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Radicals, metals and magnetism

DAVID J. R. BROOK

The interaction between unpaired electrons governs mony physical proper-
ties of materiols, Although in a fundamental sense the interaetion s simple,
a full undersianding of the interaction in molecular svstems is complicated
by the preseace of other bonding and non-bonding electrons, The resulting
many bady problem is very challenging, Nevertheless, much qualitative
understanding can be obigined from applying simple molecular orbital
theory and consideving only the partly filled orbitals, The resuliing model
can be used to deseribe existing divadicad and metal-radical systems and
also has prediciive value In the search for molerular magneis and the
design of nanoscale devices.

Introduction

The inleraction between electrons controls a significant portion of
chemistry and solid state physics. Although, in principle, the inter-
action between two electrons is simple and is dominated by electro-
static repulsion, understanding thesc interactions is severely compli-
caled by (he inleraction with further electrons and atomic nueled,
such that obtaining vseful understanding of cven the simple two
clectron systems is challenging. Significant understanding of chemistry
can be achieved through complete ignorance of (ke clectronic repul-
sion, or its incoduction as an averaged field, however, understanding
the properties of molecules and atoms with partly filled shells (free
radicals) and bull: physteal properties such as magnetism requires its
specific inclusion. While the problem is a long standing ong, its
importance has become increasingly significant in chemistry with
the new experimental fields of molecular magnetism and molecular
conductors, The problem of interacting unpaired electrons has been
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extensively discussed in the context of transition metal chemistry,
pacticularly hecause transition metal ions and ion clusters with partly
filled shells are frequently stable and thus more easily probed.
Recently there has been considerahly more focus on organic free
radicals, with the discovery of new Lypes of stable free radical and
new techniques for the characterization of reactive systems. 'Ihis
review provides a brief introduction to the theory behind electronic
interactions and application to some recent problems of inleresl.

Theory

Even within a single atom, understanding the interactions between
clectrons is complicated. Just two electrons inferacting with each
other and a nucleus results in several possible configurations of vary-
ing cnergy. Calculating these energies accurately requires elaborate
computation on high speed computers but, fortunalely, consideration
of a few simple rules allows ul least a gualitative prediction of the
configuration energies. Within atoms and molecules, electrons can
only occupy certain specific regions of space known as orbitals.
Each orbital is associated with a specific energy which can be the
same, or ditterent from the energies of other orbitals. Orbitals with
the same energy are known as degenerate. Ignoring electronic repul-
sion, the most stable configuration will be obtained when electrons
ocenpy only the lowcest cnergy orbitals; however, because of a property
ol electrons known as spin there is a restriction on the number of
clectrons per orbital. The Pauli principle states that if electrons are to
veeupy the same orbital, they must have different spins. Since each
electron can be spinning in vuly one of two directions (variously
[abelled ‘up’ and ‘down® or « and B) cach orbital can only hold a
maximum of two electrons with Lheir spins in opposite directions,
Hund'’s rules state that in a set of orhitals of the same encrgy, the con-
figuration with the most electron spins aligned in the same direction
(the configuration with the greatest spin angular momentum) is the
most stable. 1f we have a set of orbital energies caleulated by ignor-
ing electronic repulsion, these principles, for the most part, success-
fully predict the effects of electronic interactions in atoms. The question
is; how do they pertain to molecules? To begin to answer this we
musl first understand Lhe basis of [Tund’s rule.

We have already encountered the spin of electrons which gives
risc to their magnelic properties but the interaction between mag-
netic dipoles is very weak compared fo the electrostatic repulsion
berween like charges. The Pauli principle actally provides a link
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between charge and spin (hat allows the much stronger electrostatic
force W control the sping of elecirons. Two clectrons with opposite
spins can reside in the same orbital and thus the same region of
space. Consequently they ropel cach other strongly. Conversely, it
two electrons have the same spin they must reside in different
orbitals and thuz different regions of space reducing electrostatic
repulsion. This i3 the basis for Hund’s rule. Tt also gives risc io the
concept of a spin pairing energy: the repulsion cnergy that results
from putting two electrons in the some orbital. Because of the spin
pairing energy, the electronic configoration with all llie clectrons in
the lowest energy orbitals is not necessarily the state with the lowesi
overall energy. If the energy difference between successive orbitals
is smell, il can cost less energy to put an electron in a higher energy
orhital than to pair the clectron with another in a lower energy
orbital.

We can apply these idens lo molecular sysiems, but because mol-
ceules have many nuclei, it is convenient to make some simplifi-
cations, Molecules can he described with molecular orbitals in the
same way that atoms can be described by alomic orbitals, Molecular
orbitals are convenienily divided inlo lwo groups by their shape.
‘I'hose that lie on a line between the two bondead atoms are labelled o
orbitals, and those with lobes cither side of the line between the
atoms are labelied w orbitals (Figure 1). Becanse even simple mol-
ecules have many molecular orbitals, we will assuiue G energies of
the lowest electronic states are only dependent upon the highest
cnerpy occupied molecular orbitals (HIOMQO) and lowest energy
unoccupied molecular orbitals (CUMOQ), ‘Lhis is known as the
“active eleclren approximalion”. Secondly, we will consider initially
lhe case with only two interacting electrons,

Two approachcs are possible, Following the atomie model we can
compare the energy gap between HOMO and LUMO and compare it
with the spin pairing cnergy. I the HOMO-LUMO gap is greater
than the spin pairing energy, then the spin paircd configuration is
tavored and vice-versa. Though consiruciion of molecular orhitals is
straightforward, the spin pairing energy, becanse it is cssentially an

Fig. 1. Shapes of o (left) and w(right) orfitals.




electronic repulsion, will be highly dependent upon the size and
shape of the orbitals and thus hard to estimate. Consequently, as an
alternative approsch that is easier to visvalize, in certain circum-
stances it is easier o divide the molecule into two fragments, each
with its own singly occupied molecular orbital (SOMO). These
singly occupied orbitals are referred (o as ‘magnetic orbitals’ in the
description of Kaha. The overlap of these two arbitals results in for-
mation of a lower energy orbital (the bonding erbital) and u higher
energy orbital (the antibouding orbital). Increasing overlap between
the orbitals produces more widely scparated bonding and antibond-
ing orbitals and thus favors a spin paired ground state with the bond-
ing orbital doubly accupied. The proximily of the two orbitals tends
lo increuse electron-electron repulsion and thus favors the (riplet
(spins paralle]) ground state with each orbilal singly oceupicd.

The energy difference between the spin paired state (lhe singler
state) and the spin unpaired state (the triplet state) is often referred (o
as the cxchunge interaction and given the symbol J. (Depending
upon the anthor, negative J is taken to mean either the singlet or the
triplet state is lower in cnergy; in some cases the singlet-tiplet
energy gap is designated 27. Cure must be taken to understand which
convention is being used, Tn this paper I will designate the singlet-
wiplet energy gap as J, and agsume negative Jimplies that the singlet
state is lower in energy). Depending upon the magnitude of the over-
lap and repulsion terms, or pairing energy and TTOMO-LUMO gap,
several extreme situations can he envisaged (Figure 2).

(1) When the spatial separation belween the magnetic orbitals is
Lurge, both the bonding interaction and clectronic repulsion is small
anc there is no significant ditference in energy between the sitiglel
and triplet states (7 = 0). Alternatively this can be described as the
case where both the spin pairing energy and HOMO-T.UMO gap agc
very stmall. This is the case for two radical centers (unpaired electrons)
at opposite ends of a large, saturated molecule. Each radical behaves
independantly of the other,

(2) When there is signilicant overlap between the magnetic
orbitals, the bonding interaction penerally outweighs the electronic
repulsion; the ground stalc is u spin paired singlet and J is negative.
The alternative picture is that the HOMO-LUMO gap is larger than
the spin pairing energy. This is known as antiferromagnetic
exchange, In the extreme case, this is Lypified by 4 normal covalent
bond. :

(3) When the overlap between magnctic orbitals is small, perhaps
due differing symmetry, but the orbitals are close together and thus
the electronic repulsion is large, the triplet state is (he ground state
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Fig. 2. Possible inferactiony of free radicaly. i) Weak exclunge, i) Sirong
overlap,; antiferromiagnetic exchange, i) Crihogonal orbitals (zerp
overlup): ferromagnetic exchange, Iv) fortuitously degenerate singlet and
triplet,

and .J is positive. (The HOMO-LUMO gap is smaller than the spin
pairing energy). This is known as ferromagnetic exchange. High
spin fransitdon metal ions show ferromagneiic exchange between
electrons, though it is not normally labelled as such since the clectrons
reside on the same atom. Similarly, highly symmetric molecules
such as dioxygen, where the occupied orbilals <o nol overlap yet the
elecirons occupy close regions of space, show triplet ground states.

(4 Tt is possible to have a fourth situation; that where the effects
of overlap and clectronic repulsion cancel resulting in almost degenerale
singlet and Iriplet states, though the unpaired clectrons ate interact-
ing relatively strongly. (The HOMO-LUMO gap is approximately
equal Lo the paiving encrgy). This casc can be distinguished from
case (1) above through ESR spectroscopy which allows probing of
the mmagnetic dipole interactions between the electrons.

It must be pointed out that in this description we have completely
neglected the effect of the other electrons within the molecule,
the magnetic dipole interaction, orbital angular momentum and
spin—orbit coupling, Despite these simplilications, the above analy-
sis provides a vseful basis upon which ta huild omr understanding.
‘When we discuss transition metals we will see where these approxi-
mations begin to break down.

Ruddicaly metaly avd incronetisen 373
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VMeasurement

Two techniques: electron spin resonance (ESR) spectroscopy and
magnetic susceplibility are typicully used to investigate the inter-
action between electrens in a diradical. Since both techniques
require the presence of unpaired spins for detection, these methods
require that the triplet state be thermally populated at accessible
temperaiures. (Although ESR cun be used to investigale photo-
physically populated triplet states, this does nol give he energy of
the state, just structural information). Both fechniques depend upon
the magnetic dipole resulting from the spin of unpaired electrons. In
an cxlernal ruagnetic field, electrons will tend (o align with the mag-
netic field but thermal motion will ‘jostle’ some of them into point-
ing against the field. The lower the temperature, the more the clections
will align with the magnetic field. The proportion of electrons
aligned with the magnetic field is given by a mathematical tunction
called the Boltzmann distribution.

Magnetic susceptibility meaurements measurc the population
difference between the electrons poinding in cach dircetion by measur-
ing the enhancement of the magnetic ficld within the sample; sueepti-
biliry () being defined as x = AM/3H us H >0 where H is the applicd
field and M is the magnetization {The magactization is e difference
between the applied field and the field within the sample; it can he pos-
ilive or negative). Since M is often linearly dependant upon H For
small A, this 15 ollen represented as x = M/H . The contributions to

- "1

‘$ hy {ESR Lrullaﬂium)

A L

Applied
Magrlic Fiok

44 44

Fig. 3. Effect of magnetic ficlds on purily filled ovbitals, a, Paramagrietic
molecules i zevo field have random spins. b, Spins can align with or
ugainss an upplied field. Spins aligned with the field have lower energy,
and conseguently tnis state is more populated. The population difference
results in sample miagnetization, und transitions between the two levels
gives electron spin resonarnce spectra.
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magnetic susceptibility come from several seurces. The tendency of
unpaired electrons Lo alipn with the magnetic field enhances the mag-
netization wirhin the sumple and gives a pesitive contribution, the
paramagnetic susceplibility (.}, Blectron pairs give rise to a fem-
peralure independent, negative contribution as a result of their orhital
inotion, This is the the diamagnetic susceptibility (x,;,). Because of the
temperature dependance of the Bolizmann disiribution, X, is found
1o be inversely proportional to temperature (the Curie law), however,
e product X, 1. when measured per mole, provides a direct measure
of the number of unpaited elcotrons in a mole of sample.

Electron spin resonance spectroscopy also probes the differing
populations of the eleclrun spin states by using micrownve radiation
to excite slectrons to the higher energy spio state. The amount of
energy absorbed is proportional to the paramagnetic portion of
magnetic susceptibility. Althoogh absolute susceptibilitics can be
measured using ESR, instrument calibration is hard, and conse-
yuently, typically only relative susceptibilitics are measured. This
inahility to determine absolute susceptibilites can resultin ambiguily
in delerming the nature of the ground state of a diradival with ESR.
Fur instance, a molecule with a wiplet ground srare and no other thet-
mally populated states cannot be distinguished from a molecule with
degenerate singlet and triplet states. ‘The powar af ESR resides in its
sensitivity, which allows the investigation of low concentrations of
reactive racicals, and its abilily W probe the interaction of the electron
spin with other magnetic species. ESR signals arc split by atomic
nucled, o give information aboul the location of the electron within
the molecules (hyperfine coupling) und by other unpaired electrons
through the dipoie—dipole intcraction which gives information sbout
the average distance hetween the two nnpaired electrons. ESR is thus
complementary tu maguctic susceptibility.

Exchange interactions provide additional forces alfeeting the align-
ment of sping in » magnelic field. It the interaction stabilizes the singlet
stale {case (2) ahove), the exchange interaction tends to cancel out the
population difference between the spin up and spin down stales and the
susceplibility is recduced. 1f the spins fend i align parallcl (tiplet state,
case (3) above}, then the sxchange interactions enhance the effect of the
magnetic field, and susceptibility is increased. Application of the
Boltzmann distribution to the case of # molecnle with closely separated
singlet and wiplet states gives rise to the Bleuny-Bowars equation:!

-
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Measuring the temperatare dependance of the susceptibility and firting
Lhe results to this equation allows determination of the singlet—triplet
separation. :
When more than one interaction js involved (as in the case of a
crystalline matevial composed of radicals), the relationship hetween
exchange parameters and paramagnetic susceptibility becomes
considerahly more complicaied, There is no longer a simple infer-
pretation of the exchange parameter, and many problems do not have
an analytical solution. Furthermore, though multiple exchange para-
meters may seein necessary from a consideration of the crystal strue-
ture, statistical problems arc often found in curve fitting with the
exchange parameters being strongly corrclated?. Consequently, it is
generally easler to investigate isolated diradical systems, though in
certain cases the analysis of exchange in cxtended arrays is possible,

Organic systcms

A review of high spin organic polyradicals was provided by
Iwamura®. Although organic dicadicals are relatively simple, pre-
dicting the ground state of even these systems can be remarkably
complex. One only needs to read the histary of aticmpts 1o determine
the ground state of carbene (:CH,) o appreciate the myriad pitfalls
in  deermination of ground states from  f{ist  principlest.
Nevertheless, with the exception of carbenes, which ecxhibit
complexity from having both ¢ and 7 contributions (o Lhe singly
oceupied orhitals, most organic radicals are 7 delocalized systems,
and can be reusonably well described by only considering  orbitals.
Application: of the method described above for determining
exchange is qualitatvely easy. Tn fact, the extreme cases of covalent
bonding {(case 2 ahove) arc generally, readily identified by drawing
chemical structures. Other molecules require a greater degree of
sophistication, Though any -« syslem may be drawn as a diradical, it
requires an analysis of molecular arbitals (o begin (o make ground
state predictions. Fortunately there are some very simple methods
derived frem molecular orbital analysis that can be applied to obtain
useful information, Alternant, conjugated hydrocarhbons are those in
which the carbon atoms are all planar with at least partial multiple
hands, and in which alternate carbon atoms can be labeled with stars
such that no starred (or unstarred) carbon atoms arc next w0 each
other. For such molccules it can be demonstrated that if the number
ol starred carbon atoms is equal to the number of unstarred carbon
atems, two singly occupied molecular orbitals can be locatized on

376 DNavid 1. R. Brook

scparale groups of carhon atoms. This rednces electronic repulsicn
and a singlet ground stale is expected. The result was summarized by
Ovchinikov® {who nsed a different strategy to achieve the same
result) as:

&= (bl

where § is the ground slale spin nultiplicity of the molecules (ie. the
number of unpaired electrons + 1}, 2% is the number of starred carbon
atoms and # is the number of unstarted carben atoms. For example,
application of the rule to cyclobutadiene (1) gives

*

i

*

1

i.e. o singlet ground state (no unpaired electrons). Beeause of its
relative simplicity, Ovchinikov's rule has heen exlensively (ested
and used to canstruct a variety of (riplel and higher spin diradicals.
Recently the power of this simple approach has been demonstrated
by the synthesis of some exlremcly high spin hydrocarbon poly-
radicals (2-5)&5.

Theugh useful, Ovchinikov’s rule does have limitations. Tt has
been successfully applied to some systems that contain oxygen and
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nitrogen in addition w carbon and hydrogen, but it Tuils with others.
It does not apply o non-alternant or non-planar systems and pre-
vides no information about exchange through single bonds, all of
which can complicate the interpretation of data. For instance (elram-
clhyleneethane (TME, 6} is predicted by Ovchinikov's rule o have a
singlet. ground state, yct measiurements in frozen matrices tend to
suggest that the ground stare is a triplet or at least the tiplel and
singlet ars almost degencrate?, Although this appears to be a possihle
violation ol Ovchinikoy’s rule, finther consideration reveals that the
ground state of TME is expecled to be non-planar and Ovchiniliov’s
rule does not apply. The conformationally resiricted diradicals 7 and
8 also gave ambiguous resulls, bul exchange through the o system
may be significant in 7' and 8 actually deviates significantly from
planarity!'. Conversely, the two helerocyclic TME analogs, bis
nitronyl nitroxide (9) and the bis oxoverdazyl (10) both have singlet
ground states (hy 311 cm ! and 760 win ! respectively) yet the former
is non planar'2, and calculations suggest the latler is non planar in
solution!?,

Overlap considerations suggest that identical w radicals arranged
perpendicular (o each other should possess triplet gronnd states
because the w orbitals for each radical do not overlup (they are
orthogonal). Few organic examples have been characterized,
becuuse the twist angle s cither unknown or deviates from 90°, hut
inorganic examples are relatively common {(vide fifra). One organic
example is the dianion of 9,%-bianthryl (11) which has a triplet
ground statc!t. As previously mentioned, non-alternant hydro-
carbons are also not covered by Ovehinikov's rule. Interesting examples
are the recently described hydrocarbons, 12 and 1345, These mol-
ecules have perfectly acceptable, fully bunded resonance structures,
yet molecule 12 has a low lying, thermally populated uriplet state,
and molecule 13 has a triplet ground slale.

AR Penidd T R Bennl
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The stabilizalion of (he triplet state in these molecules can be
accounted for in two ways., Hiickel molecular orbital calculations
indicate that the HOMO-T.UMO pap for these molecules is very
low. Clonsequently, the wiplel slale can be Tavorable in energy when
the spin pairing coctgy is accounted for, An alternative viewpoint is
that the triplet diradical structure is stabilized by increased aromatic
resonunce not available to the bonded singlet state!s, Prediction of
ground states in these more complex systems can be cxtremely
challenging. In the more subtle cases, the active electron approxi-
mation must be abandoned and the interaction of molecular orbital
configurations must be included. Though prediction of ground slales
is possible, unfortunately the elegance of Ovchinikov’s rulc is lost,

In the design of magnelic systems, and prediction of other bulk
properties, interactions hatween maolecules are polentially as impor-
tant as interactions within then. Unforfunately, anderstanding such
interactions is comsiderahly more challenging, partly because the
three dimensional strueture of molecular crystals is very hard to con-
lrol. The same factors thal control intramoelecular exchange shouid
he at work, bul the regions of the molecnlar orbitals involved are
considerahly less well characterized. Experimentally, inleraclions
betwesn purumagnetic molecules are largely amtiferromagnetic
(aligning spins antiparallel) but under certatn circwmstances ferro-
magnetic interactions are observed. Few authors have dealt with
intermolecular interactions specificafly, notable is the mode] for pre-
dicting the sign of exchange proposed by McConnell . This model
uses the concept of spin density to predict inleractions. Spin density
is a mathematical function that describes the distribution of the
unpairad electron through a free radical. For the most patt the spin
density is positive and follows the shape of the singly occupied mol-
ecular orbital, but where the singly occupied molecular orbital has a
7ero point (or node), the spin density can actually be negative. The

tndianin mantnl aed asneaiiom 170
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McCennell model suggests thal il regions with positive spin density
in one molecule interact with regions wirh negative spin densily in a
neighboring molecule, ferromaguetic exchange will result, The
McConnell model was experimentally eonfimmed using cyclophane
bis(carbenes) as probe molecules'?, In the psendoortho- and
pseudopara-cyclophane diradicals 14 and 15, regions of positive
spin density on each ring (shaded) overlap with regions of negative
density on (he opposite ring. These molecules are expected to have,
and mdeed are ohserved to have, ferromagnelically conpled quintet
(S = 2, four unpaired electrons) ground states, Conversely the
pseudemeta-cyclophane 16 has regions of positive spin density
overlapping with similar regions of positive spin densily and giving
an experimentally ohserved singlet ground state. Though this
demonstration s reasonably conclusive, demonstrating the effect in
amolecular crystal is challenging becanse of the lack of general con-
trol over three dimensional crystal structure, A fortuitous example
is the TCNQ complex of the donor 4a,8a-diaza-2,6-dioxa-3,4,7,8-
tetrahyddro-4,4,8,8-tetramnethylanthrmeene- 1,5-dione. (DDTTA},
The denor radical cation is arranged in extended chains within the
crystal held together by weak hydrogen bouds. These hydrogen
bonds also hold the carbonyl oxygen atoms (positive spin density)
close (o the vinylic hydrogen (negative spin density) on a neighbor-
ing molecule. Though interpretation of the magnetic data is compli-
cated by antiferromagnetic interactions in Lhe accompanying
[TCNQ], stacks, sullivienl evidence exists to indicate the presence
of ferromagnctic interactions hetween cations.

Metal-radical systems

An lnereasing number of studies describe syslems where organic
free radicals interact with a metal centre, 'U'his produces many poten-
tial compHlcations, since more varied interaction geometries can be
obtained, the metal itsclf may have unpaired electrons, and may also
inroduce complications such as orbital angular momentum.
Nevertheless, there arc many systems where qualitative predictions
can be made using the analysis described above, especially in sys-
tems where two cadical ligandy are linked by a diamagnetic metal
center. Care must be taken, howcver, since the utility of the magnetic
orhital method depends upon correct sclection of the magnetic
orbitals; something that is not always straightforward.

When (he metal is acting as a link hetwece radicals, the geometry
of the coordination is of fundamental importunce. The pyridinyl-

a8n Thedsd T P Runal
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Vg, 4. Interaciion benween regions of positive and negative spin density
in cvelophane bis(phenylcarbenes). a. In the pseudopard and pseudocriho
isomers regions of positive spin densiry (shaded ellipses) everlap with
regions of neagative spin dersity (open ellipses) giving fﬁrmmgnefic
exchange and o gquinies (8 = 4) grouad state. b, In the pseudometa isomer
regions of positive spin density (shaded) overlap giving an iiferromagnetic
exchange and a singler ground state.

iminonitroxide radical 17 is a chelating radical ligand for which two
contrasting copper(l) complexes have boen studied. With twe radi-
cals directly coordinated to the copper atom, (18), the molecule
has a tripler ground state with J =200 cm ! (ref. 19). This can he
attributed Wy (he perpendicular arrangement of the two radicals,
which results in zero overtap between the two singly occupied ligand
orbitals. This compares with the copper (I) iodide complex, {19)
where the two radicals are linked through a mclal-bromide-metal
bridge2t, In the latter case, the exchange is weak (~ -2 cin') as a
result of the increased radical-radical distance and antiferro-
magnetic as a result of the coplanar arrangement uf the two radicals
which allows averlap hetween the SOMOs.

b ‘ '
NN oMM N = oM o 5
cu” s & Gu,,.t‘,Cu\ .
A % i N> (NT i =y :"_{
» # i
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Similar struclure property relations have been made tor other
metal complexes containing scyveral paramagnetic ligands, With
quinones, the titanium(IV) semiquinonc-schiff basc complex (20)
shows a wiplet ground state as a result of the perpendicular ligand
orientation?!. Again, this geometry prevents overlap between the
ligand = orbitals. Square planar semiquinone complexes of Ni(TD),
Pd(II) and Pt(IEhave been reported (21)222, Within these comploxes,
two chelating radical ligands coordinate a central metal in a squarc
planar geometry, Tn this configutation, the & electrens of (he metal
center are spin paired and do not contribute to the paramagnetism,
though they contribute fo the exchange pathway between radicals.
The 7 orbitals coutaining the unpaired electrons overlap through
delocalization onto the metal, resulting in strong antiferromagnetic
exchange and a diamagnelic ground state. Tvidence for the partici-
pation of d arbitals is provided by comparison ol the three metal
complexes, Exchange in the Pt complex, where 5d orbitals partici-
pate, is considerably stronger than in the Ni cotuplex?,

. -Bu N
! -Bu
/ r
N d D
O\"I[i/ ’ \Mi
S s
o o
0/ 0 4
N. t-Bu / N
7>tBu
20 21 M=Ni, Pd, Pt

In these cases, the delocalization of radical spin onto the metal
center changes the magnetic orbitals, but dees not change the overall
result of the analysis; however, care must be taken before we extend
this principle loo far. The coincidence of coplanar radical ligands
and antilerromagnetic exchange does not necessarily indicate the
true role of the metal in the cxchange interaction and the geometry of
both ligand und metal orbitals must be analysed to reach a valid con-
clusion, The copper(T) complexes of the his verdazyl radical 10 show

AR? Tlavid T R Rrank

antiferromagnelic exchange berween the two halves of the verdazyl
system; however, this exchange is cansiderably reduced coimpared
with the free ligand=, Although the two radicals are constrained to
be coplanar, the two verdazyl magnetic orbitals overlap with differ-
aint d orbitals on the copper(D) atom, previding a ferromagnetic
cxchange pathway (Figure 5). ‘Ihis pathway is not enough to coun-
teract the direct exchange between the radicals but it does signifi-
cantly reduece the overall exchange magnitude.

Other metal semiquinone complexes provide further examples of
the geometrie dependence of radical-radical cxchange: however,
electronic configuration of the metal also hecomes significant.
Considering the easc of octahedral (or pseude octahedral) geometry,
the muin group metal tis(semiquinone) complexes Galll(3,6-
DBSQ),; and  AFI(G.6-DRSQ),  (3,6-DRSQ=3,6-di-rert-butyl-
henzosemiquinone) both huve high spin (S=3/2) ground slales
beeause each semiquinone ar orbital overlaps only with the p orbitals
on the metal center. Since each metal p orbital is orthogonal to the
other two, the SOMOs do not overlap and ferromagnetic exchange is
observed.2 With these two systerns, the o otbitals are lower in
energy and do not play a role. Conversely, for the complexes
Znl3.6-DBSQ);(TMEDA) and Co't(3,6-DBSQ},, overlap with the
metal o orbitals produces an effective overlap between the unpaired
electrons and thus low spin ground stares (S=0 for Zn'(3.6-
DBSQ),(IMEDA), 8=1/2 [or Ca'(3,6-DBSQ), ). Al this point in
our analysis we are heginning to see the hreakdown of some of our
carlice approximations. In particular, we sce that thoogh the
magnetic orbital approach ig intuitively easy, determinalion of the
individual atomic contributions w the magnetic orbitals is crucial for
rmeaningful resulls.

The complexity of these systems illustrates the effects of inter-
action with a partly occupied J sublevel on the meral atom. In order
to study explicitly the interaction of ligand and metal unpaired
electrons, copper(Il}-nitroxide complexes have been extensively
investigated, partly because of their relative simplicity and the ease
of investigation by both magnetic susceptibility and TISR. Because
of their stability, the eleclronic structure of nilroxide free radicals is
well known. The unpaired electron is Tocated in a 7 tvpe molecular
orbital with most of the spin densily on the nitrogen atow. Using the
same analysis as ahove, coordination modes in which this orbitul
overlaps with other singly occupicd metal orbitals would be
expected to provide singlet, or low spin ground states and geometries
where this orbital is orihogonal to singly occupicd orbitals on the
metal would be expected to provide high spin ground states.
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Fig. 5. Ferromagnetic exchange between coplanar verdazyl radicals
mediated by copper(1). Each copper d orbital can only overlap with one of
the two verdazyl radicals.

Copper(Il) in an octahedral environment typically undergoes Jahn-
Teller distortion, giving four tightly bound equatorial ligands in a
square plane, and two less tightly bound axial ligands. The unpaired
electron resides in the 42 ? orbital in the equatorial plane.
Consequently an axiafly bound nitroxide is expected to be ferromag-

384 David J. R. Brook

netically coupled to the copper, whereas for an equatorially bound
nitroxide, with overlap between the d and 1 orbitals, antiferro-
magnetic exchange is expected (Figure 6). Examples of both coordi-
nation modes are known, and in general the sign of exchange corre-
sponds to that expected from overlap considerations. Detailed
calculations indicate that in certain cases the magnitude of the ferro-
magnetic exchange is larger than expected. This was explained by
invoking an exchange mechanism that delocalizes spin from the
nitroxide onto the copper d,; orbital, increasing the coulombic repul-
sion between electrons and stabilizing the high spin staie?. Similar
effects were observed for nickel(IT) nitroxide complexes?6. Such
delocalization introduces additional complexity in interpreting and
predicting electronic interactions, partly because some of the
approximations made in our initial discussion begin to break down
with asymmetric systems,

The combination of d orbitals, variable coordination geometries
and the possibility of variable oxidation state of both the metal and
ligand, while severely complicating the analysis can lead to
extremely novel properties such as photochromism, and photo-
mechanical effects in addition to new magnetic properties?’. These
effects are best illustrated with metal complexes of quinone ligands.
The quinone ligand can support three oxidation states; diamagnetic

J=0

J<0

Fig. 6. Exchange between nitroxide and Cu(Il). i} In plane coordination;
Jferromagnetic exchange, ii) perpendicular coordination;
antiferromagnetic exchange.
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quinone and catecholate snd the froe radical semiquinone. In the
semiquinone radical the vnpaired clestron occupies a w* orbital that
is of similar energy to transition metal o orbitals; however, tho
properties of the complexes are besl described by assuming the
Tigand and metal orbitals remain localized, The localization of melal
and quinone orbitals produces vnusual effects invalving electron
transfer belween metal and ligand. For instance cobalt(TT) his(semi-
quinone] bipyridine complexes have an isomer written as cobalt(1I)
(semiguinone)culecholate) bipyridine?’. At high lemperatures, the
Co(III) form is more stable, but upon ccoling a transition oceurs to
the Co(lI) form. Under certain circumstances the runsition hetwaoen
the two forms can he induced by Light (Figure 7). The changes in
geametry of the molecule upon jrradiation resulis in bending of the
crystals, Such remarkable light induced changes may have important
applications in molecular electronivs applications and information
storage,

Conclusions

From our brief survey of radical-radical and metal-radical inter-
aclions, we can see that sucl inleractions can give rise to very novel
properties, and that o qualitative understanding of the interactions
can often be obtained by simply considering the orbitals occupied
by e unpaired electrons, However, we have only considered sys-
tems with two or three interacting radical centers and even for these,
raticnalizaton of praperties is possible, bul aceurate prediction is
much harder. Synthesis of systems with fac greater complexity is
gquite possible, bur a theoretical understanding of their properlies

Fig. 7. Spin isomerism of cobalt bis(semiquinone )bipyridine,

WA David T R Reaok

may be a long way off. Nevertheless, as a result of increasing inter-
gsl o magnetic materials for information storage, many research
groups are currently devoting considerable effort tewards complex
magnetic systems. This researclh will expund lhe ewpirical data
currenlly available and provide a basis for confirmation {or refuta-
tion} of current theory. Furthermore with increasing cownplexity,
many new and unusual propertics of metal-radical complexes
remain to be discovered.

References

—

Bleany, B. & Buwers, K. D, (1952) Anomaleus panmagnetism of copper

wcelale, Proc, Roy, Soe. Londor, A214, 451

Lange, C. W. & Piezpont. C., G (1997) Nickel compleses containing

satecholide, hanzaguinoone aud semiquinone tadical ligands. Izarg, Chim, Acio,

263, 219,

- Twamura, M. {1990} High spin organic molecules & spin ulignment in organic

tnlecnlar asseinblies, Adv, Phys. Org. Chan., 26, 179,
Gaspar, P. P. & Hanumond, G. 8. (1973} In: Moss, R. A. and Jones Ji., M. (eds)
Carbengs Vol 2; pp 207, Wiley, Naw Yors

. Owchinntlov, A A (1978) Multiplicily of the ground state of large alternant

arganic molecules with conjugated bonds, Theor, Chis, 4er., 47, 207

Rajca, A., Rajea, S. & Mesai, S, R, (19935 Macroeyabe pi-conjugaled

carhopolyanions and pelyradicals based upon calix[4]arene ane calix[3Jarene
Rings. X Am. Chem Soc, 117, 8006
Rajca, A. & Rajea, 8. (1996) Tnietmolecular antiferromagnetic vs. ferro-
magnetic spic coupling theongh the biphenyl unit. J Am. Chem Sec. 117, 8121
. Rajea, A, Wongsrivatanaiaual, I & Cerny, R. {19983 A dendrilic macrocyelic orpanic
polyradical with a very high spin of § = 10, Angew. Cheni. Int. Td, Fngl. 37, 1279,

. Nachiigall, P. & Jordan, IS D. (1993) Theoredcal study of the low lying wiplet
and singlet states of tetramethylene ethane; predicton of a triplet helow the
singler at the tripler aquilivtinm geomatry. J. Am. Cham. Soc., 115, 270,
10, Rath, W, R, Kowalezik, T., Maier, 3., Reisznauer, H. P., Sustmann, R. &
Miiller, W. {1987 2.2—dimethy]-4,5dimethylene-1,3-cyclopentadiyl. Angew.
Chent, [af. 2., Engl,, 26, 1283,
L1, Dowd, P., Chang, W. & Paik, Y. H. (1987) The 2,3-dimethvleyclohexa-1,3-
dienc diradical is a ground stote tripler. /. Am. Chenn Noc., 109, 5284,
12, Alies, I'., Luneau, D., Laugier, J. & Rey, P. (1997) Ullmenn’s aitroxide bi-
radicals revisiied, sirucwral and magnete propertics. J Plys. Chenr, 97, 2922,

. Brook, D, J. k., Fox, H. H., Lynch, V. & Fox, M. A, {1996) Structural indicators
of alectroniz intergetion in the 1,175,357 -etramethy]-0,6’-dioxo-3,3 -biverdazyl
dirndicul, S, Phys. Chem., 2066,

14, Miillcn, K., Baumgarien, M., Iyutyulkov, N, & Karabunacliev, 5. (1991) Synth.

Mei. 40, 127,

. McMusters, D, R & Wirz, J, (1997 2,2-dimcthv]-2h-dibenza[ed k]fluoran-

thena, the first kelkulé hiydrocarbon with a tripler ground sue. J, Am. Chem.
Soc,, 119, 8508,

[&]

%]

i

wn

=]

-1

wo

N

1

w

&

Rodicale merale and masnetiom 3AR7

R SRR . e

I e, ST I s


http:n_Kji(:lllligand:-.:.lr!.Org
http:locali7.cd

it

[8.

D
2

ax:

=

(e
h

26.

o8]

. MeConnell, L M. {1963} Lerromagnetism in solid free radicals J. Chen, Phys.,

39, 1910,

. Izoka, A., Murata, 5., Sugawara, 1. & Iwamura, 11 (1987) Maolecular design

and model 2xperiments ol lerromagnctic intermolecular interaction in the
ussernbly ol high spin ergunic moelecules. generalion and characterization of the
spin states of isomeric bis(phenylmethyl)| 2.2t paracyclophanes, f. Am. Chem.
Soc,, 109, 2031,

Brook, In J R, & Koch, T. H (1997) Stucture and properties of some new
dibydropyrazine-tetracyanoquinodimethane charge transler salts, J. Mater.
Chem., 7, 2381,

. Oshio, H,, Walimabe, T., Ohlo, A,, Ito, 'l'. & Nagashima, U. (1594) Pairly

STRONG  FERROMAGNELC  INTERACIIONS BETWEEN [IMINO
NITROXIDE LIGANDS THROUGH A DIAMAGNETIC CU(I) ION In
[Cu(im mepy)2(PFaY]. Angew. Chem. tni. B, Engl., 33, 670

QGshio, H., Wotanabe, T.. Obto, A., Tto, T, & Masuds, H. ((996) Intermmoleeular
[ersomagnetic and suifemmagnelic inleractions in halogen bridged copper(l)
tming nitroxide, merg Chem, 35, 472,

. Cuneschi, A, Dei, A. & Gatteschi, D. (1992) Topulogicul degeneracy of

mapnelie orbitaly o organic biradieals medinted by mecal ionsrtriplet ground
state in a titanivm (TV) complex of schiff base diquinone codical ligauds,
A, Cheen, Soc, Cheny, Cornnpin., 6300

2. Tox, G. A. & Pierpont, C. G. (1992) Periodic Trends in Charge distribution of

transition metal complexes containing catecholate and semiquinoue ligands,
mwstal-nediated spin coupling in the bis(3,5-di- lert-butyl-1,2-semiquinone)
complzxes of palladiom () and platinum (11, M(DBSQ), (M= Pd, Pt). fnory.
Chem., 31, 3718

. Brook, N 1R, Conklin, R, T.ynch, V. & Fox, M. A (1997} Spin delocalization

in the copper(l) compilexes of bis(Verdazyl)diradicals. J. Ant. Chemi Soc., 119,
5135,

. Lange, C. W, Conklin, R. J. & Pierpont, C. G. (1994) Radical superexchange in

serniquinone cormplexes containing, dizmagnetic metal ions. 3,6-di-teet-hutyl-
1.2-emigquinonate  complexes of Zane(Tl), cobaltIT,  gallionI1T)}  and
alominom(lITL). Inorg. Chem, 33, 1276

. Musin, R., N., Schastuev, F. V. & Malinovskaya, 5. A. (1992) Delocalization

Mechanism of ferromagnetic exchange interactions in complexes of copper(IT)
with nitroxyl raclicals. fworg. Chem., 31, 4118,

Ovcharenko, V. 1, Romanenko, G. V., Ilorskii, V. ™., Musin, R. N. & Sagdeev,
R, 7. (1994) Polymomphous maditications of a Ni** Complex with Stable
Nitroxice Involving Ni*+-Or-N DBonds, Quantuvm-chemical investigation of
cxchange interactions in heterospin systems. fnorg. Chem., 33, 3370,

. Gtttlich, P. & Dei, A, (1997) Valence lautomeric interconversion in transition

metal 1.2-benzoguinone complexcs. Angew. Chem. Int. Ed. Engl., 36, 27534,

IR’ Dewid T R Rrowde

ZEITGEIST

AN ANTHOLOGY OF POPULAR

SCIENCE WRITING DRAWN T'ROM THE

EDINBURGH INTERNATIONAL SCTENCE FESTIVAL
Supporited by the Post Office

Edited by Simon Gage and Pauline Mallin

lain Banks The New Culture Model

Kenny Bean, The lce Faciory Qut of this World

Martha Phelps Borrowman, Lasiar Middle School Gitls in Science
Norman Butcher, R/GS Graup Geology in Britain

Jee Collier, St Gzarge’s Medicai-Schocd, London Fhis Sporting Strafe
Richard Dawkins,:University of Oxford Pollen Grains and Magic
Bullets

Nicholas Dixon, Universify of Edinburgh The Crannogs of Scotland
David Faulkner, Univcrsify of Owiford, Contre for Criminc/ogy Research
How tu Influcnce Decison Makers

Jahn Gillot, Genalic Inferest Gratip Science and the Retreat from
Reasun

Roger Highfield, Tha Daily Telagraph Life as it Could Be

lan Kunkler, Weslern Seneral Hospital, Edinburgh Genes, Cancer
antd Prevention

Patrick Moore Aliens in Space

Myc Riggulsford, Research far Health Charitiss Lithics of Using Ani-
mals in Research

lan Stewart, Lniversity of Warwick What Mathematics 1y for
Crlispin Tickell, Radclife Obsarvatory, Oxford The Environment -

4 Murriage of Disciplines

240 pages  ISBN 1-000814-05-¢ L2.50
Fublished 15 Muarch £997
Science Reviews Ltd
A41/43 Green Lane Mortaweod Middlesex HAS A England
_ Phone: 1923 825 386 Fax; 01923 325 066
e-mzk seitechid@eracd clikel ac.uk Web: hirpieracd. chukel ac.uksscitech. htm
Henchek & Associates
153 I, Michigan Ave, Suite 300 Chicago IL 60601 USA
Phone:1i2 913 1423 Fax 312913 1404
UK Bock Trade Distiburion:

Vice ouse Distribution, Waldznbury, North Common, Chailej.', E.Sussex BN§ 4DR

Pkoae; 01825 721 398 Fux 01825 724 18R

Mame......
Address...

ar invaice

Order form

Please supply....copviies) of Zeitgeist to:

at £5.50 /518,95 each including postage and packing

o7 gharge my/our
Mastercarc/Visa/Eurpcard/American Exoress [J

Number....
FulF s 00 R ) 1 [ SR T

~enclosed O
my institution O]

s EAPI DA B s o 1

fiovas

~n

T Aw

AT TR

I

e



http:S)tppct"f.ed
http:W'R.IIIII.1G
http:t'er�romagnet.ic
http:gallium(I.ll
http:1,6-di-tert-lmt.yl
http:hi~(phcnylmcthyl)[Z.2j

	San Jose State University
	SJSU ScholarWorks
	1-1-1998

	Radicals, Metals and Magnetism
	David J R Brook
	Recommended Citation


	tmp.1372724859.pdf.0qU6f

