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PREFACE

A recent progress in synthetic methodology, such as a convergent method, a
divergent one and their hybrids, enables to prepare organic giant molecules, e.g.
dendrimers, molecular wires, bandanna molecules, etc., with a molecular size of
more than afew nano-meters.* Different from polymers, there is no distribution
of molecular weights of such giant molecules. Furthermore, a shape of the
molecular structure can be designed three-dimensionally. Such a giant molecule
can be designated as a hyper-structured molecule (HSM). If HSM is composed
of plural units with different functionalities, the molecule as awhole is expected
to manifest integrated functions, e.g. a vectorial transportation of electrons or
protons, or an extremely efficient light harvesting property, etc., by itself just as
proteins do.” These functions can hardly be achieved by conventional functional
molecules or polymers. On developing a single molecular device utilizing a
functionalized HSM, accessibility to HSM becomes a crucial point. Although
there are till a lot of problems to be solved before being able to manipulate
functionalized HSMs, techniques in nanotechnology, such as scanning probe
microscopy, will become powerful meansin this respect.

Among functional organic materials, topologically controlled high spin
mol ecules have drawn much attention. Discovery of the quintet meta-phenylene-
bis(phenylmethylene) by Itoh and Wasserman was followed by the generation of
the ground state nonet tetracarbene of which spin quantum number exceeds
those of transition metals.® Thereafter, a number of high spin polyradicals and
polycarbenes have been prepared.* Thefundamental issuesand recent spectacular
achievements related to the hyper-structured high spin molecules (Fig.1, left) are
described in Volume | of this series.

Sincetheintrinsic character of an organic spin system isthat unpaired electrons
occupy p-orbitals, modulation of the p-system is expected to control the magnetic
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Hyper-Structured High Spin Molecule Hyper-Structured Spin Polarized Donor
Figure 1. Hyper-structured magnetic molecules.

interaction between unpaired electrons in p-orbitals.” Along this line, a donor
radical, inwhich aradical unitisconnected with adonor unit inacross-conjugating
manner, has been explored.® When a donor unit is singly oxidized, a generated
unpaired electron is coupled ferromagnetically with an unpaired electron of the
radical unit. Such atype of donor radical is called spin-polarized donor and its
potential applicability isdiscussed in Volumell.

Another approach to realize organic ferromagnetic materialsisto self-assemble
organic radicals in such a way as to exhibit ferromagnetic intermolecular
interaction. In this approach, the spin multiplicity of a constituent open-shell
molecule does not need to belarge. The point ishow to control an intermolecular
magnetic interaction, which is, in most cases, anti-ferromagnetic.

The strategy for obtaining ferromagnetic molecular assembly is as follows
(Fig.2). First, organic radicals with a spin-polarized electronic structure should
be prepared. The spin-distribution and energy levels of p-orbitals of these
radicals are largely affected by an unpaired electron on the radical unit. Next,
relative orientation of spin-polarized organic radicals must be adjusted finely so
as to induce a ferromagnetic intermolecular coupling. For this purpose, spin-
polarized organic radical swith an orientation controlling site (OCS) are designed.”
Then, the OCS-assisted self-assembly is expected to exhibit a desired magnetic
property spontaneously. On evauating the magnetic properties of the self-
assembly precisely, it is a best way to use single crystals because one can
elucidate a correlation between the structure and the magnetic property in detail
based on the crystallographic data. Information obtained by the above
methodol ogy will beindispensableto construct integrated HSMswhich are hopeful
functional materialsin the 21st century.
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Figure 2. Self-assembled molecular magnetic system.

Thischapter describesthe spin-polarized el ectronic structure of organic radicals
in detail, including a UHF description, and discusses the possible orbital
interactions between spin-polarized UHF-orbitals. Several examples of spin-
polarized organic radicalswithan OCS, such asalong alkyl chain, anelectronically
polarized group, a hydrogen-bonding site, etc., are introduced systematically by
classifying a type of magnetic interactions and a kind of stable radical units.
Finally an approach to a spin-polarized molecular wire will be proposed as a
prototype of an organic quantum spin device.

THEORETICAL STUDIES ON INTERMOLECULAR MAGNETIC
INTERACTION

I nter pretation Based on McConnell's M odel

An organic p-radical, in general, has a characteristic electronic structure. In
allyl radical, for example, an a-spinin SOMO (singly occupied molecular orbital)
distributes on C, and C, carbons (spin-del ocalization), and the distribution of the
a spin in SOMO influences those of a- and b-spins in NHOMO (next highest
occupied molecular orbital): While the distribution of the a-spinin NHOMO is
rather unaffected, that of the b-spin tends to avoid residing on C, and C, (Fig.3).
As aresult, a negative spin density is resulted on C,, giving rise to an alteration
of the spin densities. This modulation in the spin distribution is called spin-
polarization.

Next, let us consider the intermolecular magnetic interaction of alyl radicals
in various orientations. Since the carbons carrying antiparallel spins can form a
covaent bond when they come close, thelocal intermol ecul ar interactions between
spin-distributing carbon atoms are anti-ferromagnetic. Thisinteraction is called
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Figure 4. Relative orientations and intermolecular magnetic interactions of allyl radicals.

a "kinetic exchange" effect. When a pair of alyl radicals are aligned in the
arrangement of (a) or (b) in Fig.4, the overall intermolecular interaction becomes
anti-ferromagnetic. On the other hand, the arrangement (c) in Fig.4 leads to a
net ferromagnetic interaction by the same token. Consequently, it is obvious
that the intermolecular magnetic interaction depends heavily on the relative
orientations of p-radicals. This type of analysis on the intermolecular magnetic
interaction is called McConnell's model study.®
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Figure 5. Orbital interactions between two alyl radicals in various configurations.
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Interpretation Based on Molecular Orbital Method

Here we consider molecular orbital interactions between two allyl radicals in
three configurations (Fig.5(a)-(c)). Since the highest p-molecular orbital between
two alyl radicals is singly occupied. Therefore, the most significant orbital
interaction is between SOMOs of two alyl radicals. When two SOMOs interact
in phase with a non-zero overlap integral, as shown by configurations of case A
or B, two electrons of different spins occupy the lower energy orbital which is
resulted from a symmetric combination of two SOMOs. While in configuration
C, two SOMOs are nearly orthogonal to each other and degenerated. Two spins,
therefore, occupy each SOMO separately, resulting in the triplet ground state on
the basis of the exchange interaction as far astwo MOs overlap effectively.

The origin of ferromagnetic interaction between allyl radicals of type C
configuration can be discussed more quantitatively on the basis of a UHF
description.  Strictly speaking, two different electron spins in one molecular
orbital in a molecular orbital don’'t necessarily occupy the same space, but they
reside separately. Considering this situation, a UHF method provides two spins
with two different UHF-MOs, e.g. NHOMO(a), NHOMO(b). First, we will
consider the spin-distribution and orbital energies of an isolated allyl radical.
Fig.6(a) shows the energy level and the shape of UHF orbitals of an alyl radica
schematically. When SOMO(a) interacts with NHOMO(b), the coefficient at
C, carbon of NHOMO(b) increases and its energy level is destabilized. On the
other hand, the coefficients and the energy level of NHOMO(a) are relatively
unaffected because two a spinsin SOMO(a) and NHOMO(a) never come close
to each other based on Pauli's exclusion principle.

Next, let us consider the intermolecular orbital interaction of the type C.
Sincetwo SOMOsare nearly orthogonal to each other, NHOM O-SOMO* (asterisk



SELF-ASSEMBLING ORGANIC FERROMAGNET: 46

(a) Molecular orbitals of allyl radical in UHF description
— 8_%_8 LUMO(B)*
NHOMO(0t) 8—8% 4+ §—<—8 ~zOMOG®

(b) Ferromagnetic UHF orbital interaction/ Case C(FM)

SOMO(B)*

SOMO(p)* —_ — —_
I O
NHOMO(B) o + M

Al B4

(c) Antiferromagnetic UHF orbital interaction / Case C(AFM)

|
|

SOMO((0)*

(€ G By

4 : |E - E, |
Exgomo ==k, soMo* ~ ENHOMO
N {AE C: coefficient
k B: resonanceintegral
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represents a vacant orbital) interaction becomes influential in the magnetic
interaction.

Here arises a question regarding which is more stable, case C(FM) or case
C(AFM) (Fig6(b) or Fig6(c)). As far as the energetic term is concerned, the
orbital energy of NHOMO(a) is lower than that of NHOMO(b). Therefore, the
energy difference between NHOMO(b) and SOMO(b)* (Egoyopy = Exvomor) 1S
smaller than that between NHOMO(a) and SOMO(@)* (Egoyoay = Enromoay)-

Moreover, the orbital overlap between NHOMO(b) and SOMO(b)* (Fig. 6(b)) is
larger than NHOMO(a) and SOMO(a)* (Fig.6(c)) becauseof thelarger coefficient
at C, carbon atom in NHOMO(b). Accordingly, the ferromagnetic interaction
(Fig.6(b)) predominates over the anti-ferromagnetic one (Fig.6(c)) according to
the perturbational interaction as depicted in Fig 6(d).

Experimental Model for Intermolecular Magnetic I nteraction

Significance of a relative orientation of organic radicals regarding to the
intermolecular magnetic interaction can be clearly demonstrated using benzyl
radical as a model for organic p-radicals containing a spin-distributing aromatic
ring (McConndll'srule). As shown in Fig.7(a), the coefficients of benzyl radical
distribute only at ortho and para positions, beside the largest coefficient at the
benzylic carbon atom. Suppose that two phenyl rings are overlapped, a series of
orientations of two benzyl radicals are depicted in Fig.7(b)-(e). In the case
where the twist angle (q) in reference to the rotation axis is 60° or 180°, the
overlap integral between two SOMOs is negligibly small and two orbitals are
amost orthogona to each other. The intermolecular magnetic interaction,
therefore, is ferromagnetic in these orientations (Fig.7(c),(€)). Whereasin

@)

Figure 7. Orbital interactions between two benzyl radicalsin various configurations.
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Figure 8. Magnetic interactionsin cyclophanedicarbeneswith various mutual orientations.

orientation with the twist angel of 0° or 120°, the overlap integral is significantly
large, leading to the anti-ferromagnetic interaction (Fig.7(b),(d)).

Theisomeric [2.2] paracyclophane-dicarbenes were generated photochemically
from the corresponding bis(diazo) compounds which are model compounds to
examine the ferromagnetic intermolecular magnetic interaction (Fig.8)." The
ESR spectra of the pseudo-ortho (q = 60°) and pseudo-para isomers (q = 180°)
show intense ground state quintet signals due to the ferromagnetic coupling
(BE = 0.18, 0.31 kcal/mol), while the pseudo-meta isomer gives a thermally
populated triplet signal, indicating that this isomer has the singlet ground state
due to the anti-ferromagnetic coupling (DE; = 0.28 kcal/mol). This is clear
experimenta evidence for the McConnell’s rule concerning the intermolecular
spin aignment.

Intermolecular Interaction in Cluster of Diphenylcarbenes

The magnetic interaction within cluster of diphenylcarbenes, generated
photochemically in the host crystal of the corresponding diazo precursor, was
found to be well rationalized in terms of the crystal structure of the host diazo
compound.”®  An ESR spectrum of photolyzed bis(4-methoxyphenyl)
diazomethane consists mainly of intense quintet (Q) signal, which is assignable
to a ferromagnetically coupled carbene pair. Such an interaction seems to be
achieved by the dimeric crystal structure of the parent diazo compounds, taking
a pseudo-para type orientation (Fig.9(a)). On the other hand, the magnetic
interaction inthe cluster of bis(4-chlorophenyl)methylenegenerated inthecrystals
of the corresponding diazo compounds is interpreted by the anti-ferromagnetic
interaction (Fig.9(b)). Because diazo molecules in the crystal of bis(4-
chlorophenyl)diazomethane are stacked in a column and benzene rings are
overlapped, congtituting a pseudo-geminal type orientation. The observed
tendency isin accord with the anti-ferromagnetic interaction predicted.
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Figure 9. Magnetic interactions in diphenylcarbene derivatives (X = N, or ¢)
in host crystals of corresponding diazo compounds.
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Figure 10. (a) Photolytic generation of bis[p-(octyloxy)phenyl]carbene,
(b) Schematic drawings of meta-magnetic system.

In the case of bigp-(octyloxy)phenyl]ldiazomethane, in particular, the
photolyzed sample shows a positive Weiss temperature of 2 K.** Introduction of
long akyl chains at the para-positions of aryl diazo compounds leads to a
favorable arrangement which causes a two-dimensional ferromagnetic coupling
among spin-distributing benzene rings of the generated diarylcarbenes. As a
result, this carbene cluster affords a two-dimensional meta-magnetic spin system
(Fig.10).
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CRYSTAL ENGINEERING OF ORGANIC RADICAL CRYSTALS

Self-Assembling Organic Radicalsin Aid of Orientation Controlling Site
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Figure1l. Self-assembling organic radicals with various magnetic interactions:
(a) antiferro-, (b) ferri-, and (c) ferromagnetic interaction.
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As described in the previous sections, the intermolecular magnetic interaction
depends heavily on the relative orientation in amolecular assembly of p-radicals.
Under such circumstances, it is of great significance to regulate crystal structures
of stable organic radicals so as to exhibit desirable magnetic properties (Fig.11).
A method of controlling the crystal structure of organic radicals in aid of an
orientation controlling site (OCS) will be proposed here. An OCSis afunctional
group which plays a significant role of self-assembling organic radicals by means
of intermolecular interactions, such as electrostatic interactions, hydrogen bonds,
or charge transfer interactions, etc. Organic radicas, then, self-assemble by
themselves as paramagnetic building blocks to create a highly ordered molecular
architecture of intriguing magnetic properties.

The observed magnetic properties of the radical crystals are, then, interpreted
intermsof thefrontier orbital interacti ons between spin-polarized organic radicals,
while the spin-polarization mechanism is also applied to rationalize the local
magnetic interaction. The latter explanation can also be rationalized by the
molecular orbital interaction analysis when molecular orbitals which have
significant coefficients at the locally interacting sites are taken into consideration,
although those orbital s are not necessarily frontier orbitals.

Antiferromagnetic Crystal of Diaryl Nitroxidewith Long Alkyl Chains

The crystal structure and magnetic susceptibility of the crystal of bis(p-
methoxyphenyl)nitroxide was studied extensively, and the crystal was found to
exhibit a negative Weiss temperature of -3.4 K. When the decyloxy chains
were introduced at the para positions of the phenyl rings, the absolute value of
the negative Weisstemperature of the crystal wasincreased (q =-10K) (Fig.12).”®
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Figure12. Temperature dependence of the reciprocal paramagnetic susceptibility of
bis(p-decyloxyphenyl)nitroxide.

The enhanced anti-ferromagnetic intermolecular interaction may be due to the
presence of long alkyl chains, and the dispersion force of the alkyl chain enforces
a tight packing on the nitroxide molecules. The magnetic interaction of this
crystal corresponds to the case which is schematically depicted by Fig.11(a).

When the field dependence of the magnetic susceptibility was measured at
2K, at higher externa magnetic fields than 5 Teda, the magnetic susceptibility
was found to show an up-ward deviation from the extrapolated curve derived
fromthedataat lower magneticfields. Thisinteresting phenomenonisinterpreted
in terms of a spin-flop mechanism which happens between the anti-
ferromagnetically coupled spins. The result provides a direct proof for the
presence of the antiferromagnetic coupling among neighboring nitroxide
molecules.

Although the crystal structure of the nitroxide with decyloxy chainsis similar
to that of bigp-(ocyloxy)phenyl] diazomethane, the magnetic interaction in
nitroxides turned out to be antiferromagnetic.  Since the spin density in the
nitroxide is localized at the NO group and that only small spin densities are
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distributed on the phenyl ring, the magnetic interaction between nitroxides is of
an one-centered character, leading to the anti-ferromagnetic interaction.

Crystal Engineering Organic Ferrimagnet
Even though the intermolecular magnetic interaction is anti-ferromagnetic,
one can construct a ferrimagnetic system by utilizing a ground state triplet

diradical and adoublet monoradical. A crystal designing ferrimagnet is, in fact,
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Figure 13. Self-assembled ferrimagnetic system.
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one of the successful examples of the crystal engineering technique using OCS
groups (Fig.11(b))."* Asaground state triplet diradical, m-phenylenebis(nitronyl
nitroxide) (PBNN) was selected, and for amonoradical, m-dinitrophenyl nitronyl
nitroxide (DNPN), where the two nitro groups on the phenyl ring of DNPN
exert as OCSs. As a result of the electrostatic interaction between the nitro
groups of the monoradical and the nitronyl nitroxide groups of the diradical,
they are stacked alternately to form acolumnar structure (Fig.13(a)). Theobtained
organic ferrimagnetic spin system is unique from the view point of the competing
magnetic interactions between the intramolecular ferromagnetic coupling (J,)
and the intermolecular antiferromagnetic ones (J, ~ J,) of the same order
(Fig.13(b)). The temperature dependence of the magnetic susceptibility is
reproduced by diagonalization of the Heisenberg Hamiltonian for a six-spin
configuration with a periodic boundary condition. The lack of the ferrimagnetic
phase transition of the above crystal is argued in reference to the non-equivalent
antiferromagnetic couplings(J, ~ J,) between the two kinds of radical centers.

Ferromagnetic Crystals of Nitroxides

Magnetic interaction in more than one hundred crystals of TMPO (2,2,6,6-
tetramethylpiperidin-1-yloxyl) derivatives has been investigated precisely by
Nogami et al.”® The origin of an intermolecular ferromagnetic interaction is
arisen from the spin-polarization generated within an open-shell molecule. In
the case of nitroxide crystals, the spin-polarization is caused not only through
thep-p interaction, but a so through the p- s type (hyper-conjugative) interaction.
For instance, the carbon atom of the methyl group at the b position to the NO
group is spin-polarized positively through a hyper-conjugative mechanism
(Fig.14). Accordingly, all the methyl hydrogen atoms are negatively spin-
polarized. As aresult, when these hydrogens are located in the proximity to the
nitroxide group of the adjacent molecule, carrying with a positive spin-density,

A— - spin polarization ( G- ©
N -0 H
N/O
oN hyper-conjugation
(spin-delocalization)

Figure 14. Spin-polarization in TMPO-type nitroxide radical.
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the intermolecular interaction becomes ferromagnetic. This is the reason why
the ferromagnetic interaction is frequently observed in crystals of nitroxide
derivatives, corresponding to the case of Fig.11(c).

Spin aignment in tetramethyldiazaadamantanedioxyl studied by Rassat et al.
can be interpreted by the same mechanism.”® In this case, al the hydrogen
atoms of diazaadamantane skeleton are equivaent and negatively spin-polarized.
Moreover, therearetwoferromagnetically coupled nitroxidegroupsintheskel eton.
The intermolecular ferromagnetic interaction is, therefore, considered to be
enhanced. This may be the reason for the highest transition temperature (1.48
K) of this crystal among genuine organic ferromagnets so far reported.

Ferromagnetic Crystals of Verdazyls

Various verdazyl derivatives have been prepared, and a number of organic
ferromagnets, ferrimagnets, meta-magnets have been developed based on the
crystals of verdazyl derivatives.” The probability of affording ferromagnetic
crystals is as high as that of nitronyl nitroxide crystals (See, the following
section). The characteristic electronic structure playsacrucia rolein manifesting
an intermolecular ferromagnetic interaction. Namely, SOMO of a verdazyl
radical has C,, symmetry and the energy level of SOMO is located underneath of
HOMO as in the case of nitronyl nitroxides. The difference in the magnetic
interaction between verdazyl radicals and nitronyl nitroxides is that a lack of the
transmitting route of magnetic interaction other than p-type interactions in the
former: Most of verdazyl radicalsdo not carry b-methyl groups of which hydrogen
atoms are negatively spin-polarized. This structural feature strengths the
intermolecular magnetic interaction of the p- p type, but a the same time the
dimensionality of the magnetic interaction is likely to become low-dimensional
(Fig.15).

FERROMAGNETIC CRYSTALSOF ARYL NITRONYL NITROXIDES
Electronic Structure of Phenyl Nitronyl Nitroxide

Before discussing a spin-polarized electronic structure of aryl nitronyl



55 T. SUGAWARA, et al.

nitroxides in terms of a UHF-MO description, it is worth-while to sketch its
characteristic electronic structure according to a perturbational molecular orbital
approximation (PMO-RHF). The features of frontier orbitals represented by
PMO description can be pointed out as follows (Fig.16). First, one will notice
that the coefficients of SOMO of phenyl nitronyl nitroxide (PhNN) are restricted
only on the nitronyl nitroxide (NN) group. Whereas somo of the NN group has
a, symmetry due to the presence of a C, symmetry axis, the symmetry of the
partial molecular orbital of the aryl substituent is not necessarily a,. Thus somo
of the NN group becomes SOMO of the entire molecule without being perturbed.
Even though the symmetry of two units, the NN group and the substituent,
coincides, the perturbation between two units should be subtle, because the
coefficient at C, of somo of the NN group is negligibly small. Second, contrasting
to SOMO, the coefficients of NHOMO of PhNN spread over to the entire
molecule as a result of the interaction between homo of benzene and nhomo of
the NN group. Onthe other hand, LUMO of PhNN isresulted from theinteraction
between lumo of benzene and lumo of the NN group. The above tendency in the
shapes of frontier orbitals can be seen commonly in most of NN derivatives.
The exception is the case where the NN group is severely twisted from the plane
of therest of the molecule.

Figure 16. Perturbational MO description of phenyl nitronyl nitroxide.
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Orbital Interaction between Spin-Polarized Aryl Nitronyl Nitroxides

In this section, one will examine three types of intermolecular frontier orbital
interactions of organic radicals, in which electronsin NHOMO is spin-polarized
by an unpaired electron in SOMO(a) (Fig.17). Since the highest UHF-MO is
SOMO(a) in casel, the predominant interaction is between SOMO(a ) of molecule
A and SOMO(a)* of molecule B. This SOMO-SOMO* interaction leads to an
antiferromagnetic intermolecular interaction. In case Il, the NN unit interacts
with the aryl unit not with the NN unit of the adjacent molecule, vice versa
.Furthermore, the spin polarization is significantly large, and the energy level of
NHOMO(b) is higher than SOMO(a): This type of a spin-polarized radical can
be designated as a spin-polarized donor. The crucia interaction is, therefore,
between NHOMO(b) and SOMO(b)*, giving rise to a ferromagnetic interaction:
In case l11, The NN unit interacts with the aryl unit predominantly as in the case
[1. Sincetheenergy level of LUMO(a) is lower than that of SOMO(b)*,

Casel

spin-polarized donor

Case I1I

J7

spin-polarized acceptor A B

Figure17. Schematic drawings of UHF orbital interactions between three types of
organic radicals.
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SOMO(a) and LUMO(a) interact predominantly to lead also to a ferromagnetic
interaction: Such atype of radical is called spin-polarized acceptor.

Taking account of these orbital interaction, one can design a spin-polarized
electronic structure such as case Il or Il by introducing electron-releasing or
electron-withdrawing substituent into the aromatic ring, respectively. These
spin-polarized radicals have a chance to realize an organic ferromagnet when
they are assembled properly. The concrete examples will be described in the
subsequent sections.

Organic Ferromagnet Composed of Spin-Polarized Acceptor : p-Nitrophenyl
Nitronyl Nitroxide (p-NPNN)

p-Nitrophenyl Nitronyl Nitroxide (p-NPNN) is the first genuine organic
ferromagnet, and it affords four crystal phases, including the b-phase which
exhibits a ferromagnetic phase transition.”® The molecular arrangements in these
phases are different, but the ferromagnetic interaction is observed in al four
phases. This tendency suggests that the electronic structure of p-NPNN itself

contributes
totheappearance of theferromagneticinteraction. i p—

p-NPNN is calculated by a semiempirical MO
(MOPAC-PM3/UHF) method.  As shown in

Fig.18, the highest MO is SOMO(a) as in the ;

case of regular organic radicals. Theenergy level +

of SOMO(b) is, however, not the lowest +
unoccupied orbital, but LUMO(a) is the lowest.
This electronic structure is caused by an electro- +

T

An energy diagram of the electronic structure of & —_—

&
/I+
T

withdrawing nitro group at the para-position of
S . . NN
the aromatic ring, corresponding to case Il in
Fig.17. @
The magnetic interaction in p-NPNN was, in NO
2

particular, elucidated precisely by means of
magnetic susceptibility, heat capacity, mSR, and Figure 18. Molecular orbitals of
neutron diffraction experiments.* phenyINN and p-NPNN.

Experimental Support for Electronic Structure of Spin-Polarized Acceptor

p-Benzoquinone nitronyl nitroxide (BQNN) consists of nitronyl nitroxide (NN)
and benzoquinone (BQ) units, the latter of which is a reasonably good acceptor.
The symmetry and the energy level of SOMO of BQNN is practically the same
as those of phenyl nitronyl nitroxide (Fig.19). On the other hand, coefficients of
LUMO spread over to the entire molecule, indicating that LUMO is resulted
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Figure 19. Perturbational MO description of BQNN.

from the interaction between lumos of both units (BQ and NN). Accordingly,
the energy level of LUMO is lowered compared with that of BQ. The above
cal culated result on BQNN was supported with the electrochemical data. Namely,
the reduction potential of BQNN (-0.23 V) is lower than that of BQ (-0.44 V).
It isto be noted that the orbital by which an electron is accepted is LUMO(a) in
the UHF description as in the case of p-NPNN. This suggests that BONN
should afford an anion radical of a ground state triplet spin multiplicity by
one-electron reduction. BQNN was, indeed, found to afford a ground state
triplet ESR signal, when it was reduced by sodium in dimethylformamide (DMF)
solution.”® Thisexperimental result isastrong support for the cal cul ated el ectronic
structure of BQNN.

From the temperature dependence of the magnetic susceptibility of the
polycrystalline sample of BQNN, more than six spins at average are coupled
ferromagnetically at 4 K. Inthe crystal, BQNN molecules are stacked to form a
one-dimensional column, although two modes of overlap are involved in the
column. While aferromagnetic interaction is predicted for one of the overlapping
modes, the other is not necessarily ferromagnetic. In spite of thisinhomogeneity
in magnetic interactions, the magnetic data was found to be reproduced by a
quasi-one-dimensional ferromagnetic model with J = 15 K and J = -0.12 K
(Fig.20). The observed ferromagnetic interaction along the one-dimensional
chain cannot be rationalized merely by the mutual orientation of spin-containing
molecules, but may be understood by theintrinsic contribution of the characteristic
electronic structure of BQNN as a spin-polarized acceptor.
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Figure 20. Temperature dependence of magnetic susceptibility of BQNN.
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Figure 21. Molecular orbitals of hydroxyphenylNNs.
Hydrogen-Bonded Or ganic Ferromagnet Composed of Spin-Polarized Donor

As described in the previous section, p-NPNN, which gives birth to the first
organic ferromagnet, carries an electro-withdrawing substituent, and its spin-
polarized electronic structure is classified as case Il in Fig.17. 1t isworthwhile
to prepare an aryl NN derivative with an electro-releasing group. Among electro-
releasing substituents, a hydroxy group, in particular, is interesting, because a
phenolic derivative is expected form a hydrogen bond with a nitronyl nitroxide
group. When a hydroxy group is introduced to ortho or para position of phenyl
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nitronyl nitroxide, HOMO(b) is located above SOMO(a) (Fig.21).

In di-substituted derivatives, both HOMO(a) and (b) tuned out to be located
above SOMO(a), corresponding to case Il in Fig.17. Consegquently, several
phenol derivativescarrying anitronyl nitroxide group were designed and prepared.
Among them, hydroquinone nitronyl nitroxide (HQNN) has become one of the
most well characterized organic ferromagnets.”*

As an example, 2,6-di-tert-butyl-4-NN-phenol was found to afford a phnoxy
radical when the precursor was oxydized under abasic condition.””  This phenoxy
radical was isolated as a solid and the magnetic susceptibility measurement
proved a triplet ground state of the diradical. Interestingly, the ferromagnetic
coupling turned out to be larger than 300 K (J > 300 K). The experimental
result is consistent with the spin-polarized structure of the donor radical. Itisto
be noted, however a sofisticated cal culation places NHOMO(b) under SOMO(a),
athough HOMO(b) is located above SOMO(a) when the phenolate anion is
generated. The PM3 method turned out to overestimate the spin-polarization in
thiscase The strong ferromagnetic coupling is originated from the space-sharing
nature of somo, which is localized on NN, and somo’, which is generated form
HOMO upon one-electron oxidation, is delocalized over the diradical molecule.

Magneto-Structural Correlation in Hydroquinone Nitronyl Nitroxide
(HQNN)

HQNN was found to afford two phases of crystals. In the a-phase crystal, in
particular, the phenolic hydroxy group at the ortho-position not only forms a
strong intramolecular hydrogen bond with the nitroxide group (Oee+O distance
of 251 A), but also forms an intermolecular hydrogen bond with the nitroxide
oxygen of the facing HQNN (Fig.22(a)). This hydrogen-bonded dimer also
participates in intermolecular hydrogen bonds with the hydroxy groups at the
meta- position of the translated molecules with a distance of 2.75 A. The two
parallel hydrogen-bonded chainsof HQNN run along the c-axiswith the symmetry
of inversion between facing molecules. These doubly hydrogen-bonded chains
are arranged in a herringbone-type structure as depicted in Fig.22(b). It isaso
to be noted that the oxygen atom of the NN group is closely located to a
hydrogen atom (2.74 A) of the methyl group of HQNN in the neighboring
chain.

The magnetic susceptibility of the polycrystaline sample of HQNN was
analyzed by the S-T model (J/k; = 0.95 K) with a positive Weiss temperature of
6 =+ 0.44 K. The ac susceptibility of HQNN increased rapidly at around 0.5 K,
suggesting that a phase transition to the ferromagnetic phase occurred at this
temperature (Fig.23(a)). Sincethe estimated saturation value of the magnetization
was very close to the theoretical one (1 mB-moI'l), the phase transition could be
regarded as abulk transition. The crystal shows a hysteretic behavior, athough
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Figure22. Crystal structure of HQNN. The spin-polarization at the
intermolecularly interacting sites are also shown.

a coercive force was less than 20 Oe. From the heat capacity data, the spin
system of HQNN turns out to be expressed by the three-dimensional Heisenberg
model with a number of the nearest neighbors of z = 6 (Fig.23(b)).

The magnetic property of HQNN was found to be consistent with the crystal
structure as discussed above. First, the dimeric ferromagnetic coupling can be
assigned to the hydrogen-bonded face-to-face dimer between theo-hydroxy groups
which are negatively spin-polarized and the oxygen atoms of NN which are, in
turn, positively spin-polarized. Second, the spin polarization should betransmitted
ferromagnetically along the one-dimensional hydrogen-bonded chain, because
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Figure23. (a) Hysteretic magnetization curve of HQNN. (b) Three dimensional spin
system of HQNN.

the signs of the spin densities of these sites are opposite. The ferromagnetic
interaction along this direction is considered to be strengthened, because the
nitronyl nitroxide group is close to the negatively spin-polarized methyl hydrogen
of the neighboring molecule. Third, the CHee«ON interaction also exists in the
ab planeand it shouldincreasethedimensionality of theferromagneticinteractions
in the crystal.

The maximum of the heat capacity, which indicates ferromagnetic phase-
transition, was shifted to the lower temperature side when the phenol groups
were deuterated (HQNN-d,). Thisis a proof for the role of hydrogen-bond for
the intermolecular transmission of the sin-polarization. Furthermore, the
temperature dependence of the chemical shift of the deuteroxy group of HQNN-d,
in the solid state “H-NMR spectrum indicates that the negative spin is polarized
on the deuteron of the deuteroxy group.” Intermolecular magnetic coupling in
the crystal of HQNN was also investigated by the sophisticated MO technique
using a dimeric cluster model.** The calculated result revealed the intrinsic
contribution of the hydrogen-bond to the ferromagnetic coupling. Judging from
these experimental and theoretical results, it may be concluded that the hydrogen-
bondsin HQNN crystal play anintrinsic role for the intermolecular transmission
of the spin-polarization.

Molecular and Crystal Design for Organic Ferromagnetic Metal
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Figure 24. Orbital interactions of spin-polarized donor in neutral and mixed-valent state.

Although anumber of organic ferromagnets have been discovered, thetransition
temperatures to the ferromagnetic state are till low.” In order to introduce
much larger ferromagnetic interactions into an assembly of organic radicals, it is
effective to use conduction electrons as a transmitter of the spin-polarization.?®
For this purpose, a TTF-based spin-polarized donor, which affords a ground
statetripl et cation diradical upon one-electron oxidation, may become animportant
building block for constructing a conducting magnetic material. Such a spin-
polarized donor should exhibit the intermolecular orbital interaction of case Il
type based on the intermolecular HOMO(b)-SOMO(b)* interaction in the neutral
state. Since the on-site Coulomb (U) of HOMO of a TTF skeleton is small, the
electron in HOMO is expected to show itineracy when the mixed valent state is
realized in the donor radical column (Fig.24). Thus the spin-alignment of the
unpaired electron in SOMO(a ) is guaranteed by the spin-polarized (b) conduction
electrons.

As a prototypal donor-radical, a TTF derivative carrying a nitronyl nitroxide
group (TTF-NN) was prepared (Fig.25).”" Although atriplet ESR spectrum was
observed in an iodine-doped sample of TTF-NN, the triplet signal was found to
be athermally populated one (J=-100 K). The result was attributed to the
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Figure 25. TTF-based spin-polarized donors.

twisting around a C-C bond between of the NN group from the TTF plane. In
order to remove such asteric repulsion, a p-phenylene group wasinserted between
the donor site and theradical site. The modified donor radical, TTF-PN, afforded
a ground state triplet cation diradical (TTF-PN™) upon one-electron oxidation.
Furthermore, sulfur-extended derivatives, EMPN and EM TN, were prepared in
order to enhance the kinetic stability and to increase the intermolecular
interaction.® Although these donors afforded triplet cation radicals (EMPN"™
and EMTN™) of areasonably high stability, no crystalline ion-radical salts were
obtained.

A benzo-annulated derivative, ETBN, was found to show good crystallinity,
and it gave birth to single crystals of a neutral donor.® In the crystal The
arrangement of donor molecules are related with rotatory inversion axes (space
group: R-3), and the crystal exhibits a ferromagnetic intermolecular interaction
(6 ~+0.5K). Thisnovel donor was found to give crystalline ion-radical salts of
the 2:1 donor to counter-ion ratio through a galvanostatic el ectrocrystallization.
The salt exhibited both conductivity and magnetism: The salt was a semi conductor
(E, = 0.16 eV) with a room temperature conductivity of 10 Slcm. At the same
time, the salt showed a paramagnetic behavior with a Curie constant of 0.73
emu/mol at room temperature, indicating that all the radical sites remained intact
during the electro-crystallization. Although the p-spins on the donor sites are
conductive, the density of the charge carrier is till very low in this salt, so that
the spin polarization of the p-spin caused by the local spin on the radical site can
not be transmitted to the neighboring local spins. The above result, however,
promises that magnetic ordering of the local spins may be observed, if the
carrier concentration in the ion-radical salt becomes reasonably high.
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FUTURE SCOPE
Approach to Spin-Polarized Magnetic Wire

Since the strategy for spin-alignment of localized spins on p-radical units
through spin-polarized conduction electrons has been established, one may design
a ferromagnetic molecular wire which pass a spin-polarized current along a
p-conjugating polymer carrying p-radical units as pendant groups. A hole-doped
polypyrrole is known to exhibit a high conductivity on the basis of the polaronic
mechanism. |If a pyrrole-based spin-polarized donor is used as a building block
of the conducting polymer, the electron which can be transmitted along the
chain is spin-polarized to b, aigning al the localized spins on the pendant
groupstoa.* Such aspin-polarized magnetic wire must become anindispensable
part of a quantum spin device.

magnetic molecular wire

Figure 26. Magnetic molecular wire composed of spin-polarized donors.
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