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UNUSUALLY LARGE NEGATIVE SPIN POLARIZATION OF HETERO-
SPIN COMPOSITE HIGH-SPIN CARBENES AS MODELS FOR PURELY
ORGANIC FERRIMAGNETS: TOPOLOGICAL THROUGH-BOND
APPROACHES AND ESR/ENDOR CHARACTERIZATION

TAKE]JI TAKUI, YOSHIO TEKI, MAKOTO ENDOH, YUKIO OKUDO,
TAKAMASA KINOSHITA, and KOICHI ITOH

Department of Chemistry, Faculty of Science, Osaka City
University, Sugimoto 3-3-138, Sumiyoshi-ku, Osaka 5538, Japan

Abstract This paper deals with the topologically spin-
controlled molecular design and spin structure of the first
organic hetero-spin system, 4-{diphenylmethylene)-4'-(m-phenyl-
enebis(phenylmethylene))-ether 1, in which non-identical spins
(S;=1 and S; =2) couple antiferromagnetically via an ether bridge
in the grourfd state. The hetero spin system is a model for purely
organic ferrimagnets via through-bond approaches, in which the
underlining magnetic coupling is superexchange interaction via
the bridge. The concept of the molecular design under study is
associated with a counterpart of crystalline ferrimagnets via
through-space approaches commonly exploited in magnetic
materials. The single-crystal ENDOR spectroscopy has been
applied to 1, featuring an unusually large negative spin
polarization in the spin density distribution for the ground
state(S=1). The finding discloses a physical insight into
organic ferrimagnetism. The unusual negative spin polarization
strictly arises from a salient feature of organic hetero-spin
systems in the electronic ground state, directly showing that one
molecular spin moiety with Si(S-=l) is inverted against the
another with an inequivalent spin Sj(S-=2) in antiferromag-
netically coupled hetero-spin systems. The spin inversion is
responsible for such an unusually large negative spin
polarization that chemistry so far has never expected. [t is
referred to a new aspect of negative spin polarization in
chemistry.

INTRODUCTION

Organic molecular based magnetisml‘5 has been the current topic of
intense and wide-increasing interest in many fields of both pure and
applied sciences for the last decade. This is partly due to the rich
variety of novel physical phenomena and properties which organic
magnetic materials are expected to exhibit both macro- and meso-
scopically and due to their potential applications as the future
technology in materials science.* Also this is due to the fact that
the study of organic magnetism has been conveying important conceptual
advances in chemistry and physics. Typical examples are i) the
topological degeneracy of m non-bonding orbitals in organic systems
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and the unlimitation of its degeneracy,lb’C ii) organic super high-
spin states'8 characterized by extremely large spins in the ground or
low-lying excited states, iii) polaronic organic ferromagnetism,
iv) hybrid molecular based magnets”?" via a through-space“” or
through-bond approachlz, and v) purely organic ferrimagnetism.ls’14
The concepts above have been taking their crucial part in particular
aspects of the development in organic magnetism.””

Among the diverse variety of subjects in spin chemistry, purely
organic crystalline and amorphous ferrimagnets have become the focus
of the current topics in synthesizing organic magnetic materials. The
essential reason is that antiferromagnetic coupling among molecular
homo-spins commonly takes place in usual organic crystalline materials
otherwise special tuning of crystal packing modes or chemical and
physical modifications in spin control are made. Efforts have been
made to overcome this disadvantage and to control the intermolecular
spin alignment in solid until recently. This apparent disadvantage
is hampered by molecular hetero-spin systems forming higher-
dimensional spin structures, in which antiferromagnetic coupling takes
place only between the hetero-spins., Thus, the mixed crystalline
approach is more useful and facile from a viewpoint of the strategy of
crystal engineering. In fact, emphasizing the molecular and crystal
engineering aspects of organic magnetism, chemistry in solid has been
challenged in the designing and syntheses of mixed crystalline
magnetic materials composed of only organic hetero-spins, aiming at
through-space organic ferrimagnets.

Purely organic ferrimagnetism, however, has not been fully
characterized except for a simple scheme for the magnetic coupling
between hetero-spins, nor the physical picture of organic ferri-
magnets in terms of spin density distribution has been disclosed. It
is of essential importance for the designing of organic crystalline
and amorphous ferrimagnets to feature the spin structure of the
ferrimagnetic state from a viewpoint of microscopic details.

Recently we have obtained the criteria of the spin control
between molecular high-spin assemblages via functional bridges or
spacers. We have applied the criteria to the molecular design for
a through-bond version of purely organic ferrimagnets, which is a
counterpart of through-space crystalline ferrimagnets. The organic
system studied, (4-diphenylmethylene)-4'-(m-phenylenebis(phenylmethyl-
ene))-ether 1, has been composed of two organic hetero—spins(Si=l and
S:=2) between which a through-bond antiferromagnetic coupling is
introduced by exploiting the superexchange interaction via an ether
bridge. The ground state of the hetero-spin system has been found to
be the magnetic low-spin ground state{(S=1) by ESR spectroscopy. The
system 1 is the first prototype unit of purely organic ferrimagnets,
showing the possible occurrence of the organic ferrimagnetism.

In this work we have determined the 7m spin density distribution
of the first prototype molecule, a hetero-spin composite high-spin
carbene 1 by single-crystal 14-ENDOR spectroscopy. It should be
emphasized here that a breakthrough in the understanding of both
rational designs of organic molecular magnetic materials and of
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mechanisms responsible for their particular magnetism is directly
associated with the direct knowledge of the spin density distribution
of the organic systems under study.1 - Among hybrid crystalline
ferromagnets so far reported, an extensively studied example is
decamethy]ferrocium(Fe(CpMs)z) tetracyanoethenide(TCNE) charge-
transfer salt,11 in which the ferromagnetism has been explained in
terms of the McConnell mechanism. An important experimental support
however, for an alternative interpretation has recently appeared.2I
This has been made in terms of the sign of the spin density of the Cp

rings as determined by NMR spectroscopy, showing the importance of
the knowledge of the spin density distribution for studying the spin
alignment in the hybrid systems as well. In the present work, the

ENDOR characterization of the antiferromagnetically coupled organic
hetero-spin system 1 has enable us to disclose the salient feature of
the spin structure intrinsic to organic ferrimagnetic states,
providing us with an essential and useful physical picture workable
for both through-space and through-bond organic ferrimagnets.

DESIGNING OF THROUGH-BOND ORGANIC FERRIMAGNETS:
Spin control between molecular homo-spins via superexchange

interaction

Our strategy for obtaining purely organic molecular based magnetism
has been mainly based on both the molecular design for organic high-
spin assemblages exploiting the unlimitation of the degeneracy of 7
non-bonding orbitals in organic systems and the criteria of the spin
control between the high-spin assemblages via functional bridges or
spacers.

Table I summarizes the experimental results obtained from the
model compounds, a-, a'-bis(phenylmethylene)diphenylether(a-, a'-
BPDE)(a,a'=3,4) in which spins in the two triplet moieties interact
via an ether bridging a- and a'-positions of the two phenylmethylene
moieties. The results clearly demonstrate that whether the effective
exchange interaction J via the ether bridge is ferromagnetic or
antiferromagnetic depends upon the connecting position of the bridge,
indicating the importance of topology, i.e., modes of connectivity,
similar to the topological symmetry which dictates the spin alignment
through 7 electron network. The results and observed values for ]
have been satisfactorily interpreted by the Heisenberg model
Hamiltonian approach b combined with 180 degree superexchange

interaction mechanism. Our results also suggests that in
favorable cases intramolecular ferromagnetic coupling is expected to
dominate from 90 degree superexchange interaction. Molecular orbital

calculations in various levels of approximation have been also carried
out for such composite homo-spin (:arbene:s.22 It should be noted that
the (4,4') connecting mode gives the most robust intramolecular
coupling since the effective exchange interaction between the triplet
spins can be nearly proportional to the product of the 7 spin
densities of the two connecting carbon sites in the weak coupling
scheme.16d The 4- and 4'-sites have a large positive m spin density,
resulting in the robust antiferromagnetic coupling between the two
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TABLE 1 Through-bond magnetic coupling via an ether bridge between
two high-spin assemblages (superexchange interaction; charge transfer
interaction via an oxygen atom). This table shows useful guiding
rinciples for the topological control of the effective exchange
interaction via an ether bridging high-spin moieties.

[ position order magnetic
isomer of
(a,a’) energy levels coupling
Ji1 Q@ —
4,4 | QN L0 oy ¢ —— | Antiferromag.
1 i “2Jt S —
! -2t s ——
3.4 O “J1 T = | Ferromag.
Jtq —
Jt Q@ —
3, 3 f @ .@ , -5} 1 —— | Antiferromag.
t J -2Jt S —

homo-spins. This coupling mode is employed for the designing of the
prototype unit of through-bond organic ferrimagnets.

Designing of units of through-bond organic ferrimagnets

Our molecular design for units of through-bond organic ferrimagnets is
based upon the following three guiding principles to control the sign
of the intramolecular effective exchange interaction between hetero-
spins,

(i)Introduction of intramolecularly weak interactions between organic
high-spin assemblages having non-identical spins §; and Sj(Si=Sj
hetero-spin systems).

(ii)Through-bond chemical modification by functional groups(X)
bridging the high-spin assemblages at particular positions(a,a’'),
which couples the spins antiferromagnetically(topological spin con-
trol by functional groups and a composite high-spin approach).
(iii)Utilization of the unlimitation of the degeneracy of 7 non-
bonding orbitals in organic systems for the designing of the non-
identical spins{high-spin assemblages as constituent spins of
composite systems).

The resultant spin quantum numbers S arising from the through-bond
antiferromagnetic coupling between two constituent hetero-spins S; and

S; are given as S= ISj—Sil, |Sj‘si|'1’ ', Sj8; in order of

18i . 1S

ooOOOO OOOOOO

Si#Sj  (ISi-Sjl21/2)
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increasing energy. Since S;=S;, the net spin |S:-S;| survives, while
no net spin results in for antiferromagnetically coupled homo-spin
systems,

We have chosen ground-state triplet diphenylmethylene(S;) and
ground-state quintet m-phenylenebis(phenylmethylenelS;) as the two
constituent hetero-spins satisfying the requirement (iii}, and we have
introduced an ether bridging them at the 4- and 4'- carbon sites in
order to obtain the intramolecular antiferromagnetic coupling ac-
cording to the above criteria(for the requirements (i) and (ii)). The
first prototype unit 1 of organic ferrimagnets so obtained is 4-
{diphenylmethylene)-4'-(m-phenylenebis(phenylmethylene))-ether la,
which is abbreviated to 4T4'Q-ether, is shown below together with
partially deuterated 4T4'Q-ether 1b, The triplet ground state and the
thermally accessible quintet and septet states have been detected by
single-crystal ESR spectroscopy and a salient electronic and molecular
structure have been characterlzed by the analysis of the fine
structure spectra from la.

‘v‘

4T4'Q-ether la

4T4'Q-ether 1
EXPERIMENTAL

4T4'Q-ether was generated at liquid helium temperatures by the
photolysis of the corresponding trisdiazo precursor incorporated in
benzophenone-d |y single crystals. The trisdiazo precursor was prepared
from the corresponding a-hydroxybenzophenone and a'-bromodiketone via
a sequence of reactions. We prepared the partially deuterium labeled
trisdiazo precursor 1b of 4T4'Q-ether and perdeuterated benzophenone-
le in order to reducel H-ENDOR spectral density and to facilitate the
correct assignment of 'H-ENDOR transitions. The deuterated compounds
were synthesized from perdeuterated benzene—dlo { > 99.6 atom%D;
Merk Sharp & Dohme Co., Inc.) as a starting material. A detailed
description of the syntheses will be given elsewhere.

RESULTS and DISCUSSION

Figure 1 shows a typical 14-ENDOR spectrum observed at 2.3 K from 1b
oriented in the host benzophenone—dlo crystal with the static magnetic
field applied parallel to the crystallographic a ax132 . As shown
below, the observed hyperfine couplings correspond to the five
negative m spin carbon sites of la and the observed negative ones to
the seven positive sites. The unequivocal proton assignment of the
ENDOR transitions observed from non-deuterated 4T4'Q-ether la was made
with the help of the complete spectral analysis for 1b.

From the isotropic terms Akl of the observed proton hyperfine
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FIGURE 1 A 'H-ENDOR spectrum of 4T4'Q-ether 1b observed at 3K when

the ESR Ms = 0 -- Ms = -1 transition was monitored with the external

magnetic field parallel to _the crystallographic a axis of the benzo-

R}‘ﬁ“or‘e'dlo host crystal. The free proton NMR frequency was 20.7742
z,

coupling tensors, the 7w spin densities pki(k=A,B) of the carbon sites
i bonded to the oa-protons were determined using the well-established
generalized McConnell relationship

Al = (2971Q o, k=A B
where Q = -66.9MHz.29 Figure 2(a) and 2(c} depict the experimentally

determined m spin densities pk1 of 1a and 1b, respectively. The spin
{a) Observed

-0.211

0.051
045 00 .30 0284

-0.119
0.069
%0.097 0.1

\ated
(b) Galcu a:1.078 0.078
-0.105 0418 0118 9

-0.094
0.070 0.161 0.154

0.126
0122 0165
FIGURE 2 The m spin density distribution of 4T4'Q-ether 1 in the
ground state(S=1). Open circles denote positive spin_ densities, and

shaded ones negative spin densities, res%ectively. (a)The experimen-
tally determined 7 spin densities on the carbon sites of partially
deuterated 4T4'Q-ether 1b. (b)The calculated 7 spin densities of
4T4'Q-ether 1 in terms of the generalized Hubbard model Hamiltonian,
(c)The experimentally determined m spin densities of non-deuterated
4T4'Q-ether la. Only "those of the end terminal phenyl rings are shown.
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densities of the carbon sites without o-protons were not derived from
the present IH-ENDOR experiments.

It should be emphasized that the observed m negative spin
densities in the diphenylmethylene moiety are larger than the observed
positive ones, indicating that a great deal of negative spin polari-
zation occurs in this hetero-spin system. Within the constituent
moieties of the present weakly interacting hetero-spin systems the
topological nature of the 7 spin-up and -down electron network(termed
as a Spin Density Wave behavior in the molecule; pseudo 7-SDW) should
hold. This suggests that if the 7 spin network of the diphenyl-
methylene moiety of 1 is compared with that of the non-interacting
ground-state triplet diphenylmethylene itself the spin densities on
the corresponding carbon sites are opposite in sign, in other words
the corresponding n-SDW is opposite in phase. The topologicaily
controlled but sign-opposite m spin network appearing in the
interacting diphenylmethylene triplet moiety of 1 gives rise to a
large amount of negative spin density on the divalent carbon site of
the interacting triplet moiety, amounting to somewhat reduced values
but the same order of magnitude of the positive spin density on the
divalent carbon site of the non-interacting ground-state triplet
diphenylmethylene itself.

On the other hand, the observed m spin distribution of the
quintet unit but larger than the negative ones in magnitude and the
numbers of the positive and negative spins are consistent with those
expected from the non-interacting quintet unit in the topologically
densities are some what reduced in relative to the non-interacting
quintet moiety is apparently normal, showing that the positive spin
controlled "normal" spin polarization. Since the topological symmetry
of the m electron network holds again for the quintet moiety in our
weakly interacting model, the spin densities on the corresponding
carbon sites are the same in sign if compared with the non-interacting
ground-state quintet m-phenylenebis(phenylmethylene) itself. Thus,
the above qualitative argument based on the experimental observation
gives a simple but essential physical picture for the antiferro-
magnetically coupled hetero-spin system: the interacting triplet
moiety(S;) is inverted as a whole against the interacting quintet
moiety(S.). This up-side-down spin inversion is responsible for the
observed "unusually large negative spin polarization that chemistry has
never expected so far, requiring some conceptual modification to spin
polarization in chemistry. The derived physical picture in terms of
spin density distribution is limited but also workable for the
designing and understanding of both through-bond and through-space
organic ferrimagnets.

A theoretical treatment based on quantum mechanical background
has been carried out in order to predict and interpret the salient
features of weakly coupled organic homo- and hetero-spin systems.l
Focussing upon the spin density of the resultant spin(S=§;+S;), the
group theoretical calculation predicts that for the resultant ‘triplet
state(|Si—Sj| =1) in the present hetero-spin system the spin density
of the interacting quintet moiety is reduced to be 3/4 of that of the
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non-interacting quintet constituent and the spin density of the
interacting triplet moiety reduced to be -1/2 of that of the non-
interacting triplet constituent. The reduction factor of the spin
density for the resultant low spin state appears due to group-
theoretical factorization and thus no reduction occurs for the
resultant highest spin state. [t also turns out that antiferro-
magnetic hetero-spin coupling arouses large negative spin density
distribution. The calculated m spin densities on the carbon sites of
1 are given in Figure 2(b) for comparison with the experimental ones.
The spin density distributions adopted here for the non-interacting
two constituents were obtained by a generalized Hubbard model
calculation.28 In Figure 2 a satisfactory agreement is obtained
between the experimental and theoretical values, showing that the
triplet spin of the interacting diphenylmethylene moiety is opposite
in direction to the interacting quintet spin and that the projected
values of the resultant triplet spin(|S;-S;| =1) are reduced due to
the group-theoretical factorization. Thus,” the theoretical treatment
for the weakly interacting hetero-spin systems has disclosed the
complete quantitative details and salient features intrinsic to
organic hetero-spin systems.

CONCLUSION

An unusually large negative spin polarization has been observed from
an antiferromagnetically coupled organic hetero-spin system 1, which
is the first prototype unit of through-bond organic ferrimagnets. The
antiferromagnetic coupling has been introduced by the through-bond
superexchange interaction via an ether bridge which connects the
triplet and quintet spins at the particular positions of the phenyl
rings. The spin structure characteristic of the hetero-spin has been
characterized in terms of spin density distribution, showing that the
unusually large negative spin polarization directly arises from the
inversion of the interacting triplet constituent in relative to the
interacting quintet one in the ground state of the hetero-spin
composite high-spin carbene 1. A general theoretical treatment for
weakly interacting spins predicts and elucidates the salient features
of the spin structure in hetero-spin systems. It turns out that the
occurrence of such large negative spin polarization is intrinsic to
antiferromagnetically coupled organic hetero-spin systems. The
finding gives an essential picture for both through-bond and through-
space organic ferrimagnets, The picture is useful for the designing
and understanding of organic ferrimagnetism.
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