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bstract

Stable organic radicals have received much attention as building blocks for the construction of molecular magnetic materials be
re readily functionalized using modern synthetic techniques. In this context, the nitroxide radical family has been the domina
adicals in molecular magnetochemistry. However, other stable radical systems have also been explored. One such example is
amily of radicals. Their high chemical stability and synthetic versatility make verdazyls one of the more attractive alternatives to n
n molecular magnet design. This article reviews the magnetism of verdazyl-based systems, including through-bond coupling in po
oordination complexes and intermolecular interactions in the solid state.
2005 Elsevier B.V. All rights reserved.

eywords: Molecule-based magnetism; Stable radicals; Verdazyl radicals

. Introduction

The pursuit of molecule-based magnetic materials can be
escribed fundamentally as the science of discovering new

∗ Corresponding author. Tel.: +1 250 7217 165; fax: +1 250 7217 147.
E-mail address: rhicks@uvic.ca (R.G. Hicks).

magnetic building blocks and/or new and improved way
assembling them. By building block, we mean a spin-bea
entity, for unpaired electrons are a necessary componen
magnetically interesting materials. There are a number o
ferent strategies to assemble spins in molecular-based
netic materials, including exclusively inorganic-based s
(coordination polymers/metal–organic frameworks), org

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2005.03.012
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(radical-containing polymers, molecular crystals of stable
radicals) and hybrid approaches in which both metal and
radical can be spin active (metal complexes and coordina-
tion networks involving radical ligands). The structural and
physicochemical diversity in these classes of compounds re-
quires a great deal of fundamental effort to better understand
the magnetism of molecular systems en route to new gener-
ations of molecule-based magnets.

As noted above, several approaches in molecular mag-
netism make use of organic radicals as a ‘spin-active’ com-
ponent. A basic requirement for a given radical is that it must
be stable enough to be prepared, isolated and characterized.
This is a severe constraint, as there are few radical classes with
sufficient stability to be used for materials science purposes.
Significant fundamental advances in intramolecular spin ex-
change have been realized in systems based on highly reac-
tive radicals[1–5]. However, it is desirable to ultimately de-
velop structure–property relationships in stable radical fam-
ilies. Many otherwise highly reactive or even transient rad-
icals can be rendered kinetically stable through the use of
sterically bulky substituents, but the very features providing
stability also provide protection from interaction (magnetic
or otherwise) with other species. Thus, the most promising
spin-active molecular building blocks are those, which do not
rely on steric bulk for their stability. Not surprisingly, most
efforts in radical approaches to molecular magnetism have fo-
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Scheme 1.

2. Verdazyl radical: general considerations

2.1. Syntheses

Verdazyl radicals were discovered by Kuhn and
Trischmann in the early 1960s. They reported that attempted
alkylation of formazans2 does not lead to the expectedN-
alkylated formazans; these intermediates, detectable in a few
cases, generally rearrange to give tetrazines4 which are aer-
obically oxidized to give verdazyl radicals of general struc-
ture 5 as grass-green compounds (Scheme 1) [8]. This re-
mains the most common means of making verdazyl radicals
with an sp3 hybridized C6 skeletal atom, and a wide range
of verdazyl derivatives have been prepared by this method,
including examples of verdazyl-based di-, tri- and polyrad-
icals (vide infra). More recently Katritzky et al.[116] de-
veloped an alternative route to verdazyls5 with a saturated
C6 atom. Treatment of formazans with aldehydes in strongly
acidic media produces “verdazylium” cations6 which can
be reduced to the neutral radical using ascorbate and air; the
ascorbate reduces the ring to an anion (the deprotonated form
of 4), which is subsequently air-oxidized to the radical. These
routes lead to verdazyl derivatives with a wide range of alkyl,
aryl and other substituents at C3 and C6. However, the N1
and N5 groups are generally constrained to be aromatic due
to synthetic limitations in formazan synthesis[9].
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used on nitroxides, arguably the best-known family of st
adicals. Other stable radicals that have received attent
agnetic building blocks include triphenylmethyl-based

cals, phenoxyl-based radicals, heterocyclic thiazyl rad
nd radical anions such as those derived from TCNE, TC
nd quinones.

Verdazyl radicals (tetrahydro-s-tetrazin-1-(2H)-yl radi
als) have the general structure1 and are another establish
lass of stable radicals. They do not dimerize in solutio
he solid state, and in fact are the only class of radicals th
enerally air- and moisture-stable and whose stability
ot require bulky substituents. These features make the

ractive as potential building blocks for molecular mater
lthough verdazyls have not received the same level of a

ion as the better known nitroxides, there is a body of lit
ure dating back over 30 years concerning the magnetoc
stry of verdazyls. Earlier reviews on verdazyls have focu
n their synthesis, characterization and chemical prope

6,7]. Herein, we offer a review of the magnetic propertie
aterials based on verdazyl radicals. General informatio

he synthesis and characterization of these radicals are
ided as a prelude to discussion of systems in which verd
ay couple magnetically to other spin-systems (verdaz
therwise): (a) through bond, (b) through-space and (
etal ions in coordination complexes.
The second (and thus far, only other) major synth
oute to verdazyls was reported by Neugebauer and Fi
10] and Neugebauer et al.[11]. N,N′-Dialkyl bis-hydrazide
eagents7 (X = O, S) condense with aldehydes to give
aturated tetrazane rings8, which can then be oxidized to t
orresponding orange-red verdazyls9 (Scheme 2). A wide
ange of oxidizing agents have been used, including lea
de, silver oxide, ferricyanide, periodate and benzoquin
he verdazyls prepared by this route have a carbonyl or
arbonyl group at the C6 position, and it has been dem
trated that the carbonyl group can be reduced to a CH2 group
n the radical, affordingN,N′-dialkyl verdazyls of structur
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Scheme 2.

Scheme 3.

5 (where R6 = H) [12]. This methodology is applicable for a
wide range of aldehydes, but limitations in the syntheses of
bis-hydrazides7 require the nitrogen substituents R1 and R5
to be methyl or benzyl.

A route toN,N′-diaryl 6-oxoverdazyls has also been de-
veloped (Scheme 3) [13]. Careful reaction of hydrazones10
with phosgene or thiophosgene yields choloroformyl hydra-
zones11 which on treatment with arylhydrazines cyclize to
diaryl-substituted tetrazanes12. The tetrazanes can then be
oxidized to the radical13 analogously to theN,N′-dialkyl
derivatives described above.

There have been a few reports of inorganic verdazyl ana-
logues in which one of the skeletal carbon atoms have been
replaced by phosphorus—so-called “phosphaverdazyl” rad-
icals14 and15 [14–18]. The synthetic methodology is con-
ceptually similar to that used for the oxo-/thioxoverdazyls
in Scheme 2. No magnetic studies of these compounds have
been reported and as such these radicals will not be discussed
further.

2

ared
s ient

Fig. 1. Conformations of verdazyl rings in 1,3,5-triphenylverdazyl (left) and
1,3,5-triphenyl-6-oxoverdazyl (right). Data from references[19,13], respec-
tively.

to classify these radicals according to the presence or ab-
sence of the carbonyl group at C6, as there are subtle but
non-negligible differences in the molecular and electronic
structures of the two classes. Thus, the two major verdazyl
classes5 and9 differ essentially by the presence of a sat-
urated (sp3) carbon center in the ring of the former and a
carbonyl group in the latter. In the non-carbonyl-containing
radicals5 the saturated carbon lies out of the plane, produc-
ing a half-chair conformation as exemplified by the struc-
ture of 1,3,5-triphenylverdazyl (Fig. 1) [19]. The so-called
“6-oxoverdazyls”9 are generally fully planar rings, resulting
from amide-type resonance involving the carbonyl group and
its two flanking nitrogen atoms;Fig. 1 depicts the structure
of 1,3,5-triphenyl-6-oxoverdazyl[13]. The three-coordinate
nitrogen atoms in both cases remain almost planar—the sum
of the angles at these nitrogens in 1,3,5-triphenylverdazyl is
358.7◦. The N-aromatic groups are twisted with respect to the
plane of the verdazyl, 35◦ for the oxoverdazyl and between
15◦ and 25◦ for the non-carbonyl-containing radicals.

The spin distributions in verdazyl radicals have been es-
tablished through a combination of experiment and theory.
Electron paramagnetic resonance (EPR) spectroscopy played
a central – though not the only – role in developing a picture of
spin distributions in both classes of radicals. The EPR spectra
of verdazyls are generally quite complex, owing to hyperfine
interactions with the two pairs of nitrogen atoms and protons
o ated
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s ms.
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.2. General properties

A large number of verdazyl radicals have been prep
ince their initial discovery 40 years ago. It is conven
n the ring substituents. The situation is further complic
y the near equivalence of the magnitude of hyperfine
tants for the two chemically distinct pairs of nitrogen ato
onsequently, many researchers have resorted to add

echniques in order to gain a full picture of the spin distr
ion in these radicals. Methods such as electron nuclear
le resonance (ENDOR)[20], electron–electron double re
nance (ELDOR)[21], dynamic nuclear polarization (DN

22] and nuclear magnetic resonance (NMR)[23–27] have
ll been employed.

The spin distribution in all verdazyls is dominated by
our nitrogen atoms of the heterocycle. Both classes of
azyls have similar hyperfine coupling (hfc) values for b
ets of nitrogen atoms. In the 1,3,5-triarylverdazyls5, the
fc’s for the two-coordinate nitrogens (N2 and N4) and those
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of the three-coordinate nitrogens (N1, N5) are typically the
same within experimental error, ranging from 5.8 to 6G. In
comparison, the nitrogen hfc’s in the 6-oxoverdazyls9 dif-
fer: the N2/N4 values are usually 6.3–6.5G and N1/N5 de-
pend on their substituents, having hfc’s of∼4.5–5G when
R1 = aromatic and∼5.3G when R1 = alkyl. Hyperfine inter-
actions with protons on the 1,3,5-substituents can also be
observed to varying degrees. 1,5-Dialkyl verdazyls have pro-
ton hfc’s of∼5.3G, whereas aromatic protons produce values
generally under 2G. Substituents on C3 generally give small
(<1G) hfc’s and are often undetectable by EPR, necessitating
the use of ENDOR or NMR for detection.

Calculations on verdazyl radicals range from simple
Hückel theory to computationally intense density functional
and ab initio post-Hartree–Fock methods, and collectively
provide a picture of the electronic structure of verdazyls that
is qualitatively consistent with experimental data[28–33].
The N1N2C3N4N5 fragment of the ring common to both ver-
dazyl types (5 and 9) has seven� electrons (the carbonyl
group in the oxoverdazyls could also be included, though
it is cross-conjugated with respect to the rest of the ring).
The odd electron resides in a�* singly occupied molecu-
lar orbital (SOMO)16 spanning the four nitrogen atoms of
the ring. The phase properties of this orbital are such that a
nodal plane passes through the C3 atom and the bond to sub-
stituent R. As a result, there is no spin delocalization onto
t are
m y on
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l ents
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rials. In purely organic systems, spin–orbit coupling effects
are negligible, and it is often possible to accurately make dia-
magnetic corrections to paramagnetic samples through mea-
surements on diamagnetic analogues of radical compounds.
However, understanding magnetism in radical-based mate-
rials presents significant challenges. The magnetic proper-
ties of crystalline radical samples can be particularly com-
plicated due to a hierarchy of possible magnetic interactions
both through-space (intermolecular) and through bond (in-
tramolecular). Understanding these effects usually requires
experimental data on both the solid sample as well as for
“isolated” molecule to be able to delineate intra- and inter-
molecular effects and to identify possible exchange pathways
based on knowledge of the spin distribution in the radical in
question. Even in the absence of through-bond complications,
the complex packing patterns, generally weaker exchange
interactions that occur through-space and influence on mag-
netic properties of seemingly minor impurities can render the
interpretation of magnetic susceptibility data a serious chal-
lenge. For this reason, in order to interpret magnetic data on
crystalline solids it is imperative to have crystallographic in-
formation on the solid-state structure and molecular packing.
Unfortunately such structural data are not always possible, a
problem that has surfaced in some of the most important de-
velopments in molecule-based magnetism[34] and is an on-
going issue for many molecular systems including verdazyls
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3
he C3 group and substituent effects on spin distribution
uted. Spin polarization effects do lead to spin densit
3 as well as the substituent, though the extent of spin
ge is generally small. Overall, the four nitrogen atoms c
oughly 80–85% of the total positive spin density and the
arbon atom possesses approximately 3–6% negative
ensity arising from polarization effects. When the nitro
ubstituents R1 and R5 are aromatic, spin delocalization a
olarization effects lead to spin populations on the arom
arbons of a few percent. Spin polarization effects alone
o spin populations on aromatic R3 carbon atoms of 1% o
ess. There is also vanishingly small spin on C6 substitu

6 of non-carbonyl verdazyls5 because of both the nod
lane in the SOMO and the fact that C6 is not conjug
ith the rest of the verdazyl ring.

. Magnetic properties of verdazyl radicals

.1. General considerations

The magnetic properties of molecular systems are in s
ays simplified compared to conventional inorganic m
see below). With this caveat in mind, the literature co
ng magnetic properties of verdazyls has been organize
hree general classes of exchange interaction: (i) thro
ond exchange in verdazyl-based di- and polyradicals

hrough-space exchange in verdazyl molecular crystals
iii) verdazyl-coordination complex magnetochemistry.

.2. Through-bond magnetism of verdazyl-containing
olyradicals: intramolecular coupling

The linking of radicals together through covalent bo
as long been a popular approach to spin coupling in m
lar radical systems[35]. Relatively few of these are di- a
olyradicals based on verdazyls, although some of the
rst magnetic investigations into verdazyl-based mate
oncerned di- and triradicals. By applying the formazan
hetic methodology to bifunctional precursors, Kuhn e
repared a diverse series of verdazyl-based di- and trirad

36]. Some of these include diradicals17 and18 in which ver-
azyls are connected byn-butyl spacers at the ring C3 or C
toms, respectively. These were studied by magnetic su

ibility and EPR, echo-modulation spectroscopy[37], NMR
nd EPR[38], the results of all of which lead to nearly deg
rate singlet and triplet states for both molecules. This i
urprising because the saturated butyl linker is electroni
nsulating, thereby precluding significant intramolecular
hange coupling. It should be noted that no evidence of i
olecular coupling was observed either, though in princ

he flexibility of the butyl spacer could permit through-sp
nteractions between the two radical moieties.
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Other verdazyl containing polyradicals linked by non-
conjugated spacers include the tetraradical19, comprised
of four verdazyls N-linked to a central tetraphenylmethane
core[39] and benzene-bridged triradical20 [40] (the point
of attachment—the C3 atom of the radicals to the benzene
core is a saturated carbon center, and as such this triradical is
considered non-conjugated). In accord with their molecular
structures, characterization of possible spin communication
in both molecules revealed negligible interactions through a
combination of EPR, NMR and magnetic susceptibility stud-
ies. The spin-quartet state of20 was described as “14 cm−1

above the doublet ground state”, although the spin-state sit-
uation is in fact more complex: antiferromagnetic exchange
in a three-fold-symmetric triradical such as20 should lead to
spin frustrated behaviour because the three pairwise antifer-
romagnetic interactions cannot be mutually operative.

tra-
r s con-
t
[ dical
c a, but
g t any
m ce in
n are
a

the
i hich
l is
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t been

Fig. 2. Topological spin preferences form- andp-phenylene bridged dirad-
icals.

a fundamental set of relationships between topological spin
distributions and exchange coupling[3,4,35,43,44]. A chief
result of this is a general predictability of what sorts of conju-
gated spacer groups lead to high- or low-spin exchange cou-
pling in conjugated di- and polyradicals. For example, a large
number of diradicals are based on odd-electron moieties con-
nected to a central benzene ring. Two radicals linked “meta on
a benzene” generally lead to ferromagnetically coupled radi-
cals, while para-linked systems lead to antiferromagnetically
coupled systems (Fig. 2). This general rule also requires sub-
stantial spin density at the point of attachment to the linker.
Thus, in localized diradicals such asm-xylylene the triplet
state is favoured substantially (>9 kcal/mol), whereas diradi-
cals in which there is little spin density on the adjoining atom
are much more weakly coupled and in some cases spin state
preferences become subject to other effects, e.g. conforma-
tional.

With this in mind, several conjugated verdazyl di- and
polyradicals have been constructed by attachment of the ver-
dazyl moiety at either one of the nitrogen atoms or the C3
carbon atom. As discussed earlier, the verdazyl SOMO has
a nodal plane that passes through the C3-substituent bond,
thereby limiting conjugative spin delocalization. In the Bor-
den and Davidson terminology[43], two SOMOs of the di-
radical can be confined separately to each radical and as such
are disjoint. The small amount of spin density at C6 (through
s rela-
t adi-
c pling
b hese
p nal-
y

als
w
d nd
t
M ture-
i t with
e l
a me
e em-
p deter-
m stud-
i ture
E
K sults
o r ex-
Broadly related to the non-conjugated di-, tri- and te
adicals described above are saturated organic polymer
aining verdazyls as part of the side chains, e.g.21 and22
41,42]. Weak antiferromagnetic exchange between ra
enters is suggested based on the limited physical dat
iven the structures of these polymers it seems likely tha
easurable interaction would be principally through-spa
ature.�-Conjugated polymers incorporating verdazyls
s yet unknown.

Intramolecular exchange is generally stronger when
ndividual spin centers and the molecular substructure w
inks them are all�-conjugated. Di- and polyradicals of th
ature have been well studied theoretically and experi

ally, and one of the most important developments has
pin polarization effects) would be expected to lead to
ively weak exchange. In contrast, N-linked verdazyl dir
als may be expected to exhibit stronger magnetic cou
ecause of the substantial spin density on the N atoms. T
redictions were in fact made first using simple HMO a
ses in 1967[28].

The first experimentally studied verdazyl polyradic
ere the benzene-bridged diradicals23 and24, in which ver-
azyls are connected viam- or p-phenylene groups at C3 a

he 1,3,5-benzene-centered triradicals25 (R = H, Me) [36].
agnetic susceptibility measurements revealed tempera

ndependent magnetic moments, with values consisten
ssentially non-interacting spins (∼2.45�B for each diradica
nd∼2.97�B for the triradical). EPR spectra showed so
vidence of weak dipolar coupling, although variable t
erature spectra were not recorded, thereby precluding
ination of the intramolecular exchange. Subsequent

es on the triradical using quantitative, variable-tempera
PR spectroscopy, provided support for the early studies[45].
opf et al. carried out paramagnetic NMR studies, the re
f which also suggested extremely weak intramolecula
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Fig. 3. Top: 1/χ vs. T plots for 23 (open circles) and24 (filled circles).
The solid and broken lines correspond to theoretical Curie–Weiss plots with
Curie constants of 1.00 and 0.75, respectively. Bottom:χ vs.T for 23. Figures
taken from[47] with permission.

change in both diradicals[38]. Azuma and co-workers have
also examined these diradicals by EPR[46] finding that low-
temperature (77 K) spectrum was that of a typical triplet-type
species, indicating that a triplet electronic state was at least
thermally accessible for both species—although no further
EPR information was provided that would allow determina-
tion of the ground electronic state.

The results described above concerning diradicals23 and
24 are apparently contradicted by a report claiming that both
species possess triplet ground states with exchange energie
in excess of 300 K[47]. These conclusions are based on anal-
yses of the 1/χ versusT, magnetic susceptibility data, which
the authors claim provides a better fit toS = 1 (triplet) rather
than twoS = 1/2 diradicals. However, their plot of 1/χ ver-
sus T does not appear to support this conclusion (Fig. 3,

top). Moreover, the plot ofχ versusT for 23 (Fig. 3, bot-
tom) shows a maximum at 19 K, which suggests weak anti-
ferromagnetic coupling between spins. Interpretation of the
solid-state magnetic properties is complicated by the possi-
ble presence of both intra- and intermolecular magnetic in-
teractions, and the lack of crystallographic characterization
of either diradical precludes any magnetostructural analysis.
Nonetheless, the data provided seem to provide circumstan-
tial support of weak antiferromagnetic intramolecular cou-
pling between verdazyls, consistent with the previous studies
on these molecules, though further investigations should be
undertaken to unequivocally settle this issue.

Benzene-bridged diradical analogues of23 and24 based
on the “oxoverdazyl” radicals (26 and28) have also been ex-
amined, along with a 2,5-thienyl-bridged diradical27 [48].
The radicals were examined using electrochemical (CV) and
spectroscopic (UV–vis, EPR) methods, all of which sug-
gest the radical moieties of each diradical are at best weakly
coupled—in each of the diradicals, oxidation of the two radi-
cals (quasi-reversibly or non-reversibly) occurs concurrently,
the absorption spectra suggest little electronic overlap of two
radicals and Curie plots of the EPR signal intensities are linear
which suggest degenerate singlet and triplet states. The in-
stability of these diradicals in the solids state precluded their
characterization by magnetic susceptibility measurements.
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The simplest possible verdazyl diradicals have the two
cals directly attached, i.e. the “spacer” is just a chemical b
etween two ring atoms. Several variants of C3–C3′ linked
iradicals have in fact been studied. These can be consi

o be heteroatom/heterocyclic variants of one of the proto
cal disjoint diradicals, namely tetramethyleneethane32. The
round spin state preference of theN,N′,N′′,N′′′-tetrapheny
isverdazyl29 could not be ascertained due to the insta

ty of this species, although frozen EPR at 88 K do reve
andomly oriented triplet spectrum[49], suggesting at lea
thermally accessible triplet state at this temperature.



2618 B.D. Koivisto, R.G. Hicks / Coordination Chemistry Reviews 249 (2005) 2612–2630

The oxo-based diradical30 was first reported by Neuge-
bauer and Fischer[10] and its electronic properties were stud-
ied thoroughly by Brook et al.[50]. Frozen solutions of the
diradical give rise to triplet EPR spectra: the�ms = 1 spec-
tral region was dominated by dipolar coupling and a “half-
field” (�ms = 2) transition associated exclusively with the
triplet state was observed. A Curie analysis of the�ms = 2
peak afforded a singlet–triplet energy gap of−760 cm−1,
i.e. the two radicals are fairly strongly antiferromagnetically
coupled. In the solid-state, magnetic susceptibility measure-
ments show effects of both intramolecular exchange coupling
as well as intermolecular interactions, in accord with the�
stacked structure (see later). Due to the structural complexity,
however, quantitative analysis of the magnetic data could not
be undertaken in order to determine intra- and intermolecular
contributions to the magnetic properties. High-level compu-
tational studies (DFT and multiconfigurational SCF methods)
on models for diradical30 and thioxo-analogue31, in which
theN-methyl groups were replaced by hydrogen atoms—are
in qualitative agreement: the two verdazyl units are antiferro-
magnetically coupled, and the calculated strength of the in-
teraction depends on the torsion angle between the two rings.
For the planar structure (torsion angle = 0◦), calculated ex-
change energies range from−664 to−1084 cm−1 depending
on the computational method[32,51]. As will be discussed

for
s to
the

ves
iven
nked
l in-
ssed
l C3
radi-
al
era-
es
; di-

pti-
ric

dged
led
ith
solid
ular
ties.
eso-

ag-
tion
ls –
ure

dependent UV–vis spectra, whereas the spectra of the most
weakly coupled ones –32c, d – resemble those of the parent
triphenylverdazyl radical.

There are very few example of “heterospin” verdazyl sys-
tems involving through-bond coupling between a verdazyl
and a different radical moiety. Lahti and co-workers prepared
a a
v itu
u e
s ther
p dical
c

note
r netic
c nge
i of
c and
c yl-6-
o ical
3 netic
e ia-
t ob-
s
s
s an-
t plets,
w
v ions
n azide-substituted verdazyl33 and used it to generate
erdazyl-nitrene hybrid34, which was characterized in s
sing EPR and electronic spectroscopy. TheS = 3/2 spin stat
o characterized was found to be similar in nature to o
olyradicals in which a nitrene is para to a second ra
enter[54].

The only other verdazyl-based heterospin systems of
epresent a somewhat different concept towards mag
oupling, namely the observation of intermolecular excha
n photoinduced excited states[55–57]. The ground states
ompounds35 and37 only possess verdazyl-based spins,
onsequently have EPR spectra typical of 1,5-dimeth
xoverdazyl derivatives; similarly, Curie analysis of dirad
6 in its ground state suggests very weak antiferromag
xchange (∼−2 cm−1). However, upon continuous irrad
ion, time resolved EPR spectroscopy (TREPR) permits
ervation of signals readily assigned to spin quartet (S = 3/2)
pecies in the case of35 or 37, and a spin quintet (S = 2)
pectrum for36. These arise from photoexcitation of the
hracene or pyrene moieties to produce excited state tri
hich can then interact ferromagnetically with theS = 1/2
erdazyl radical substituents. Density functional calculat
in Section3.4, diradical30 has been employed as a ligand
transition metals and the coordination of metal ions lead
perturbations of the intramolecular exchange coupling in
diradical.

A final variation on verdazyl-based polyradicals invol
linking verdazyls to a spacer via their nitrogen atoms. G
the substantial spin density on these atoms, diradicals li
in this way would be expected to show more substantia
tramolecular coupling compared to the previously discu
systems in which verdazyls are connected via their noda
atoms. This has proven to be so for a series of such di
cals32 [36,52,53]. The simplep-phenylene bridged diradic
32a appears to be fully diamagnetic even at room temp
ture, and as the number ofp-phenylene linkages increas
there is a gradual evolution to true biradical behaviour
radicals32b and32c have exchange energies of−210 and
−35 cm−1 based on dimer model fits to magnetic susce
bility data, and32d is essentially a true biradical. Isome
biphenylene diradicals32e and32f are comparable to32b
in terms of exchange energy, while the naphthalene-bri
systems32g and32h are somewhat more strongly coup
(J ∼ −525 cm−1). These numbers should be interpreted w
caution because the magnetic data were obtained on
samples—thereby raising the possibility that intermolec
interactions might be contributing to the magnetic proper
However, the proposed closed-shell doubly zwitterionic r
nance contributors (shown as32a′ for derivative32a) which
would account for the strong intramolecular antiferrom
netic electronic coupling is corroborated by their solu
UV–vis–NIR spectra: the most strongly coupled diradica
32a, b, g, h – have significantly red-shifted and temperat



B.D. Koivisto, R.G. Hicks / Coordination Chemistry Reviews 249 (2005) 2612–2630 2619

on the excited states provide spin distribution maps that are
consistent with this spectral interpretation. These molecules
can therefore be considered as prototypes for organic photo-
magnetic materials[58].

3.3. Through-space magnetic interaction in verdazyl
radical molecular crystals
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Fig. 4. Packing diagram for 1,3,5-triphenylverdazyl. Reproduced from[19]
with permission. Nitrogen atoms are black.

3.3.2. Structurally characterized examples
One of the very first verdazyl radicals (and indeed any

stable radical) to be magnetically and structurally charac-
terized is 1,3,5-triphenylverdazyl. A packing diagram for
this molecule is shown inFig. 4 [19]. The radicals lie in
the ac plane and adopt a layered structure in which the C3
phenyl substituents are partially superimposed over/under
the central verdazyl ring of adjacent molecules along the
b-axis. TheN-phenyl groups interleave with one another
parallel to both thea and c directions. The closest inter-
molecular contacts in this structures are some C–N con-
tacts between 3.8 and 4.0Å, i.e. beyond the van der Waals
contact distance for these atoms. There is no N–N contacts
within 4Å.

The magnetic properties of 1,3,5-triphenylverdazyl were
first reported in 1973[61]. The susceptibility follows
Curie–Weiss behaviour (θ =−8 K) but deviates from this at
lower temperatures, as the susceptibilityχ reaches a max-
imum value at 6.9 K and then drops off. This behaviour is
qualitatively consistent with a Heisenberg-type linear mag-
netic chain model exhibiting antiferromagnetic interactions.
However, belowTmaxthe drop-off in susceptibility does not fit
this model and the susceptibility abruptly increases at 1.7 K.
Heat capacity studies confirm the transition to a magnetically
ordered state at 1.7 K[62]. Tomoyishi et al. also found a mag-
netic transition at 1.78 K, which they ascribed to weak ferro-
m
T cep-
t ag-
n erest-
i cted
.3.1. General
Investigations of the magnetic properties of radical-ba

olecular crystals are extensive within the molecular m
etism community. The challenges in this area are cons
ble, as the combination of relatively weak magnetic in
ctions through-space (compared to intramolecular) cou
ith the complex packing patterns adopted in molecular

erials can render the development of structure–proper
ationships very difficult. Even in very well studied mater
uch as nitroxide radicals, where there is ample magneti
tructural data, a basic understanding of how intermole
agnetic interactions are dictated by distance and re
rientation of spin centers is still lacking[59,60]. It is there-

ore worthwhile to examine different radical systems in
opes of uncovering such structure–magnetism correla
erdazyl radicals, with their near-planar or planar struc
nd general stability even in the absence of bulky substitu
re an attractive alternative to nitroxides as building blo

or through-space interactions. Indeed, there have been
eports of magnetic phenomena in verdazyl-based cry
temming back to 1970. Unfortunately many of these stu
eport magnetic data and do not include crystal structur
he materials in question. In molecular crystals, more
ny other general class of material, structural informa

s vital to being able to interpret magnetism in a mean
ul way. For this reason this review will focus more on
ystems for which structural details are available to aid i
erpretation of magnetic characterization, though all rele
agnetic data for other verdazyl-based systems will at
e mentioned.
agnetism associated with antiferromagnetic ordering[63].
hus, although the ordering is antiferromagnetic, the sus

ibility increases belowTN because the one-dimensional m
etic chains adopt a spin-canted magnetic structure. Int

ngly, neutron diffraction studies revealed that, as predi
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by Azuma et al.[61], the antiferromagnetic chain direction
is most likely parallel to thec-axis.

The magnetism of 1,3,5-triphenylverdazyl serves as a use-
ful point of departure from which to discuss the magnetism of
other verdazyl-based molecular crystals. Some of the qualita-
tive structural and magnetic features of this radical are com-
mon to many other verdazyls. From a structural perspective,
several other verdazyl derivatives which have been crystal-
lographically characterized adopt crudely similar structures,
i.e. layered-type structures with non-superimposed stacking
motifs not unlike that of 1,3,5-triphenylverdazyl in which aro-
matic substituents are pseudo-aligned with verdazyl rings.
However, as has been found to be the case with nitroxide
type radicals[59,60], attempts to correlate structural partic-
ulars with observed magnetic properties in verdazyls turns
out to be less than straightforward. The 1,3,5-triarylverdazyl
derivatives38–40 share broadly similar solid-state structural
traits – layered structures, poor/incomplete� stacking in-
volving the verdazyl ring and aromatic substituents – and
none have significant intermolecular contacts below 3.5Å.
Yet, the di-p-tolyl compound38 [64,65]andp-chlorophenyl
derivative40 [66] both exhibit relatively strong intermolec-
ular antiferromagnetic interactions. Similarly to triphenyl
verdazyl,38 and 40 deviate from Curie–Weiss behaviour
(θ =−14.6 K for38 and−18 K for 40) in a manner modelled
as one-dimensional Heisenberg chains (J =−10 cm−1 for 38
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Fig. 5. One-dimensional stacking of verdazyls: (a)41 and (b)43. Data taken
from [68].

haviour (J =−4 cm−1). The 3-(p-nitrophenyl) analogue42
possesses one-dimensional stacks similar to those seen in41,
with a similar extent of longitudinal shifting. The magnetic
data also appear to support intermolecular antiferromagnetic
interactions (the magnetic moment decreases at low temper-
atures), though no modelling of the magnetic susceptibility
was reported. The introduction of a phenyl substituent to the
saturated (C6) ring carbon in43 leads to a significant solid-
state change: although one-dimensional stacks are retained,
the steric requirements of the 6-phenyl substituent – which
protrudes upwards nearly perpendicular to the plane of the
verdazyl ring – causes severe slipping of the molecules within
the� stack, such that verdazyl rings are now partially super-
imposed over the 3-nitrophenyl group, which has very little
spin density associated with it (Fig. 5b). The magnetic sus-
ceptibility of this radical reveals intermolecular ferromag-
netic interactions—the first time ferromagnetic behaviour
had been seen in a verdazyl-based material[69]. Analysis
of the temperature dependence of the magnetic susceptibil-
ity using a quasi-one-dimensional Heisenberg ferromagnetic
chain produced an intrachain interactionJ = +2.5 cm−1. At
1.1 K, this compound undergoes a change to an antiferro-
magnetically ordered state, providing another example of a
verdazyl-based solid that magnetically orders. Wudl et al.
rationalized the ferromagnetic interactions by invoking the
“ -
r ssing
p ative
s itro-
g the
p pin
d the
f on-
i not
c netic
i so
s t, be
r

nd−11.4 cm−1 for 40). In contrast, the susceptibility ve
us temperature profile for39 shows Curie–Weiss behavio
own to 1.8 K with a Weiss constant of−1 K, suggesting onl
ery weak general antiferromagnetic coupling in this rad
67].

Other verdazyl derivatives with stacking motifs at fi
lance would seem to be more amenable to magneto

ural analysis, but again the complexities of intermolec
nteractions in radical molecular crystals prove to be c
enging to understand on a microscopic/molecular level.
hree nitro-containing verdazyls41–43 illustrate this point
ll three compounds adopt slipped one-dimensional st

n the solid state. 3-Nitro-1,5-diphenylverdazyl41 possesse
tacks that are moderately offset along the molecular
xis such that there is still partial overlap of the verda
ings within the� stacks (Fig. 5a)[68]. The interplanar sep
ation of∼3.5Å is just beyond the van der Waals separa
or aromatic� systems and is likely due to the twisting of
-phenyl rings which forces the radicals further apart. T
aterial exhibits one-dimensional Heisenberg chain-like
McConnell I” mechanism[70] in which intermolecular fer
omagnetic interactions are favoured when atoms posse
ositive spin density interact with atoms possessing neg
pin density on neighbouring molecules. The verdazyl n
en atoms carry the bulk of positive spin density, while
-nitrophenyl group should be spin polarized to yield s
ensity alternating in sign on adjacent ring atoms. Given

airly weak nature of the ferromagnetic coupling and the n
deal superposition of the verdazyl and phenyl rings it is
lear whether this mechanism is operative (nor can mag
nteractions involving theN-phenyl groups, which are al
pin polarized to a lager extent than the C3 substituen
uled out).
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The stacked structure of43 is unusual in that other
verdazyl derivatives with Me of Ph substituents at C6 gen-
erally do not adopt stacked structures because of the steric
requirements of the C6 substituent. Compounds44–47 are ex-
amples of such structures. The absence of molecular stacks
does not correlate well with the absence of intermolecu-
lar magnetic interactions. The magnetism of 6-methyl-3-
nitro-1,5-diphenylverdazyl44, for example, can be mod-
elled above 100 K with a relatively large Weiss constant of
−18 K (the magnetic properties in the low-temperature re-
gion deviates from Curie–Weiss behaviour in a manner that
is not well understood)[68]. In contrast, 6-methyl-1,3,5-
triphenylverdazyl45 was in fact modelled using a Heisen-
berg chain (J =−7 cm−1) despite the apparent absence of
an obvious physical pathway to explain the model[71].
1,3,5,6-Tetraphenylverdazyl46 exhibits strong interactions
( ue is
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b serve
t r in
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r mag-
n effi-
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m ore a
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ibit-
i ties,
n
[
w etic

interactions should be relatively weak. However, the mag-
netic susceptibility of this radical is quite unusual. A broad
maximum inχ versusT is seen at 200 K—approximately
one order of magnitude higher in temperature than typically
seen in verdazyl radical crystals. As seen inFig. 7, these
data cannot be fit to standard Heisenberg one-dimensional
chain or dimer models, but qualitatively the strength of the
magnetic interactions must be on the order of−200 cm−1

to account for the susceptibility data. Deviations from one-
dimensional behaviour were proposed based on the substan-
tial spin density predicted on theN-phenyl groups, lead-
ing to quasi-two-dimensional type behaviour (no analyti-
cal expressions for the magnetism of these systems were
available). Qualitatively similar magnetic behaviour – very
strong antiferromagnetic interactions, data that cannot be
fit to standard low-dimensional models – was found in
two other verdazyl radicals49 and 50, although no crys-
tallographic data were available with which to attempt to
correlate the magnetic properties. Nonetheless, these com-
pounds demonstrate the potential for very large through-
space exchange interactions in radical-based molecular
crystals.
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θ =−22 K), whereas the 1,3,5,6,6-pentaphenyl analog
early a Curie paramagnet (θ =−0.1 K) [72]. The latter ma
e rationalized on the basis that the five phenyl groups

o effectively insulate verdazyl spins from one anothe
he solid state. Regarding the other compounds, howeve
elationships between molecular packing and observed
etism are far from understood. Given the relatively in
ient packing in all of these derivatives discussed so fa
agnetic interactions tend to be very weak and theref

unction of packing patterns and spin distributions[73] on a
uch more subtle level than otherwise expected.

There is but one example of a verdazyl radical exh
ng truly eclipsed stacking of the central verdazyl moie
amely 3-(4-fluorophenyl)-1,5-diphenylverdazyl48 (Fig. 6)

74]. The intrastack N–N contacts are roughly 4Å apart,
hich on its own would suggest that intermolecular magn
Another verdazyl that appears to exhibit very strong
ermolecular antiferromagnetic exchange is the 3,3′-bis(6-
xoverdazyl) diradical30 [50]. This diradical adopts
erringbone-type packing pattern in the solid state (Fig. 8).
earest neighbour diradicals within the slipped stacks
ffset both longitudinally and laterally (Fig. 8, inset) but the
mallerN-methyl substituents and truly planar nature of
-oxoverdazyls permit more efficient packing: the interpla
eparation is only about 3.2̊A. TheχT versusT plot for this
ubstance drops off rapidly with temperature but in a ma
hat could not be modelled. The complex bulk magnetic
aviour undoubtedly arises from the fact that there is st

ntramolecular exchange coupling within each diradica
ddition to through-space effects. Based on the qualit

emperature dependence of the magnetic susceptibility
robable that the intermolecular exchange is on the ord
100 cm−1.
Only two other single component neutral 6-oxoverda

adicals have been structurally and magnetically chara
zed, and both derivatives adopt qualitatively similar st
ures. Both 1,3,5-triphenyl-6-oxoverdazyl51 [13] and 1,5
imethyl-3-(2-pyridyl)-6-oxoverdazyl52 [75] adopt antipar
llel one-dimensional stacked structures in which the
atic 3-substituent is well superimposed over/under ne
ouring verdazyl rings within the stack (depicted schem
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Fig. 6. Packing diagram for48. Reproduced from[74] with permission.

Fig. 7. Molecular structure andχ vs. T plot for 48. Reproduced from[74]
with permission.

cally in 53). TheN-phenyl substituents in51 are significantly
twisted with respect to the verdazyl plane, which may ex-
plain the rather large interplanar separation of 3.65Å within
the molecular stacks. In comparison, theN-methyl groups of

Fig. 8. Packing diagram for diradical30. Inset shows superposition of neigh-
bouring molecules within a stack. Reproduced from[50] with permission.

52 offer no such impediment and the interplanar spacing in
this structure is∼3.4Å.

To a first approximation, the magnetic properties of51
and 52 reflect their relative intrastack packing efficiency.
Thus, the temperature dependence of the magnetic suscep-
tibility of both substances can be fit using a one-dimensional
Heisenberg linear chain model. For51, the intrachain ex-
change energy is fairly weak (J =−5 cm−1) [76], whereas
for 52 the calculated value is about an order of magnitude
stronger (J =−56 cm−1) [75], suggesting that intermolecu-
lar exchange interaction energies are very sensitive to inter-
molecular distances at or around the van der Waals limit.

Further details of the magnetochemistry of both51 and
52 warrant comment. As mentioned, the magnetic proper-
ties of51 can be modelled as a Heisenberg antiferromagnetic
chain—but only down to the temperature at which the sus-
ceptibility reaches a maximum. Below this temperature, the
d erg
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sent
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t truc-
t four
v -
p over,
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ecrease inχ is only slight and does not follow the Heisenb
odel. Below 5 K the susceptibility sharply rises, signal

he onset of bulk magnetic order. The ordering is ant
omagnetic but canted, giving rise to weak ferromagne
elow 5 K. This is one of the highest magnetic ordering t
eratures seen in purely organic substances.

Radical52 does not magnetically order but does pre
conundrum in terms of the current paradigms for ra

alizing strong intermolecular exchange interactions. St
hrough-space magnetic exchange interactions are nor
orrelated with close intermolecular contacts between a
hat bear a large spin density. However, in the crystal s
ure of52 the closest contacts between such atoms – the
erdazyl nitrogen atoms – are over 4Å apart, too far to ex
lain the observed strong exchange interactions. More

here is too little spin density on the pyridyl ring for a M



B.D. Koivisto, R.G. Hicks / Coordination Chemistry Reviews 249 (2005) 2612–2630 2623

Connell 1 type mechanism to produce an exchange inter-
action of this magnitude. Therefore, spin density arguments
alone fail to account for the strong exchange. A “supramolec-
ular superexchange” pathway was proposed in which a�*
orbital on pyridine with appropriate symmetry mediates ex-
change between radicals (cf.54). DFT calculations on model
stack triads provided support for this mechanism, which has
significant implications for the ways in which the magnetism
of molecular crystals are considered: the radicals within the
stacks of52 are nearly 7̊A apart yet are still able to magnet-
ically communicate fairly strongly.

3.3.3. Magnetism of verdazyls not structurally
characterized

The solid-state magnetic properties of a large number of
verdazyl radicals have been reported for which no crystal-
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Scheme 4.

ries of 3-(N-alkyl pyridinium)-verdazyl salts of TCNQ have
been reported[91,92]. Alkylation of the 3-(4-pyridyl)- and
3-(3-pyridyl)-1,5-diphenylverdazyls with alkyl iodides af-
forded theN-alkylpyridinium iodide salts. Metathesis reac-
tions with LiTCNQ gave the 1:1 TCNQ complexes of the
verdazyl-based cations, and reaction of these salts with one
equivalent of neutral TCNQ produced the corresponding 1:2
salts (Scheme 4). The charge transport and magnetic prop-
erties of all eight TCNQ salts were reported, but the only
structurally characterized compound is the 1:2 complex of
the N-ethyl-4-pyridinium radical cation [55Et+(TCNQ)2−].
The physical properties of the eight salts are summarized in
Table 2.

The 1:1 salts are all insulators in accord with either iso-
lated TCNQ radical anions or dimers thereof. The 1:2 salts
are semiconductors, consistent with non-integral oxidation
state of anion. Magnetically, the 1:1 salts show weak an-
tiferromagnetic interactions that generally were not mod-
elled. The room temperature moments of the 1:1 salts are
most consistent with�-dimerized (diamagnetic) TCNQ an-
ions and free, isolatedS = 1/2 verdazyl spins which then
couple weakly and antiferromagnetically at low tempe-
ratures.

The magnetic susceptibility of56Et+(TCNQ)2 has a
plateau in theχT versusT plot between 200 and 50 K, at
a value corresponding to isolatedS = 1/2 spins, most likely
t . At
l be-
t nt in-
c ited
t sing
a e
u
w ons)
a ers).
S for
ographic characterization is available. Because these
ounds have not been characterized crystallographica

s not possible to explain the origins of their magnetic
aviour. A summary of the magnetic properties of these c
ounds are presented inTable 1. Notable general features a

he propensity of one-dimensional chain models, which
int at� stacked structures of some sort—not an unrea
ble supposition given the preponderance of various sta
tructures in crystallographically characterized verdazy
ariety of low-temperature phenomena has been obse
ncluding ferromagnetic ordering, weak (canted) ferrom
etism, spin-Peierls transition and alloying effects of s
amples of two different radicals[77–80]. Again, however
o manner of analysis of the bulk magnetic properties o
asis of variation in molecular structure can be consid
nything other than circumstantial in the absence of cryst
raphic data, specifically details of the packing of molec

n the solid state.

.3.4. Verdazyl-based radical ion salts
Systems in which the verdazyl radicals are part o

ationic component of a salt are treated separately in
ecause the anions involved are also potentially active
etic or conducting components. The general strategy
as been to prepare verdazyl radicals with cationic
tituents and combine them with radical anions suc
CNQ− or M(dmit)2−, both of which have been exte
ively employed in conducting molecular materials, in
opes of generating multifunctional materials with coo
tive charge transport and magnetic properties. Thus,
he verdazyl cation radical—the TCNQ spins are paired
ower temperature, weak antiferromagnetic interactions
ween the verdazyls are seen. Above 200 K, the mome
reases, indicative of thermal excitation of TCNQ to exc
riplet states. The high-temperature region can be fit u

dimer model withJdimer=−257 cm−1. This model can b
nderstood based on the crystal structure of this salt (Fig. 9),
hich consists of pseudo-isolated verdazyl radical (cati
nd tetrameric stacks of TCNQ molecules (i.e. two dim
imilar models were employed to fit the magnetic data
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Table 1
Magnetic characterization of verdazyl lacking in crystal structure

X R1 R5 R3 Magnetic propertiesa References

H2 Ph p-MeOC6H4 Ph Linear ising,J ∼ 11.8 cm−1 (footnote poor fit) [81]
H2 Ph p-BrC6H4 Ph CW,θ =−1.8 K [72]
H2 Ph p-iPrC6H4 Ph CW,θ =−1.3 K [72]
H, 1-naphthyl Ph Ph Ph CW,θ =−0.5 K [72]
H, 2-naphthyl Ph Ph Ph CW,θ =−0.5 K [72]
H, p-BrC6H4 Ph Ph Ph CW,θ =−0.6 K [72]
S Me Me p-ClC6H4 CW, θ = +3.2 K; ferromagnetic order;TC = 0.7 K [82–85]
S Me Me p-BrC6H4 Heis. Reg.,J =−14 cm−1 [82–85]
O Ph Ph p-ClC6H4 CW; θ = +2.5 K [86]
O Ph Ph p-BrC6H4 CW; � =−7.7 K [86]
S Ph Ph Ph Heis. Alt.;J1 =−23 cm−1, J2 =−14 cm−1 [86]
S Ph Ph p-ClC6H4 One-dimensional Heis. Chain,J =−20 cm−1 [86]
O Me Me Ph Heis. Alt.;J1 =−29 cm−1, J2 =−14 cm−1 [87]
O Me Me p-MeOC6H4 Heis. Alt.; J1 =−19 cm−1, J2 =−9 cm−1 [87]
O Me Me p-MeC6H4 Heis. Reg.,J =−10 cm−1 [87]
O Me Me p-NCC6H4 Heis. Reg,J =−29 cm−1; spin-Peierls; TSP= 16 K [87]
O Me Me p-O2NC6H4 CW, θ =−2 K [87]
O Ph Ph p-MeOC6H4 Heis. Reg;J =−9 cm−1 [88]
O Ph Ph p-MeC6H4 CW; θ = +2.5 K [88]
O Ph Ph p-NCC6H4 Heis. Reg.;J =−9 cm−1 [88]
O Ph Ph p-O2NC6H4 CW; θ = +1.5 K [88]
S Ph Ph p-MeOC6H4 Heis. Reg.;J =−4 cm−1 [88]
S Ph Ph p-MeC6H4 Heis. Alt.; J1 =−32 cm−1, J2 =−22 cm−1 [88]
S Ph Ph p-NCC6H4 CW, θ = +2.9 K; weak ferromagnet;TN = 0.41 K [88,89]
S Ph Ph p-O2NC6H4 CW, θ =−0.9 K [88,89]
O Ph Ph 3-Thienyl Heis. Reg.;J =−9 cm−1; ferromagnetic order,TC = 5 K [90]
S Ph Ph 3-Thienyl Heis. Alt.;J1 =−12 cm−1, J2 =−7 cm−1 [90]

a CW: Curie–Weiss; Heis. Reg.: regular one-dimensional Heisenberg chain; Heis. Alt: alternating chain.Tmax: temperature at whichχ reaches maximum
value.

56Me+(TCNQ)2− although no crystal structure of this mate-
rial is available. The other 1:2 salts have magnetic properties
that were not amenable to modelling using simple combi-
nations of singlet–triplet models, magnetic chains and Curie
impurities. Once again, the absence of structural data is a ma-
jor impediment, and the titling of this class of compounds as
“genuine magnetic semiconductors” is a curious one because
the compounds in question are not “magnetic” in the ordered
sense.

Related to the TCNQ/verdazyl systems are metal
bis(dithiolene) salts of trialkylammonium cation—substit-
uted verdazyls57–59 [93,94]. The physical properties of
all compounds are summarized inTable 3. Crystallographic
characterization was obtained for the three 1:1 salts57+

[Ni(dmit)2]−, 58+ [Ni(dmit)2]− and59+ [Ni(dmit)2]−. All of
these contain relatively isolated verdazyl-substituted cations
and the Ni(dmit)2 anion, which associates into weakly bound
dimers as depicted inFig. 10 for the salt of 57+. The

Table 2
Physical properties of TCNQ salts ofN-alkylpyridinium verdazyls[91,92]

Compound σRT (S cm−1) EA (eV) Magnetism

55Me+ TCNQ− 1.3× 10−6 – CW; θ = +2.1 K
55Et+ TCNQ− 2× 10−6 – AF interactions; no modelling
55Me+(TCNQ)2− 8.1× 10−3 0.092 AF interactions; no modelling
55Et+(TCNQ)2− 6.9× 10−2 0.072 Dimer model,J =−66 cm−1

56Me+ TCNQ− 1.1× 10−7 – Heis. Alt. Chain, (J1 =−16 cm−1, J2 =−14.7 cm−1+), +ST (J =−220 cm−1)
56Et+ TCNQ− 1.3× 10−7 – AF interactions; no modelling
56Me+(TCNQ)2− 2.9× 10−2 0.091 AF interactions; no modelling
56Et+(TCNQ)2− 1.1× 10−3 0.25 Heis. Alt. Chain, (J1 =−5.3 cm−1, J2 =−2.1 cm−1+), +ST (J =−257 cm−1)
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Table 3
Properties of M(dmit)2 salts of oxoverdazyl-based cations57–59 [93,94]

Compound σRT (S cm−1) EA (eV) Magnetism

57+ [Ni(dmit)2]− 3.6× 10−7 – CW (θ =−5 K) + one-dimensional Alt chain (J1 =−95 cm−1, J2 =−19 cm−1)
57+ [Ni(dmit)2]3

− 8.9× 10−2 0.11 CW (q =−5 K) + S–T (J =−89.7 cm−1)
57+

2 [Zn(dmit)2]2− 3.0× 10−4 – CW,θ =−2.8 K
57+

2 [Pd(dmit)2]2− 1.3× 10−4 0.40 CW,θ =−3.1 K
57+

2 [Pt(dmit)2]2− 1.8× 10−7 – CW,θ =−2.6 K
58+ [Ni(dmit)2]− 1.8× 10−7 – CW (θ =−0.4 K) +S–T (J =−123 cm−1)
59+ [Ni(dmit)2] 4.7× 10−5 – Linear tetramer (J1 =−10.4 cm−1m J2 =−201 cm−1)

Fig. 9. Packing diagram for56Et+(TCNQ)2− [92].

N–S distances are 3.58̊A apart, suggesting that spin pair-
ing may not be complete, and indeed the magnetism of
the compounds containing these dimeric species contains
singlet–triplet models with moderately strong exchange en-
ergies (−100 to−200 cm−1). As was the case for the TCNQ
salts, the “mixed valent” salts here are semiconducting while
the 1:1 salts are insulators. Magnetically the systems are not
unlike the TCNQ salts in that the overall properties can gen-
erally be described as the sum of a relatively strong�-dimer
interaction involving radical anions with Curie–Weiss be-
haviour derived from the cations.

Fig. 10. Molecular structure of the dimer of the Ni(dmit)2 anion in 57+

[Ni(dmit)2]− [93].

A somewhat different “salt” based approach has been ex-
plored in which the verdazyl radical itself is employed as
an electron donor[95]. A series of 1,3,5-triarylverdazyls60
(R = H, Me, OMe) were reacted with strong electron accep-
tors such as TCNQF4 or DDQ (Scheme 5). In these cases,
complete electron transfer from radical to acceptor occurred,
leading to “verdazylium” salts of the acceptor radical an-
ion. The X-ray structure of one derivative reveals that the
TCNQF4 radical anions form�-dimers; as such, both cationic
and anionic moieties areS = 0 entities in the solid state and
all of the derivatives of this class are accordingly essentially
d

3

pin”
s both
iamagnetic.

.4. Metal complexes of verdazyl radicals

One of the most fruitful areas of research into “heteros
ystems are metal complexes in which spins reside

Scheme 5.
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on the metal ion and one or more ligands directly coordi-
nated to the metal. This so-called “hybrid” approach com-
bines organic (�) and metal (d) based spins and has led
to a huge number of metal–radical complexes with a wide
range of physicochemical properties. The major classes of
radical-based ligands are nitroxides (including nitronyl ni-
troxides and imino nitroxides)[96], semiquinones[97,98]
and radical anions of TCNE and TCNQ and other species
[99,100].

The coordination chemistry of verdazyl radicals is still in
its early stages of development. The first coordination com-
plexes of a verdazyl were reported by Brook et al.’s a se-
ries of Cu(I) complexes of the bis(verdazyl)30 described in
Section3 [101]. Each diradical simultaneously binds to two
Cu(I) ions in a bis-bidentate mode, and the copper ion co-
ordination sphere is completed by bridging halides giving
rise to one-dimensional coordination polymers represented
schematically by61–63. The magnetic susceptibility of the
three complexes is qualitatively very similar, with maxima
in the χ versusT plots indicative of low-dimensional anti-
ferromagnetic exchange. The data were modelled based on
an alternating one-dimensional chain consisting of two ex-
change parametersJ1 andJ2, where the former was ascribed
to the intramolecular spin–spin interaction within each di-
radical, while the latter is ascribed to interchain interactions
between pairs of radicals. The exchange parameters were
d
J
6
d
b rac-
t
(
l

–Cu
b e in-
t
t u-
l rdi-
n was
e nds
6 was
e -
t nors
l tions
[

Discrete verdazyl-coordination complexes of diamagnetic
metal ions have been realized by using a verdazyl radical64
containing a 2-pyridyl substituent. This radical was designed
to chelate to a single metal analogously to 2,2′-bipyridine
[102]. Group 12 dihalide complexes66 (MX2 = ZnCl2, CdI2,
HgCl2) were made either by direct reaction of the radical
with the metal dihalide or by initial coordination of the rad-
ical precursor, i.e. the corresponding tetrazane, followed by
oxidation of the coordinated tetrazane to a radical[103].
Cationic copper(I) bis-phosphine complexes67 were gen-
erated in situ from the radical, [Cu(MeCN)4]+ and the phos-
phine[104]. The metal–radical complexes could be charac-
terized in solution but no structural or solid-state magnetic
data could be obtained owing to the decomposition of the
complexes regardless of the way in which they were prepared.
Nonetheless, simulation of the EPR spectra of the metal com-
plexes suggested some perturbation of the radical electronic
s ts in-
c om-
p he P
a

lear
C of
t ir
i Mag-
n inter-
a ugh
a ed
o tions
b ex-
c

etermined to be as follows: for61, J1 =−190 cm−1 and
2 =−116 cm−1; 62, J1 =−200 cm−1 andJ2 =−110 cm−1;
3, J1 =−271 cm−1 andJ2 =−200 cm−1. The significantly
ifferent parameters for the iodide-based material63 may
e due to a different packing pattern—powder X-ray diff

ion studies suggest it has a different unit cell than61 or 62
which are isostructural), though single crystal data for63 are
acking.

Although intrachain exchange mediated by Cu–X
ridges was thought to be negligible, the change in th

ramolecularJ1 of the coordinated molecules of30 compared
o the exchange interaction in free30 suggests strong mod
ation of the electronic structure of the diradical via coo
ation, even to a diamagnetic metal ion. This hypothesis
xamined computationally in model dinuclear compou
4 in which the exchange interaction in the diradical
xamined as a function of the phosphines PR3. Density func
ional calculations suggest that stronger phosphine do
ead to smaller antiferromagnetic exchange interac
31].
tructure—selected nitrogen hyperfine coupling constan
rease upon coordination by up to 2G and in the Cu c
lexes, additional hfcs could be given to the Cu and t
toms.

One tetrazane complex did lead to isolation of a binuc
uBr adduct68 of verdazyl65, basically a model segment

he polymer network62 [105]. Oxidation was affected by a
n reaction, and was perhaps catalyzed by the metal ion.
etic measurement shows only weak antiferromagnetic
ctions which could not be quantifiably modelled, altho
n exchange parameter of∼−10 cm−1 was estimated bas
n a dimer model; through-space intermolecular interac
etween neighbouring radicals may well be the primary
hange mechanism here.
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A few other verdazyl complexes of diamagnetic metal
ions have been reported. Hicks and co-workers prepared
a 2:1 homoleptic, mononuclear Cu(I) complex69 of a 6-
methyl-2-pyridyl analogue of radical65 [106]. Structurally,
the two radicals are not perpendicular to one another, as
the Cu(I) coordination geometry is a flattened tetrahedron.
Despite the coordination of two radicals to a single metal
ion, the intramolecular radical–radical exchange in this
cationic species was found to be very weak (∼−2 cm−1),
in contrast to a related bis(imino nitroxide)Cu(I) com-
plex in which the two radicals are fairly strongly ferro-
magnetically coupled[107]. Computational studies sug-
gest that the geometry at the copper center indeed has a
strong effect on the intramolecular radical–radical exchange
[108].

etal
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try constraints), and the strength of the magnetic exchange
is related to the relatively large spin density on the nitro-
gen donor atom of the verdazyl, permitting stronger inter-
actions with the metal-based spins. This turns out to be
one of the largest ferromagnetic interactions in all of the
metal–radical literature and bodes well for the magnetic prop-
erties of putative nickel–verdazyl-coordination polymers in
which extended lattices of Ni(II)–verdazyl spins can interact
strongly.

Other verdazyls (73–75) that have been added to the family
of ligands of this radical structure have the advantage of the
chelate effect to make them effective ligands. Pyrimidine-
substituted verdazyl73 is a bis-bidentate species that can
coordinate to two M(hfac) substrates analogously to the
m d
N tems
a oun-
t red of
v s
f
r ela-
t ex-
c ver,
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b etry
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The only other verdazyl complex of a diamagnetic m
on is a Ru(Bipy)22+ complex70 of anN-methylpyrazole sub
titued verdazyl. The compound was spectroscopically
lectrochemically characterized but no magnetic prope
ere reported[109].

Radical complexes of paramagnetic metal ions ope
he possibility for direct metal–ligand exchange interacti
nd it is here that some of the more significant deve
ents in verdazyl metal chemistry can be found. The

uch verdazyl complexes were the M(hfac)2 complexes71
nd 72 of chelating verdazyl65 [110]. Analysis of the
agnetic susceptibility of the two complexes revealed
n–verdazyl intramolecular exchange is moderate and

erromagnetic (J =−45 cm−1), whereas the Ni–verdazyl e
hange is ferromagnetic and exceptionally strong; a lo
imit of +240 cm−1 could be determined based on the varia
emperature magnetic susceptibility. The nickel–verd
erromagnetic exchange can be rationalized on the ba
rthogonality of the spin-containing orbitals (all three sp

n 72 are in orbitals that share physical space, but
ot engage in quantum mechanical overlap due to sym
2
ononuclear complexes71 and72 [111], and the Mn– an
i–verdazyl exchange parameters in the binuclear sys
re nearly identical to those found in their mononuclear c

erparts. 2:1 verdazyl:metal complexes have been prepa
erdazyls74 [112,113]and75 [114], and crystal structure
or Ni(II) complexes of both are presented inFigs. 11 and 12,
espectively. The Ni(II)–verdazyl exchange remains r
ively strong and ferromagnetic and Mn(II)–verdazyl
hange is uniformly antiferromagnetic as before. Howe
here is some variation in the magnitude of exchang
oth metal ions suggesting that magnetic interactions
e influenced by the ancillary ligand set, subtle geom
hanges, etc. It is also worth noting that verdazyl–verd
xchange within the inner coordination sphere of a m

s highly dependent on orientation. In complexes where
adicals are not coplanar (e.g. the 2:1 complexes of74 as
ell as Cu(I) complex69) the radical–radical interactio

ends to be very weak, but in the pseudo-octahedral
lexes of75b the two radicals lie in the same plane
ig. 12) and the radical–radical interaction becomes sig
ant (J =−42 cm−1).
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Fig. 11. ORTEP drawing of a Ni(II) complex of74. Reproduced from[112]
with permission.

There remain some aspects of metal–verdazyl complexes
that are not yet well understood. A Co(II) complex of75
appears to exhibit ferromagnetic Co–radical exchange[114],
but the quantitative modelling of exchange coupling in Co(II)
centers is challenging because of the spin orbit coupling of
the cobalt ion. Also, based on the orbital symmetry argu-
ments developed for the Ni(II) systems, copper(II)–verdazyl
coupling would be expected to be ferromagnetic and fairly
strong similarly to nickel. Yet, the magnetism of a Cu(II) com-
plex of74 is very weak—all three spins are only very weakly
interacting[113]. This is to date the only Cu(II) complex of
a verdazyl, so more information is needed. But overall, the
coordination chemistry of verdazyl radicals is proving to be
a fruitful area of structural and magnetochemistry, and the
structural resemblance of the verdazyl donor site to that of
a pyridyl group offers much potential in the arena of met-
allosupramolecular chemistry. In this vein, several complex

F
w

ligands76–80 containing verdazyl ligands that are structural
mimics of oligopyridines have been synthesized[115].

4. Conclusions

Verdazyls have a venerable history, magnetically speak-
ing. They also deserve continued attention as magnetic build-
ing blocks: they are among the most stable of radical families,
and in particular their stability towards air and water makes
t olv-
i f
n icals,
m d the
f wed
a
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ig. 12. ORTEP drawing of a Ni(II) complex of75. Reproduced from[114]
ith permission.
hem well suited for use in supramolecular chemistry inv
ng hydrogen bond donors such as OH or NH2. A number o
ovel magnetic phenomena have been observed in dirad
olecular crystals and particularly metal complexes, an

uture of magnetochemistry of verdazyls should be vie
s bright.
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