell
singlet state in the ELG method is under construction, and the relationship between
K and L,,;, was shown in our previous paper [23].

5.3.3 Application of the Minimized Mixing
Elongation-Polarizable Continuum Model Method

Figure 5.6 shows the MMELG-PCM method applied to a model of Rajca’s com-
pound [8]. The tert-butylbenzene substituents present in the experimental system
were replaced by hydrogen atoms for simplicity to yield model R. One monomer
unit of model R, as shown in Fig. 5.6, was optimized at the UB3LYP/6-31G(d)
level. One optimized unit of model R was then used as the repeating unit to
construct the whole system.

The values of AE(L-H) and its increments as functions of N are plotted in
Fig. 5.7a, b, respectively. The figure shows results calculated using both the
MMELG-PCM and CONV methods at the ROHF/6-31G level. It can be seen that,
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in the case of ELG calculations, AE(L — H) increases linearly with N, while for the
CONV calculations, AE(L — H) does not linearly depend on N. As model R is a
periodic system except for terminal effects, AE(N) — AE(N — 1) should change
smoothly with almost identical values. In Fig. 5.7b, AE(N) corresponds to
AE(L — H) with N units and AE(N — 1) corresponds to AE(L — H) with (N — 1)
units. It is evident that the values of [AE(N) — AE(N — 1)] calculated using the
MMELG method are almost constant, while those calculated using CONV deviate
sharply. Since the lowest spin state is an open-shell singlet in which half of all of
the unpaired electrons have up-spins and the remainder have down-spins, the
system represents a difficult case for a single-reference method. In one CMO, there
are two unpaired electrons arising from two atoms, and the coefficients should be
focused on these two atoms. However, in the CONV method, the CMOs are
delocalized. With increasing system size, more and more unpaired electrons
become involved, which increases the order of complexity of the SCF calculations.
In contrast, in the MMELG method, the coefficients of each CMO in each ELG step
are localized on the two atoms containing the two unpaired electrons. Since the
MMELG method treats a system of constant size during the SCF calculations, the
number of unpaired electrons involved remains constant, which reduces the com-
plexity of the SCF calculations. The lowest spin state of the open-shell systems has
a multi-reference nature since there are many electronic configurations. The number
of electronic configurations possible in the CONV method is proportional to 2" and
thus increases rapidly; in contrast, the number of possible configurations in the
MMELG method remains constant during the SCF calculations, even for huge
open-shell systems. Therefore, the MMELG method can be useful for calculating
the multi-configurational spin state of an open-shell system and can even obtain
better results than the CONV method due to its smooth convergence that results
from the efficient ELG-SCF method.

Figure 5.7c shows the relationship between the values of AE(L-H) and L,,;, for
model R that were calculated using the MMELG-PCM-L,,;, method at the
ROHF/6-31G level. It is evident that the high spin stability of conjugated organic
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Fig. 5.7 a AE(L-H) and b AE(L-H) per unit for model R calculated using MMELG-PCM and
CONV methods at ROHF/6-31G level. ¢ Relationship between L,;, and AE(L-H) calculated for
model R using MMELG-PCM-L,,;;, method at ROHF/6-31G level. (Modified with permission
from Ref. [26]. Copyright 2016 Elsevier B.V.)
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radicals, such as model R, in a solvent can be predicted by the simple L,,;, values
calculated using the MMELG-PCM-L,,;, method. The MMELG method suggests
that the electronic states for open-shell systems thus obtained can be a reliable
starting point to proceed further to more precise calculations at post-HF levels of
theory.

5.3.4 Application of the Minimized Mixing Elongation
Method to a Dendrimer Model

To investigate the accuracy of the unrestricted ELG method for high-spin systems,
we performed test calculations at the UHF/6-31G(d) and UB3LYP/6-31G(d) levels
of theory on the two-dimensional dendrimer model shown in Fig. 5.8. For sim-
plicity, only one ELG step is shown. In the first step, the eigenvalue problem is
solved for the (A + B) part and in the second step, the frozen part is defined as A,
third step, M is attacked one by one in three directions at a time. The parameters in
the calculations were Ng = 5 (the number of starting cluster units), Ng = 4 (the
number of units of region B), Ny =1 (the number of monomer units), and
Nse = 30, 36, ..., 78 (the number of unpaired electrons of the system at each ELG
step). Figure 5.9 shows that AE/atom is very small (<10 a.u.) in the ELG process
under all three theoretical conditions. Such a small difference suggests that the
unrestricted ELG method is highly accurate and efficient and is therefore also
suitable for dendrimer radical systems, which are known to exhibit large
Non-Linear Optical (NLO) properties, at the HF and DFT levels and also under
PCM conditions. More details on the methodology and its applications are
described in the articles [26-28].

Fig. 5.8 Simple model for
open-shell dendrimer. A, B,
and M denote frozen region,
active region, and monomer,
respectively. (Modified with
permission from Ref. [27].
Copyright 2016 Walter de
Gruyter GmbH)
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Chapter 6
Conclusions and Future Prospects

There are many functional materials of interest that are too huge to be studied by
means of quantum chemistry approach. Magnetism is one of these areas, and there
is significant interest in the development of functional materials based on novel
ferro- or ferrimagnets with high Curie temperatures and the improving the quality
and synthetic costs of existing magnets. For the last three decades there have been
intense efforts aimed at the discovery of intriguing alternatives to conventional
magnets, and thus organic ferromagnets have been a target for their many advan-
tages in a wide range of applications.

Magnetism is based on the interaction between electron spins and can only be
properly described by taking into account electron—electron interactions. In many
cases though, the systems that display magnetism are huge. Therefore, a direct
treatment of total systems that accounts for exact electron—electron interaction is
almost impossible; thus, to avoid heavy computations, a simple treatment to
evaluate even the qualitative possibility of magnetism was desired. One way to gain
an insight into whether a conjugated organic system possesses a stable high-spin
state would be to understand the concept of a “disjoint or non-disjoint” system,
which is easily inferred from the molecular structure. Therefore, as the first step in
the development of a method that makes it possible to predict the magnetic property
of a material, we elucidated the “disjoint or non-disjoint” concept using matrix
algebra from a mathematical point of view and then constituted several analytical
methods to gain an insight into the multiplicity of the system. The reason that even
organic compounds can display magnetic properties, however, is still not definitive
from a microscopic point of view, and thus not only Hund’s rule but also a theo-
retical investigation that can elucidate the spin multiplicity is required. For this
purpose, we have introduced the TS/TB method to analyze the relationship between
the orbital interactions and the effect of the inter-radical exchange interaction on the
total energy of a system with various multiplicities, which leads to the systematic
elucidation of high-spin stability.

In contrast, highly accurate ab initio methods for open-shell systems have been
developing in the field of quantum chemistry to better understand the magnitudes of
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exchange integrals, which are very important values in the discussion of molecular
spin states. However, the systems for which one can examine the effectiveness of
these integrals are still limited to a few molecules (units) unless the periodic
boundary condition is imposed. In fact, the magnetic properties of materials are
mostly discussed using the Ising model, for which highly accurate computations for
the entire system are not needed, although the results obtained strongly depend on
the parameters used in the calculations. To overcome the problem that direct
ab initio calculations are intractable for large systems, we developed the ELG
method at both the HF and post-HF levels. This method is applicable for use in the
open-shell electronic state calculations of large random systems for which a peri-
odic boundary condition is not applied. In that regard, more efficient localization
treatment of MOs into a specific region where a radical exists should be effective
when one focuses on the magnetic properties that come from the presence of
degenerate NBMOs. In order to realize cheaper computations, therefore, the
MMMO localization scheme is applied to the open-shell part while the ELG
method is performed; this approach was also proposed and its application to the
prediction of high-spin stability have proved successful for quasi-1D systems at the
HF level. The extension to three-dimensional systems is already feasible for
closed-shell systems (3D-ELG method) and is under construction for open-shell
systems. Geometry optimization using the elongation method is also possible for
pseudo-one-dimensional systems and represents a much more efficient style than
the use of conventional optimization methods based on canonical MOs; this method
is still under construction in our laboratory for three-dimensional systems.

Recently, more sophisticated and highly accurate approaches for open-shell
systems have been developed in quantum chemistry with a view towards the the-
oretical investigation of functional materials like spin-electronics devices, battery
materials, optical spin manipulation, and so on. Theoretical approaches both in
quantum chemistry and solid state physics, in connection with computer science
using parallel supercomputers, will become more and more important because a
deeper understanding of the mechanism of spin-related phenomena from a theo-
retical point of view would help experimental design of novel magnetic materials in
the future.
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