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Abstract

Frontier orbital perturbation theory analysis provides insight into a donor—acceptor contribution to ferromagnetic exchange in

biradicals having two, chemically distinct paramagnetic groups.
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A frontier in modern chemistry is the search for
molecules with novel electronic properties. Not only are
such molecules inherently interesting, but they may
serve as components for molecular electronics [1-4] or
molecular magnetic materials [5—10]. Candidates for
interesting new molecules include open-shell species
comprised of multiple, chemically different paramag-
netic functional groups. Such ‘spin diverse’ molecules
are expected to be interesting because of the combined
physical and electronic properties associated with the
constituent paramagnetic moieties.

The simplest organic spin diverse species are certain
types of biradicals. However, before examining spin
diverse biradicals, it is informative to review the salient
features of a more common class of biradicals: homo-
spin biradicals, which are comprised of identical para-
magnetic moieties. Examples include dinitroxides,
bis(semiquinone)s, etc. as shown in Fig. 1.

The most studied electronic property associated with
biradicals is the magnetic exchange coupling, which is
manifest in the singlet—triplet gap [11-14]. Ferromag-
netic exchange coupling produces a triplet ground state,
while antiferromagnetic exchange coupling produces a
singlet ground state. The classic derivation of the
singlet—triplet gap in biradicals in the active-electron
approximation uses the orthogonal magnetic orbital
approach [5]. This analysis gives the ferromagnetic (Jf)
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and antiferromagnetic (Jaor) contribution to the ex-
change parameter (J) as:

4 2
J=Jp+Jp=2k+ ﬂ.o (1)
J—J

The Jr term is the first-order correction to the energy,
and equals twice the exchange integral, k, while the Jaf
term is derived from mixing of a zwitterionic excited
singlet into the ground singlet. This antiferromagnetic
term is a second-order configuration interaction correc-
tion to the energy, where £ is the transfer integral, j is
the two-center coulomb integral, and ;° is the one-center
coulomb integral.

Molecular design principles aimed at stabilizing the
triplet state over the singlet state have been developed.
These design principles are embodied in n-type biradi-
cals that are cross-conjugated [15]. Cross-conjugated m-
topologies preclude annihilation of spins by m-bond
formation, and provide nondisjoint SOMOs with size-
able exchange integrals [16].

Heterospin biradicals are the simplest example of a
spin diverse organic species, and are those in which the
paramagnetic moieties are different [17-24]. A few
representative examples are shown in Fig. 2. In these
cases, straightforward manifestations of donor—accep-
tor interactions, engrained in physical organic chemis-
try, can be used to shed light on exchange coupling in a
new way. To our knowledge, the following analysis has
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Fig. 1. Examples of homospin biradicals.
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Fig. 2. Examples of heterospin biradicals.

not been presented previously to estimate a ferromag-
netic contribution to J.

We begin by reminding the reader that to form
nondisjoint SOMOs [16,11-14], an atom of positive
spin density in one radical group (fragment A)
attached to an atom with negative spin density in the
second radical group (fragment B) [25]. In heterospin
biradicals however, it is the interaction of the SOMO of
fragment A (the donor) with the LUMO of fragment B
(the acceptor) that provides nondisjoint SOMOs. An
example of the pertinent orbital interaction is shown in
Fig. 3.

The magnitude of frontier orbital [26] interaction was
first derived by Klopman and Salem for orbitally-
controlled chemical reactions [27-29], and is given by:

SOMO LUMO
Z Z 2(C1AC;BﬁAB) ?)

Note that Eq. (2) has the same form as the antiferro-
magnetic term of Eq. (1), but Eq. (2) contributes to the
ferromagnetic coupling. There are additional terms
contributing to the exchange that arise from excited
electronic states, but these will be discussed elsewhere
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Fig. 3. Example of a SOMOyonor—LUMOgccepior interaction that
generates nondisjoint heterospin biradical SOMOs.

[30]. The ferromagnetic portion of the exchange para-
meter is proportional to:

OCZ(CiACjBﬁAB)Z
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The exchange integral has now been recast in terms of a
donor—acceptor interaction. To maximize the ferromag-
netic contribution in heterospin biradicals, one needs to

Hiickel SOMO coefficients
and Energies for Donor
(fragment A) components of
Heterospin Biradicals

Hiickel LUMO coefficients
and Energies for Acceptor
(fragment B) components of
Heterospin Biradicals
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Fig. 4. Hiickel parameters used to calculate the donor-—acceptor
contribution to ferromagnetic exchange in heterospin biradicals. The
bold-faced coefficients are used in the calculations.
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Table 1

Contributions to the ferromagnetic exchange coupling due to donor—acceptor interactions

Biradical: D/A combination ciagp® |AE|(f) Ferromagnetic contribution (4) ®
SQ-NN —0.3548 —1.641 0.1534
SQ-IN —0.3616 —1.605 0.1630
SQ-Gal —0.2692 —0.758 0.1912
Phen—NN —0.4488 —1.707 0.2360
Phen—IN —0.4575 —1.671 0.2506
Phen —Gal —0.3405 —0.924 0.2510
Nit—NN —0.3242 —1.318 0.1594
Nit—IN —0.3305 —1.282 0.1704
Nit—Gal —0.2460 —0.535 0.2262

# Product of the Hiickel n-coefficients for the atoms providing the bonding between the donor and acceptor fragments of the heterospin biradical.
® Ferromagnetic contribution to the exchange coupling calculated using the ferromagnetic term given by Eq. (3).

minimize the donor (fragment A SOMO)-acceptor
(fragment B LUMO) energy gap, and maximize the
coefficients on the connected atoms in the correspond-
ing fragment MOs. Using Hiickel theory, one can
calculate the donor—acceptor contribution to the ferro-
magnetic exchange parameter (Jg) for different hetero-
spin biradicals using common paramagnetic functional
groups. Values for frontier orbital energies and coeffi-
cients calculated using Hiickel theory [31] are found in
Fig. 4, while calculations of ferromagnetic exchange
contributions are listed in Table 1. The ferromagnetic
contributions listed in Table 1 use only the SOMO of the
donor and the LUMO of the acceptor. The additional
contribution (acceptor-SOMO and donor-LUMO) is
zero because the acceptor-SOMO has a node at the
atom to which it joins the donor fragment.

As can be seen from both the Table 1 and Fig. 4,
Galvinoxyl is the best acceptor and phenyl-nitroxide is
the best donor based on frontier orbital energies.
However, the maximum donor—acceptor contribution
to ferromagnetic exchange is for the biradical Phen—
Gal, but this is not a heterospin biradical, it is Yang’s
biradical for which J ~240 cm ' [32,33]. Several other
biradicals in Table 1 are known. The biradical SQ—NN
has ferromagnetic exchange coupling with 310 cm ™' <
J <550 cm ' [34,35]. Iwamura prepared Nit—NN, and
found J > 300 cm ~' [18], while Lahti’s group prepared
Phen—NN, and we reported Nit—Gal, although the J-
values were not measured [23,36]. We note that hetero-
spin biradicals can have exchange parameters that
exceed the value for Yang’s biradical: a homospin
molecule. This enhanced ferromagnetic exchange cou-
pling might be evidence of the presence of additional
ferromagnetic terms arising from electronic excited
states, and will be discussed in a future manuscript
[30]. Therefore, we feel that heterospin species might
have inherently stronger ferromagnetic coupling than
homospin biradicals, and that considering ferromag-
netic exchange coupling from a donor—acceptor per-

spective embodies an important structure-property
relationship for designing high-spin molecules.

In summary, we have shown that an important
portion of the ferromagnetic exchange coupling in
heterospin biradicals can be understood in terms of
donor—acceptor interactions that give rise to nondisjoint
SOMOs. The stronger the interaction between the
SOMO of the donor fragment and the LUMO of the
acceptor fragment, the stronger the ferromagnetic con-
tribution. This analysis is related to Whangbo’s spin-
dimer analysis of antiferromagnetic exchange in metal
dimers [37—40]. Our frontier orbital interaction is easily
calculated using Eq. (3). Since controlling magnetic
exchange couplings is a goal in organic magnetic
materials chemistry, our analysis facilitates molecular
design of strongly-coupled systems. Clearly, additional
compounds and experiments are required to test the
utility of the heterospin approach to controlling ex-
change coupling in high-spin molecules, and we hope
that this note will stimulate such activity.
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