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Abstract

Stable organic radicals have received much attention as building blocks for the construction of molecular magnetic materials because the
are readily functionalized using modern synthetic techniques. In this context, the nitroxide radical family has been the dominant class of
radicals in molecular magnetochemistry. However, other stable radical systems have also been explored. One such example is the verda:
family of radicals. Their high chemical stability and synthetic versatility make verdazyls one of the more attractive alternatives to nitroxides
in molecular magnet design. This article reviews the magnetism of verdazyl-based systems, including through-bond coupling in polyradicals
coordination complexes and intermolecular interactions in the solid state.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction magnetic building blocks and/or new and improved ways of
assembling them. By building block, we mean a spin-bearing
The pursuit of molecule-based magnetic materials can beentity, for unpaired electrons are a necessary component of all
described fundamentally as the science of discovering newmagnetically interesting materials. There are a number of dif-
ferent strategies to assemble spins in molecular-based mag-
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(radical-containing polymers, molecular crystals of stable R
radicals) and hybrid approaches in which both metal and R._ )6 R R1\N)\N”R5
radical can be spin active (metal complexes and coordina- ReCHRXTNT N8 Nel NH ——
tion networks involving radical ligands). The structural and = NYNH T 0,
physicochemical diversity in these classes of compounds re- Rs
quires a great deal of fundamental effort to better understand g, _ 3
the magnetism of molecular systems en route to new gener- 1 N NN
ations of molecule-based magnets. NYNH NYN.

As noted above, several approaches in molecular mag- Rs Rs
netism make use of organic radicals as a ‘spin-active’ com- 2 S R 5
ponent. A basic requirement for a given radical is that it must X @/I\G
be stable enough to be prepared, isolated and characterized. ReCHO R‘\l}ll I}J’RS ascorbate
Thisis a severe constraint, as there are few radical classes with H* HN\fN 0,
sufficient stability to be used for materials science purposes. Rs
Significant fundamental advances in intramolecular spin ex- 6
change have been realized in systems based on highly reac-
tive radicalg1-5]. However, it is desirable to ultimately de- Scheme 1.
velop structure—property relationships in stable radical fam-
ilies. Many otherwise highly reactive or even transient rad- 2. Verdazyl radical: general considerations
icals can be rendered kinetically stable through the use of
sterically bulky substituents, but the very features providing 2.1. Syntheses
stability also provide protection from interaction (magnetic
or otherwise) with other species. Thus, the most promising  Verdazyl radicals were discovered by Kuhn and
spin-active molecular building blocks are those, which do not Trischmann in the early 1960s. They reported that attempted
rely on steric bulk for their stability. Not surprisingly, most alkylation of formazang does not lead to the expectad
effortsin radical approaches to molecular magnetism have fo-alkylated formazans; these intermediates, detectable in a few
cused on nitroxides, arguably the best-known family of stable cases, generally rearrange to give tetrazihesich are aer-
radicals. Other stable radicals that have received attention aobically oxidized to give verdazyl radicals of general struc-
magnetic building blocks include triphenylmethyl-based rad- ture 5 as grass-green compoundicfieme 1[8]. This re-
icals, phenoxyl-based radicals, heterocyclic thiazyl radicals mains the most common means of making verdazyl radicals
and radical anions such as those derived from TCNE, TCNQ with an sg hybridized C6 skeletal atom, and a wide range
and quinones. of verdazyl derivatives have been prepared by this method,

Verdazyl radicals (tetrahydretetrazin-1-(2H)-yl radi- including examples of verdazyl-based di-, tri- and polyrad-
cals) have the general structdrand are another established icals (vide infra). More recently Katritzky et aJ116] de-
class of stable radicals. They do not dimerize in solution or veloped an alternative route to verdaz§lsiith a saturated
the solid state, and in fact are the only class of radicals that areC6 atom. Treatment of formazans with aldehydes in strongly
generally air- and moisture-stable and whose stability doesacidic media produces “verdazylium” catiofisvhich can
not require bulky substituents. These features make them at-be reduced to the neutral radical using ascorbate and air; the
tractive as potential building blocks for molecular materials. ascorbate reduces the ring to an anion (the deprotonated form
Although verdazyls have not received the same level of atten-of 4), which is subsequently air-oxidized to the radical. These
tion as the better known nitroxides, there is a body of litera- routes lead to verdazyl derivatives with a wide range of alkyl,
ture dating back over 30 years concerning the magnetochem-aryl and other substituents at C3 and C6. However, the N1
istry of verdazyls. Earlier reviews on verdazyls have focused and N5 groups are generally constrained to be aromatic due
on their synthesis, characterization and chemical propertiesto synthetic limitations in formazan synthefg.
[6,7]. Herein, we offer a review of the magnetic propertiesof =~ The second (and thus far, only other) major synthetic
materials based on verdazyl radicals. General information onroute to verdazyls was reported by Neugebauer and Fischer
the synthesis and characterization of these radicals are pro{10] and Neugebauer et 4L1]. N,N'-Dialkyl bis-hydrazide
vided as a prelude to discussion of systems in which verdazylsreagents7 (X=0, S) condense with aldehydes to give the
may couple magnetically to other spin-systems (verdazyl or saturated tetrazane rin§swhich can then be oxidized to the
otherwise): (a) through bond, (b) through-space and (c) to corresponding orange-red verdaz9l§Scheme P A wide

metal ions in coordination complexes. range of oxidizing agents have been used, including lead ox-
R e R ide, silver oxide, ferricyanide, periodate and benzoquinone.
Ts ’|“1 The verdazyls prepared by this route have a carbonyl or thio-
N N3 carbonyl group at the C6 position, and it has been demon-
4>y 2
3 strated that the carbonyl group can be reduced to agedlip
1

on the radical, affordingV,N'-dialkyl verdazyls of structure
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X X X
Fh\NJkN,Rs RsCHO wa “."Rs [oX] R1\’T‘JL’?"R5
NH, NH, HNONH NN
7 8 9
Scheme 2. L
A= N-N
Py ) Ph—§ =0
X N—N.Ph N=N
Ar1\,}lH — An\l}l/[LCI Ph
Nﬁ —_— Nﬁ Fig. 1. Qonformations ofverdazyl rings in 1,3,5-triphenylverdazyl (left) and
Rq & :F,3,5—tr|phenyl—6—oxoverdazyl (right). Data from referenfe%13], respec-
3 tively.
10 11

to classify these radicals according to the presence or ab-
ArsNHNH, sence of the carbonyl group at C6, as there are subtle but

non-negligible differences in the molecular and electronic

X X structures of the two classes. Thus, the two major verdazyl

Ar1\NJ\N,Ar5 Ar1\NJ\N,Ar5 classess and9 differ essentially by the presence of a sat-
NoN T HN_ _NH urated (sp3) carbon center in the ring of the former and a

h carbonyl group in the latter. In the non-carbonyl-containing

1R; Rs radicals5 the saturated carbon lies out of the plane, produc-

12

Scheme 3.

5 (where R =H) [12]. This methodology is applicable for a

ing a half-chair conformation as exemplified by the struc-
ture of 1,3,5-triphenylverdazyF{g. 1) [19]. The so-called
“6-oxoverdazyls™ are generally fully planar rings, resulting
from amide-type resonance involving the carbonyl group and

wide range of aldehydes, but limitations in the syntheses of itS two flanking nitrogen atomssig. 1 depicts the structure

bis-hydrazide§ require the nitrogen substituents Bhd R

to be methyl or benzyl.

of 1,3,5-triphenyl-6-oxoverdazyl3]. The three-coordinate
nitrogen atoms in both cases remain almost planar—the sum

A route toN,N'-diaryl 6-oxoverdazyls has also been de- of the angles at these nitrogens in 1,3,5-triphenylverdazyl is

358.7. The N-aromatic groups are twisted with respect to the

veloped Scheme B[13]. Careful reaction of hydrazond#
with phosgene or thiophosgene yields choloroformyl hydra- Plane of the verdazyl, 35or the oxoverdazyl and between
zonesl1 which on treatment with arylhydrazines cyclize to 15 and 25 for the non-carbonyl-containing radicals.
diaryl-substituted tetrazand@. The tetrazanes can then be The spin distributions in verdazyl radicals have been es-
oxidized to the radical3 analogously to thev,N'-dialky! tablished through a combination of experiment and theory.
derivatives described above. Electron paramagnetic resonance (EPR) spectroscopy played
There have been a few reports of inorganic verdazyl ana- & central—though notthe only —role in developing a picture of
logues in which one of the skeletal carbon atoms have beenspin distributions in both classes of radicals. The EPR spectra
replaced by phosphorus—so-called “phosphaverdazyl” rad- of verdazyls are generally quite complex, owing to hyperfine
icals 14 and15 [14-18] The synthetic methodology is con- interactions with the two pairs of nitrogen atoms and protons
ceptually similar to that used for the oxo-/thioxoverdazyls ON the ring substituents. The situation is further complicated
in Scheme 2No magnetic studies of these compounds have PY the near equivalence of the magnitude of hyperfine con-
been reported and as such these radicals will not be discussegtants for the two chemically distinct pairs of nitrogen atoms.

further.

Consequently, many researchers have resorted to additional

x\\ N o techniques in order to gain a full picture of the spin distribu-
Me.-P\-Me Me‘NJ\N'Me tion in these radicals. Methods such as electron nuclear dou-
N N N ble resonance (ENDOR2O0], electron—electron double res-

: R onance (ELDOR]J21], dynamic nuclear polarization (DNP)
Ro R R [22] and nuclear magnetic resonance (NMR3—27] have
14 15 all been employed.

2.2. General properties

The spin distribution in all verdazyls is dominated by the
four nitrogen atoms of the heterocycle. Both classes of ver-
dazyls have similar hyperfine coupling (hfc) values for both

A large number of verdazyl radicals have been prepared sets of nitrogen atoms. In the 1,3,5-triarylverdazylshe
since their initial discovery 40 years ago. It is convenient hfc’s for the two-coordinate nitrogens gnd N;) and those
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of the three-coordinate nitrogens{NNs) are typically the rials. In purely organic systems, spin—orbit coupling effects
same within experimental error, ranging from 5.8 to 6G. In are negligible, and it is often possible to accurately make dia-

comparison, the nitrogen hfc’s in the 6-oxoverdazydif- magnetic corrections to paramagnetic samples through mea-
fer: the Nb/N4 values are usually 6.3—6.5G and/N5 de- surements on diamagnetic analogues of radical compounds.
pend on their substituents, having hfc's -e#.5-5G when However, understanding magnetism in radical-based mate-
R1 =aromatic and~5.3G when R =alkyl. Hyperfine inter- rials presents significant challenges. The magnetic proper-

actions with protons on the 1,3,5-substituents can also beties of crystalline radical samples can be particularly com-
observed to varying degrees. 1,5-Dialkyl verdazyls have pro- plicated due to a hierarchy of possible magnetic interactions
ton hfc’s of~5.3G, whereas aromatic protons produce values both through-space (intermolecular) and through bond (in-
generally under 2G. Substituents on C3 generally give small tramolecular). Understanding these effects usually requires
(<1G) hfc's and are often undetectable by EPR, necessitatingexperimental data on both the solid sample as well as for
the use of ENDOR or NMR for detection. “isolated” molecule to be able to delineate intra- and inter-
Calculations on verdazyl radicals range from simple molecular effects and to identify possible exchange pathways
Huckel theory to computationally intense density functional based on knowledge of the spin distribution in the radical in
and ab initio post-Hartree—Fock methods, and collectively question. Eveninthe absence of through-bond complications,
provide a picture of the electronic structure of verdazyls that the complex packing patterns, generally weaker exchange
is qualitatively consistent with experimental d4£8—-33] interactions that occur through-space and influence on mag-
The NtN2C3N4Ns fragment of the ring common to both ver-  netic properties of seemingly minor impurities can render the
dazyl types § and9) has sevenr electrons (the carbonyl interpretation of magnetic susceptibility data a serious chal-
group in the oxoverdazyls could also be included, though lenge. For this reason, in order to interpret magnetic data on
it is cross-conjugated with respect to the rest of the ring). crystalline solids it is imperative to have crystallographic in-
The odd electron resides inte singly occupied molecu-  formation on the solid-state structure and molecular packing.
lar orbital (SOMO)16 spanning the four nitrogen atoms of Unfortunately such structural data are not always possible, a
the ring. The phase properties of this orbital are such that aproblem that has surfaced in some of the most important de-
nodal plane passes through the C3 atom and the bond to subvelopments in molecule-based magnet[84)] and is an on-
stituent R. As a result, there is no spin delocalization onto going issue for many molecular systems including verdazyls
the C3 group and substituent effects on spin distribution are (see below). With this caveat in mind, the literature cover-
muted. Spin polarization effects do lead to spin density on ing magnetic properties of verdazyls has been organized into
C3 as well as the substituent, though the extent of spin leak-three general classes of exchange interaction: (i) through-
age is generally small. Overall, the four nitrogen atoms carry bond exchange in verdazyl-based di- and polyradicals, (ii)
roughly 80-85% of the total positive spin density and the C3 through-space exchange in verdazyl molecular crystals and
carbon atom possesses approximately 3—-6% negative spir(iii) verdazyl-coordination complex magnetochemistry.
density arising from polarization effects. When the nitrogen
substituents Rand R are aromatic, spin delocalization and  3.2. Through-bond magnetism of verdazyl-containing
polarization effects lead to spin populations on the aromatic polyradicals: intramolecular coupling
carbons of a few percent. Spin polarization effects alone lead
to spin populations on aromaticsRarbon atoms of 1% or The linking of radicals together through covalent bonds
less. There is also vanishingly small spin on C6 substituentshas long been a popular approach to spin coupling in molec-
Rg of non-carbonyl verdazyl§ because of both the nodal ular radical systemg5]. Relatively few of these are di- and
plane in the SOMO and the fact that C6 is not conjugated polyradicals based on verdazyls, although some of the very
with the rest of the verdazyl ring. first magnetic investigations into verdazyl-based materials
Rs concerned di- and triradicals. By applying the formazan syn-
\ thetic methodology to bifunctional precursors, Kuhn et al.

R X R
: ® prepared a diverse series of verdazyl-based di- and triradicals
[36]. Some of these include diradicdlBand18 in which ver-
) dazyls are connected laybutyl spacers at the ring C3 or C6
3

atoms, respectively. These were studied by magnetic suscep-
16 tibility and EPR, echo-modulation spectroscdpy], NMR

and EPH38], the results of all of which lead to nearly degen-
erate singlet and triplet states for both molecules. This is not

3. Magnetic properties of verdazyl radicals surprising because the saturated butyl linker is electronically
insulating, thereby precluding significant intramolecular ex-
3.1. General considerations change coupling. It should be noted that no evidence of inter-

molecular coupling was observed either, though in principle
The magnetic properties of molecular systems are in somethe flexibility of the butyl spacer could permit through-space
ways simplified compared to conventional inorganic mate- interactions between the two radical moieties.
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Other verdazyl containing polyradicals linked by non-

C??JUQatedd Spal.CEEILSI.InkChéde the tetralrad[tsal r?omtlmse: Fig. 2. Topological spin preferences far andp-phenylene bridged dirad-
of four verdazyls N-linked to a central tetraphenylmethane jc,s.
core[39] and benzene-bridged triradic20 [40] (the point
of attachment—the C3 atom of the radicals to the benzene fundamental set of relationships between topological spin
core is a saturated carbon center, and as such this triradical i%istributions and exchanae cou p" 4.35 43 42 A ghief P
considered non-conjugated). In accord with their molecular " ge coup t@ ,35,43,44] .
structures, characterization of possible spin communication resultof this is a general predlqtab|llty of Wh"’?‘ sorts of conju-
in both molecules revealed negligible interactions through a gated spacer groups lead to high- or low-spin exchange cou-
combination of EPR, NMR and magnetic susceptibility stud- pling in conjugated di- and polyradicals. For example, a large
ies. The spin-quartét state 20 was described as “14 cth number of diradicals are based on odd-electron moieties con-
above the doublet ground state”, although the spin-state Sit_nected to a central benzene ring. Two radigalslinked “metao_n
uation is in fact more complex: antiferromagnetic exchange a benzef‘e” gene_rally lead to ferromagnetlgally coupled.radl—
in a three-fold-symmetric triradical such2should lead to cals, while para-linked sys_tems lead to anuferromqgnetmally
spin frustrated behaviour because the three pairwise antifer—couD!ed sy_stemsF{_g. 2. This ggneral rule also requires .SUb'
romagnetic interactions cannot be mutually operative stantial spin density at the point of attachment to the linker.

' Thus, in localized diradicals such asxylylene the triplet

Ph Ph state is favoured substantially (>9 kcal/mol), whereas diradi-
N*N7 (N\N cals in which there is little spin density on the adjoining atom
BU‘/«N/N N\N»\‘BU Ph are much more weakly coupled and in some cases spin state

. O Q ) NAN. preferences become subject to other effects, e.g. conforma-
Ph—N. _N—Ph tional.

With this in mind, several conjugated verdazyl di- and

O O Ph Ph polyradicals have been constructed by attachment of the ver-
But ZN N,' By .N,\N NI\N dazyl moiety at either one of the nitrogen atoms or the C3
~ ) { T s N N carbon atom. As discussed earlier, the verdazyl SOMO has
NN 19 NN PPN, g N7 PR anodal plane that passes through the C3-substituent bond,
Ph Ph 20 thereby limiting conjugative spin delocalization. In the Bor-

den and Davidson terminolod%3], two SOMOs of the di-
Broadly related to the non-conjugated di-, tri- and tetra- radical can be confined separately to each radical and as such
radicals described above are saturated organic polymers conare disjoint The small amount of spin density at C6 (through
taining verdazyls as part of the side chains, @lgand22 spin polarization effects) would be expected to lead to rela-
[41,42] Weak antiferromagnetic exchange between radical tively weak exchange. In contrast, N-linked verdazyl diradi-
centers is suggested based on the limited physical data, butals may be expected to exhibit stronger magnetic coupling
given the structures of these polymers it seems likely that any because of the substantial spin density on the N atoms. These
measurable interaction would be principally through-space in predictions were in fact made first using simple HMO anal-
nature.m-Conjugated polymers incorporating verdazyls are yses in 196728].
as yet unknown. The first experimentally studied verdazyl polyradicals
X were the benzene-bridged diradic23sand24, in which ver-
« " 1i\]\ dazyls are connected vi@ or p-phenylene groups at C3 and
the 1,3,5-benzene-centered triradic2ds(R =H, Me) [36].
0”0 . o
O O Magnetic susceptibility measurements revealed temperature-
independent magnetic moments, with values consistent with
A SN Na-Ph essentially non-interacting spins2.45u.g for each diradical
_Ne N, and~2.97pp for the triradical). EPR spectra showed some
21 T 2 N evidence of weak dipolar coupling, although variable tem-
perature spectra were not recorded, thereby precluding deter-
Intramolecular exchange is generally stronger when the mination of the intramolecular exchange. Subsequent stud-
individual spin centers and the molecular substructure which ies on the triradical using quantitative, variable-temperature
links them are altr-conjugated. Di- and polyradicals of this EPR spectroscopy, provided support for the early stydis
nature have been well studied theoretically and experimen-Kopf et al. carried out paramagnetic NMR studies, the results
tally, and one of the most important developments has beenof which also suggested extremely weak intramolecular ex-

Ph
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4 top). Moreover, the plot of 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
0 100 200 300 undertaken to unequivocally settle this issue.
TCK) Benzene-bridged diradical analogue8fand24 based
on the “oxoverdazyl” radical26 and28) have also been ex-
amined, along with a 2,5-thienyl-bridged diradi@al [48].
8t The radicals were examined using electrochemical (CV) and
< spectroscopic (UV—-vis, EPR) methods, all of which sug-
X 6} gest the radical moieties of each diradical are at best weakly
g 9% coupled—in each of the diradicals, oxidation of the two radi-
x cals (quasi-reversibly or non-reversibly) occurs concurrently,
4r % the absorption spectra suggest little electronic overlap of two
% radicals and Curie plots of the EPR signal intensities are linear

2 . N . . ° which suggest degenerate singlet and triplet states. The in-
1 3 10 30 100 300 stability of these diradicals in the solids state precluded their

T(°K) characterization by magnetic susceptibility measurements.

Fig. 3. Top: 1k vs. T plots for 23 (open circles) an@4 (filled circles). Me. j\ Me
The solid and broken lines correspond to theoretical Curie—Weiss plots with Me. _N N. _Me l}l l}l'
Curie constants of 1.00 and 0.75, respectively. Bottpus. 7' for 23. Figures N | ~ N eNa N
taken from[47] with permission. O}\N’N‘ 'N\N/&O

1/Xmol(X107?)

change in both diradica[88]. Azuma and co-workers have
also examined these diradicals by ERR] finding that low-
temperature (77 K) spectrum was that of a typical triplet-type o /,/\l S \A\o _N__N.
species, indicating that a triplet electronic state was at least ° ¢ M €
thermally accessible for both species—although no further
EPR information was provided that would allow determina-  The simplest possible verdazyl diradicals have the two rad-

tion of the ground electronic state. icals directly attached, i.e. the “spacer”is just a chemical bond
Ar, Ar between two ring atoms. Several variants of C3-g&ed
N—-N N-N R diradicals have in fact been studied. These can be considered
M_@_( ) Ph‘N)\N'Ph to be heteroatom/heterocyclic variants of one of the prototyp-
Ar/N_N . N_N\Ar Na Ne ical disjoint diradicals, namely tetramethyleneeth3®elhe
ground spin state preference of tNgV',N’,N"’-tetraphenyl
bisverdazyl29 could not be ascertained due to the instabil-
Ars N N (AT PN N-Ph ity of this species, although frozen EPR at 88K do reveal a
L 'N NG, PN 'N No randomly oriented triplet spectruf9], suggesting at least
N * ° N RO NP TR a thermally accessible triplet state at this temperature.
A 24 A Ph 25  pn x
The results described above concerning diradi2asnd A S AT Me\NJ\N'Me
24 are apparently contradicted by a report claiming that both N Ne NN *
species possess triplet ground states with exchange energies I I I
in excess of 300 K47]. These conclusions are based on anal- *NTEN N7 Ne .
yses of the 1 versusT, magnetic susceptibility data, which A N~Na, Me/N\n/N‘Me 32
the authors claim provides a better fit%e 1 (triplet) rather 29 X
than twoS=1/2 diradicals. However, their plot of gher- 30X=0
susT does not appear to support this conclusiéig( 3, 31 X=8§
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The oxo-based diradic8l was first reported by Neuge- dependent UV-vis spectra, whereas the spectra of the most
bauer and Fisch¢t0] and its electronic properties were stud- weakly coupled ones 32¢, d — resemble those of the parent
ied thoroughly by Brook et a[50]. Frozen solutions of the  triphenylverdazyl radical.

diradical give rise to triplet EPR spectra: thens=1 spec- R Ar

tral region was dominated by dipolar coupling and a “half- =N N X = M@N
field” (Ams=2) transition associated exclusively with the °N JN-X-N\ N n
triplet state was observed. A Curie analysis of thag=2 Ar/N N{R 32a n=1
peak afforded a singlet-triplet energy gap-e¥60cnt?, 32b n=2
i.e. the two radicals are fairly strongly antiferromagnetically g%g 222

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 diradica30 and thioxo-analogul, in which

coupled. In the solid-state, magnetic susceptibility measure-
ments show effects of both intramolecular exchange coupling O O
as well as intermolecular interactions, in accord with the OO 32¢g

R Ar
the N-methyl groups were replaced by hydrogen atoms—are >_ .\ /_N'
in qualitative agreement: the two verdazy!l units are antiferro- N™
magnetically coupled, and the calculated strength of the in- N—/ —<
teraction depends on the torsion angle between the two rings. 32a' R

For the planar structure (torsion angle“},0calculated ex-

. 1 ) There are very few example of “heterospin” verdazyl sys-
change energies range fron664 to—1084 cn1 - depending

i , i tems involving through-bond coupling between a verdazyl
on the computational methd@2,51} As will be discussed 54 3 different radical moiety. Lahti and co-workers prepared
in Section3.4, diradical30 has been employed as aligand for . 4~ ide-substituted verdaz3d and used it to generate a
transition metals and the coordination of metal ions leads to verdazyl-nitrene hybrid4, which was characterized in situ
perturbations of the intramolecular exchange coupling in the using EPR and electronic spectroscopy. SHe/2 spin state

diradical. S so characterized was found to be similar in nature to other
A final variation on verdazyl-based polyradicals involves polyradicals in which a nitrene is para to a second radical
linking verdazyls to a spacer via their nitrogen atoms. Given center54].

the substantial spin density on these atoms, diradicals linked

in this way would be expected to show more substantial in- Bh Ph

tramolecular coupling compared to the previously discussed N Ph\N)\N’Ph

systems in which verdazyls are connected via their nodal C3 N X N- N Ne

atoms. This has proven to be so for a series of such diradi- _hv

cals32[36,52,53] The simpley-phenylene bridged diradical 77K

32a appears to be fully diamagnetic even at room tempera-

ture, and as the number pfphenylene linkages increases 33 N 34 e

there is a gradual evolution to true biradical behaviour; di-

radicals32b and32c have exchange energies 210 and The only other verdazyl-based heterospin systems of note

—35cn1 ! based on dimer model fits to magnetic suscepti- represent a somewhat different concept towards magnetic
bility data, and32d is essentially a true biradical. Isomeric  coupling, namely the observation of intermolecular exchange
biphenylene diradical32e and32f are comparable t32b in photoinduced excited statfs5-57] The ground states of

in terms of exchange energy, while the naphthalene-bridgedcompound$5 and37 only possess verdazyl-based spins, and
systems32g and32h are somewhat more strongly coupled consequently have EPR spectra typical of 1,5-dimethyl-6-
(J ~ =525 cnT1). These numbers should be interpreted with oxoverdazyl derivatives; similarly, Curie analysis of diradical
caution because the magnetic data were obtained on solid36 in its ground state suggests very weak antiferromagnetic
samples—thereby raising the possibility that intermolecular exchange {—2 cni~t). However, upon continuous irradia-
interactions might be contributing to the magnetic properties. tion, time resolved EPR spectroscopy (TREPR) permits ob-
However, the proposed closed-shell doubly zwitterionic reso- servation of signals readily assigned to spin quastet3/2)
nance contributors (shown a2a’ for derivative32a) which species in the case 65 or 37, and a spin quintetS(= 2)
would account for the strong intramolecular antiferromag- spectrum foB6. These arise from photoexcitation of the an-
netic electronic coupling is corroborated by their solution thracene or pyrene moieties to produce excited state triplets,
UV-vis—NIR spectra: the most strongly coupled diradicals — which can then interact ferromagnetically with the 1/2

32a, b, g, h — have significantly red-shifted and temperature verdazyl radical substituents. Density functional calculations
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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 materialg8].
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Fig. 4. Packing diagram for 1,3,5-triphenylverdazyl. Reproduced {i®h

with permission. Nitrogen atoms are black.
3.3. Through-space magnetic interaction in verdazyl
radical molecular crystals

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

Investigations of the magnetic properties of radical-based stable radical) to be magnetically and structurally charac-

molecular crystals are extensive within the molecular mag- terized is 1,3,5-triphenylverdazyl. A packing diagram for
netism community. The challenges in this area are consider-this molecule is shown ifrig. 4 [19] The radicals lie in
able, as the combination of relatively weak magnetic inter- the ac plane and adopt a layered structure in which the C3
actions through-space (compared to intramolecular) coupledphenyl substituents are partially superimposed over/under
with the complex packing patterns adopted in molecular ma- the central verdazyl ring of adjacent molecules along the
terials can render the development of structure—property re-b-axis. The N-phenyl groups interleave with one another
lationships very difficult. Even in very well studied materials parallel to both thex and ¢ directions. The closest inter-
such as nitroxide radicals, where there is ample magnetic andmolecular contacts in this structures are some C—N con-
structural data, a basic understanding of how intermoleculartacts between 3.8 and 40ie. beyond the van der Waals
magnetic interactions are dictated by distance and relativecontact distance for these atoms. There is no N—N contacts
orientation of spin centers is still lackiri§9,60] It is there- within 4A.
fore worthwhile to examine different radical systems in the  The magnetic properties of 1,3,5-triphenylverdazyl were
hopes of uncovering such structure—magnetism correlations first reported in 1973[61]. The susceptibility follows
Verdazyl radicals, with their near-planar or planar structure Curie—Weiss behavioup & —8 K) but deviates from this at
and general stability evenin the absence of bulky substituents lower temperatures, as the susceptibilityeaches a max-
are an attractive alternative to nitroxides as building blocks imum value at 6.9 K and then drops off. This behaviour is
for through-space interactions. Indeed, there have been manyjualitatively consistent with a Heisenberg-type linear mag-
reports of magnetic phenomena in verdazyl-based crystalsnetic chain model exhibiting antiferromagnetic interactions.
stemming back to 1970. Unfortunately many of these studies However, below maxthe drop-offin susceptibility does not fit
report magnetic data and do not include crystal structures ofthis model and the susceptibility abruptly increases at 1.7 K.
the materials in question. In molecular crystals, more than Heat capacity studies confirm the transition to a magnetically
any other general class of material, structural information ordered state at 1.7 §2]. Tomoyishi et al. also found a mag-
is vital to being able to interpret magnetism in a meaning- netic transition at 1.78 K, which they ascribed to weak ferro-
ful way. For this reason this review will focus more on the magnetism associated with antiferromagnetic ordefiti3
systems for which structural details are available to aid in in- Thus, although the ordering is antiferromagnetic, the suscep-
terpretation of magnetic characterization, though all relevant tibility increases belowy because the one-dimensional mag-
magnetic data for other verdazyl-based systems will at leastnetic chains adopt a spin-canted magnetic structure. Interest-
be mentioned. ingly, neutron diffraction studies revealed that, as predicted
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by Azuma et al[61], the antiferromagnetic chain direction (a) (b)
is most likely parallel to the-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-triphenylverdazylin which aro-
matic substituents are pseudo-aligned with verdazyl rings.
However, as has been found to be the case with nitroxide
type radicalg459,60], attempts to correlate structural partic-
ulars with observed magnetic properties in verdazyls turns Fig. 5. One-dimensional stacking of verdazyls:4kind (b{43. Data taken
out to be less than straightforward. The 1,3,5-triarylverdazy| from[68].
derivatives38-40 share broadly similar solid-state structural
traits — layered structures, poor/incompletestacking in-
volving the verdazyl ring and aromatic substituents — and haviour (= —4cmi1). The 3-p-nitrophenyl) analogud?2
none have significant intermolecular contacts belowA3.5 possesses one-dimensional stacks similar to those sé&n in
Yet, the dip-tolyl compound38 [64,65] andp-chlorophenyl with a similar extent of longitudinal shifting. The magnetic
derivative40 [66] both exhibit relatively strong intermolec- data also appear to support intermolecular antiferromagnetic
ular antiferromagnetic interactions. Similarly to triphenyl interactions (the magnetic moment decreases at low temper-
verdazyl,38 and 40 deviate from Curie—Weiss behaviour atures), though no modelling of the magnetic susceptibility
(9 =—14.6 Kfor38 and—18 K for40) in a manner modelled  was reported. The introduction of a phenyl substituent to the
as one-dimensional Heisenberg chaifrs 10 cnt 1 for 38 saturated (C6) ring carbon #38 leads to a significant solid-
and—11.4cn1! for 40). In contrast, the susceptibility ver- ~ state change: although one-dimensional stacks are retained,
sus temperature profile {80 shows Curie—Weiss behaviour the steric requirements of the 6-phenyl substituent — which
downto 1.8 Kwith a Weiss constantefl K, suggestingonly  protrudes upwards nearly perpendicular to the plane of the
very weak general antiferromagnetic coupling in this radical verdazylring—causes severe slipping of the molecules within
[67]. them stack, such that verdazyl rings are now partially super-

imposed over the 3-nitrophenyl group, which has very little
R Ry spin density associated with Fig. 5b). The magnetic sus-
\©\ ~ /©/ ceptibility of this radical reveals intermolecular ferromag-
NN netic interactions—the first time ferromagnetic behaviour
Ns-N* 38 Ry =H, R,=R;=Me had been seen in a verdazyl-based matgéig]. Analysis
39 Ri=R;=R3;=Me of the temperature dependence of the magnetic susceptibil-
40 R4=R,=H, R3=Cl ity using a quasi-one-dimensional Heisenberg ferromagnetic
chain produced an intrachain interactios +2.5 cnm . At
Rs 1.1K, this compound undergoes a change to an antiferro-
magnetically ordered state, providing another example of a

Other verdazyl derivatives with stacking motifs at first verdazyl-based solid that magnetically orders. Wudl et al.
glance would seem to be more amenable to magnetostrucrationalized the ferromagnetic interactions by invoking the
tural analysis, but again the complexities of intermolecular “McConnell I” mechanisnj70] in which intermolecular fer-
interactions in radical molecular crystals prove to be chal- romagnetic interactions are favoured when atoms possessing
lenging to understand on a microscopic/molecular level. The positive spin density interact with atoms possessing negative
three nitro-containing verdazy#—43 illustrate this point. spin density on neighbouring molecules. The verdazyl nitro-
All three compounds adopt slipped one-dimensional stacksgen atoms carry the bulk of positive spin density, while the
in the solid state. 3-Nitro-1,5-diphenylverda#jl possesses  p-nitrophenyl group should be spin polarized to yield spin
stacks that are moderately offset along the molecular long density alternating in sign on adjacent ring atoms. Given the
axis such that there is still partial overlap of the verdazyl fairly weak nature of the ferromagnetic coupling and the non-
rings within thew stacks Eig. 52) [68]. The interplanar sepa-  ideal superposition of the verdazyl and phenyl rings it is not
ration of ~3.5A is just beyond the van der Waals separation clear whether this mechanism is operative (nor can magnetic
for aromaticr systems and is likely due to the twisting of the interactions involving the&v-phenyl groups, which are also
N-phenyl rings which forces the radicals further apart. This spin polarized to a lager extent than the C3 substituent, be
material exhibits one-dimensional Heisenberg chain-like be- ruled out).
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Ph interactions should be relatively weak. However, the mag-
Ph " >n-Ph Ph\N)\NfPh netic susceptibility of this radical is quite unusual. A broad
PR ™ P N e N Ne maximum in y versusT is seen at 200 K—approximately
N N one order of magnitude higher in temperature than typically
1‘;2 seen in verdazyl radical crystals. As seenFig. 7, these
data cannot be fit to standard Heisenberg one-dimensional
41 NO, NO, chain or dimer models, but qualitatively the strength of the
42 43 magnetic interactions must be on the order-&00 cnt?!

to account for the susceptibility data. Deviations from one-
dimensional behaviour were proposed based on the substan-

'(I;he IStdaCI.(edt. struct.LtJt:eMm3f|;hunu§u’?[I n tthai 8t6her tial spin density predicted on th&-phenyl groups, lead-
verdazyl derivatives wi €o substituents & gen- ing to quasi-two-dimensional type behaviour (no analyti-

erally do not adopt stacked structures because of the steric

) . cal expressions for the magnetism of these systems were
requirements ofthe C6 substituent. Compoukkid7 are ex- available). Qualitatively similar magnetic behaviour — very
amples of such structures. The absence of molecular stack

. . rong antiferromagnetic interaction h nn
does not correlate well with the absence of intermolecu- trong antiferromagnetic interactions, data that cannot be

lar magnetic interactions. The magnetism of 6-methyl-3- fit to standard low-dimensional models — was found in
nitro-1,5-diphenylverdazylid, for example, can be mod- two other verdazyl radicald9 and 50, although no crys-

. . . tallographic data were available with which to attempt to
elled above 100K V.V'th a rela_tlve_ly large Weiss constant of correlate the magnetic properties. Nonetheless, these com-
—18K (the magnetic properties in the low-temperature re-

. . . . o pounds demonstrate the potential for very large through-
?S'O:Octj?’\vlgltejnfézgtgggﬁ%\gvﬁﬁSCZi?rZ\gtoué_'r?]:tr@iqngrst_hat space exchange interactions in radical-based molecular

triphenylverdazy4s wa}Ls in fact modelled using a Heisen- crystals.

berg chain (=—7cm ) despite the apparent absence of

an obvious physical pathway to explain the mo@i&l]. Ph\f}l/\l}l’Ph Ph\ll\l/\l}l’Ph
1,3,5,6-Tetraphenylverdazgb exhibits strong interactions Ny N® Ny -N°
(6=-22K), whereas the 1,3,5,6,6-pentaphenyl analogue is / .
nearly a Curie paramagnét£ —0.1 K) [72]. The latter may - | « IN
be rationalized on the basis that the five phenyl groups serve N

to effectively insulate verdazyl spins from one another in 49 50

the solid state. Regarding the other compounds, however, the
relationships between molecular packing and observed mag-  another verdazyl that appears to exhibit very strong in-
netism are far from understood. Given the relatively ineffi- termolecular antiferromagnetic exchange is the-Bi(6-
cient packing in all of these derivatives discussed so far, theoxoverdazyl) diradical30 [50]. This diradical adopts a
magr_letic interagtions tend to be very yvegk a_nd therefore Aherringbone-type packing pattern in the solid stétg.(8).
function of packing patterns and spin distributigi8] ona  Nearest neighbour diradicals within the slipped stacks are
much more subtle level than otherwise expected. offset both longitudinally and laterallyF{g. 8 inset) but the
smallerN-methyl substituents and truly planar nature of the

Me Me 6-oxoverdazyls permit more efficient packing: the interplanar
Ph\N/kN/Ph Ph\N)\NfPh separation is only about 32 The xT versusT plot for this
New N N _No substance drops off rapidly with temperature but in a manner
\Nro l/h that could not be modelled. The complex bulk magnetic be-
2 haviour undoubtedly arises from the fact that there is strong
44 45 intramolecular exchange coupling within each diradical in
Ph on Ph addition to through-space effects. Based on the qualitative
ph. A _Ph Ph. X _ph temperature dependence of the magnetic susceptibility, it is
E E E E probable that the intermolecular exchange is on the order of
Y Y —100cnt?.
Ph Ph Only two other single component neutral 6-oxoverdazyl
46 47 radicals have been structurally and magnetically character-

ized, and both derivatives adopt qualitatively similar struc-
There is but one example of a verdazyl radical exhibit- tures. Both 1,3,5-triphenyl-6-oxoverdazyl [13] and 1,5-
ing truly eclipsed stacking of the central verdazyl moieties, dimethyl-3-(2-pyridyl)-6-oxoverdazyi2 [75] adopt antipar-
namely 3-(4-fluorophenyl)-1,5-diphenylverda#gl (Fig. 6) allel one-dimensional stacked structures in which the aro-
[74]. The intrastack N-N contacts are roughly part, matic 3-substituent is well superimposed over/under neigh-
which on its own would suggest that intermolecular magnetic bouring verdazyl rings within the stack (depicted schemati-
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Fig. 6. Packing diagram fa#8. Reproduced frorfir4] with permission.
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Fig. 7. Molecular structure angvs. T plot for 48. Reproduced fronfi74]
with permission.

cally in 53). TheN-phenyl substituents ifil are significantly
twisted with respect to the verdazyl plane, which may ex-
plain the rather large interplanar separation of A6Gthin

the molecular stacks. In comparison, ffienethyl groups of

il

Fig. 8. Packing diagram for diradic20. Inset shows superposition of neigh-
bouring molecules within a stack. Reproduced fii&®] with permission.

52 offer no such impediment and the interplanar spacing in
this structure is~3.4A.
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To a first approximation, the magnetic propertiesSof
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. F8t, the intrachain ex-
change energy is fairly weald € —5cm 1) [76], whereas
for 52 the calculated value is about an order of magnitude
stronger {=—56 cnT 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 b&thand
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
decrease iy is only slight and does not follow the Heisenberg
model. Below 5 K the susceptibility sharply rises, signalling
the onset of bulk magnetic order. The ordering is antifer-
romagnetic but canted, giving rise to weak ferromagnetism
below 5 K. This is one of the highest magnetic ordering tem-
peratures seen in purely organic substances.

Radical52 does not magnetically order but does present
a conundrum in terms of the current paradigms for ratio-
nalizing strong intermolecular exchange interactions. Strong
through-space magnetic exchange interactions are normally
correlated with close intermolecular contacts between atoms
that bear a large spin density. However, in the crystal struc-
ture of52 the closest contacts between such atoms — the four
verdazyl nitrogen atoms — are oveﬂzapart, too far to ex-
plain the observed strong exchange interactions. Moreover,
there is too little spin density on the pyridyl ring for a Mc-
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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 whiett a

Ph,  ~,,-Ph

NN
N Ne
LTCNQ 55Me*TCNQ™ TONQ  ggMe*(TCNQ),

e —

- | 55Et* TCNQ~ 55Et* (TCNQ)y

2623

orbital on pyridine with appropriate symmetry mediates ex- NO o
change between radicals (8#). DFT calculations on model l )
stack triads provided support for this mechanism, which has g::\zﬂt‘f II_
significant implications for the ways in which the magnetism
of molecular crystals are considered: the radicals within the
stacks of52 are nearly A apart yet are still able to magnet- Ph . Ph
ically communicate fairly strongly. N7 N
NNt LTONG. 56MetTCNG: TONQ gMet(TCNQ),
N A 6@'@ 56Et" TCNQ 56Et* (TCNQ),"
o= o o—py o N<
~N==N R
89 09 56Me* I
!i Vo> —vd 56Et" I
QN—HN Scheme 4.
Oj‘N_-N.)—py
54

ries of 3-(v-alkyl pyridinium)-verdazyl salts of TCNQ have
been reported91,92] Alkylation of the 3-(4-pyridyl)- and

3.3.3. Magnetism of verdazyls not structurally 3-(3-pyridyl)-1,5-diphenylverdazyls with alkyl iodides af-
characterized _ _ forded theN-alkylpyridinium iodide salts. Metathesis reac-

The solld-_state magnetic properties of a Ia_rge number of tjons with LITCNQ gave the 1:1 TCNQ complexes of the
verdazyl radicals have been reported for which no crystal- yerdazyl-based cations, and reaction of these salts with one
lographic characterization is available. Because these COM-gquivalent of neutral TCNQ produced the corresponding 1:2
pounds have not been characterized crystallographically, itg5)tg Gcheme % The charge transport and magnetic prop-
is n_ot possible to explain the origins of the_ir magnetic be- gties of all eight TCNQ salts were reported, but the only
haviour. A summary of the magnetic properties of these com- gy cturally characterized compound is the 1:2 complex of
pounds are presentedTabIe 1.Notable general featurgs aré  the N-ethyl-4-pyridinium radical cationSBEt'(TCNQ),].
the propensity of one-dimensional chain models, which may The physical properties of the eight salts are summarized in
hint atw stacked structures of some sort—not an unreason-tgp|e 2
able supposition given the preponderance of various stacked  The 1:1 salts are all insulators in accord with either iso-
structures in crystallographically characterized verdazyls. A |ated TCNQ radical anions or dimers thereof. The 1:2 salts
variety of low-temperature phenomena has been observedgre semiconductors, consistent with non-integral oxidation
including ferromagnetic ordering, weak (canted) ferromag- state of anion. Magnetically, the 1:1 salts show weak an-
netism, spin-Peierls transition and alloying effects of solid tjferromagnetic interactions that generally were not mod-
samples of two different radical37-80} Again, however,  g|ied. The room temperature moments of the 1:1 salts are
no manner of analysis of the bulk magnetic properties on the ,0st consistent withr-dimerized (diamagnetic) TCNQ an-
basis of variation in molecular structure can be consideredions and free, isolated = 1/2 verdazyl spins which then

anything other than circumstantial in the absence of crystallo- ¢coyple weakly and antiferromagnetically at low tempe-
graphic data, specifically details of the packing of molecules 5ty res.
in the solid state. The magnetic susceptibility 0§6Et"(TCNQ), has a
plateau in thexT versusT plot between 200 and 50K, at
3.3.4. Verdazyl-based radical ion salts a value corresponding to isolatéd-1/2 spins, most likely
Systems in which the verdazyl radicals are part of a the verdazyl cation radical—the TCNQ spins are paired. At
cationic component of a salt are treated separately in partlower temperature, weak antiferromagnetic interactions be-
because the anions involved are also potentially active mag-tween the verdazyls are seen. Above 200 K, the moment in-
netic or conducting components. The general strategy herecreases, indicative of thermal excitation of TCNQ to excited
has been to prepare verdazyl radicals with cationic sub- triplet states. The high-temperature region can be fit using
stituents and combine them with radical anions such asa dimer model with/gimer= —257 cnt 1. This model can be
TCNQ~ or M(dmit),~, both of which have been exten- understood based on the crystal structure of this Baijt 9),
sively employed in conducting molecular materials, in the which consists of pseudo-isolated verdazyl radical (cations)
hopes of generating multifunctional materials with cooper- and tetrameric stacks of TCNQ molecules (i.e. two dimers).
ative charge transport and magnetic properties. Thus, a seSimilar models were employed to fit the magnetic data for
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Table 1
Magnetic characterization of verdazyl lacking in crystal structure

X
R1\NJ\N,R5

Nﬁ/N.

Rs
X R1 Rs R3 Magnetic properties References
H> Ph p-MeOGsH4 Ph Linear ising/ ~ 11.8 cnt! (footnote poor fit) [81]
Ha Ph p-BrCeHa Ph CW,0=—1.8K [72]
Ho Ph p-PrGsH, Ph CW,0=-1.3K [72]
H, 1-naphthyl Ph Ph Ph CW=-0.5K [72]
H, 2-naphthy! Ph Ph Ph CW=-05K [72]
H, p-BrCsHy Ph Ph Ph CWo=—-0.6K [72]
S Me Me p-ClCgHa CW, 6 =+3.2K; ferromagnetic ordef;c =0.7 K [82-85]
S Me Me p-BrCeHgy Heis. Reg./=—14cnT?! [82-85]
o} Ph Ph p-ClCgH4 CW;0=+25K [86]
o} Ph Ph p-BrCgH, CW;0=-7.7K [86]
S Ph Ph Ph Heis. AltJ; = —23cnT!, J,=—14cnr?t [86]
S Ph Ph p-ClCgHa4 One-dimensional Heis. Chainz —20 cni ! [86]
o] Me Me Ph Heis. Alt.;J;=—29cnt?, J, = —14cnt?t [87]
(@) Me Me p-MeOGsH4 Heis. Alt.;J1=—19cm !, Jo,=—9cmt [87]
0 Me Me p-MeCgHy Heis. Reg./=—10cnT?! [87]
(@] Me Me p-NCCgHy Heis. Reg/=-29 cnrl; spin-Peierls; Ep=16 K [87]
o} Me Me p-OoNCgHy CW,0=—-2K [87]
0 Ph Ph p-MeOGsH, Heis. Reg/=—9cm ! [88]
o} Ph Ph p-MeCgHg CW;0=+25K [88]
0 Ph Ph p-NCCgH4 Heis. Reg.y=—9cm ! [88]
o} Ph Ph p-OoNCgHy4 CW;0=+1.5K [88]
S Ph Ph p-MeOGsH4 Heis. Reg.y=—4cm ! [88]
S Ph Ph p-MeCgHy Heis. Alt.;J;=—32cnt?, Jp = —22cnr? [88]
S Ph Ph p-NCCgHy CW, 6 =+2.9K; weak ferromagnef;y =0.41 K [88,89]
S Ph Ph p-OoNCgHy CW,6=-0.9K [88,89]
(@) Ph Ph 3-Thienyl Heis. Regl= —9 cm1; ferromagnetic ordeffc =5 K [90]
S Ph Ph 3-Thienyl Heis. AltJ; =—12cnT?t, J,=—7cm ! [90]

a8 CW: Curie-Weiss; Heis. Reg.: regular one-dimensional Heisenberg chain; Heis. Alt: alternatinglghgitemperature at whicly reaches maximum

value.

56Me*(TCNQ),~ although no crystal structure of this mate-

Related to the TCNQ/verdazyl systems are metal
rial is available. The other 1:2 salts have magnetic propertiesbis(dithiolene) salts of trialkylammonium cation—substit-
that were not amenable to modelling using simple combi- uted verdazyls$S7-59 [93,94] The physical properties of
nations of singlet—triplet models, magnetic chains and Curie all compounds are summarizedTable 3 Crystallographic
impurities. Once again, the absence of structural data is a ma-characterization was obtained for the three 1:1 s&ts

jor impediment, and the titling of this class of compounds as [Ni(dmit)2]~, 58" [Ni(dmit)2] ~ and59™ [Ni(dmit),] ~. All of
“genuine magnetic semiconductors” is a curious one becausehese contain relatively isolated verdazyl-substituted cations

the compounds in question are not “magnetic” in the ordered and the Ni(dmit} anion, which associates into weakly bound
dimers as depicted irFig. 10 for the salt of 57*. The

sense.

Table 2

Physical properties of TCNQ salts dfalkylpyridinium verdazyl§91,92]

Compound ogrt (Scnth) Ea (eV) Magnetism

55Me* TCNQ™ 1.3x10°® - CW;0=+2.1K

55Et" TCNQ~ 2x10°6 - AF interactions; no modelling

55Me* (TCNQ)~ 8.1x 1073 0.092 AF interactions; no modelling

55EtH(TCNQ),~ 6.9x 1072 0.072 Dimer model/=—66cnt !

56Me* TCNQ™ 1.1x 1077 - Heis. Alt. Chain, {; =—16cnt, J,=—14.7 cnt %), +ST ¢=—220cn 1)
S56Et" TCNQ™ 1.3x 1077 - AF interactions; no modelling

56Me* (TCNQ)~ 2.9% 1072 0.091 AF interactions; no modelling

56Et' (TCNQ)™ 1.1x10°3 0.25 Heis. Alt. Chain,(; =—5.3¢cnT?, /= —2.1cnt*), +ST (/= —257 cnTl)
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Table 3

Properties of M(dmit) salts of oxoverdazyl-based caticsis-59 [93,94]

Compound ort (Scnml) Ep (eV) Magnetism

57+ [Ni(dmit)2]~ 3.6x10°7 - CW (@ = —5K) + one-dimensional Alt chair/{ = —95cnT?, J, =—19cnt?)
57* [Ni(dmit),]3~ 8.9x 1072 0.11 CW (g=—-5K)+5-T (J=—89.7cnt?l)

57 [Zn(dmit)y]>~ 3.0x 104 - CW,0=—-2.8K

57 [Pd(dmit)]?~ 1.3x 1074 0.40 CW,0=-3.1K

57, [Pt(dmit)]?~ 1.8x 1077 - CW,0=—-2.6K

58" [Ni(dmit),]~ 1.8x 1077 - CW (¢=—0.4K)+S-T (J=—123cnT?)

59* [Ni(dmit)] 4.7x10°° - Linear tetramerf; = —10.4 cntimJ, = —201 cnTt)

oS Ses
'?‘)J\'?‘
Ny Ne
XN 57+ R,=R,=H
\%\ ~ 58"Ry=H, R=Me

AN 59* Ri=Ry=Me

»\\& . s s .
s M s
»‘%\ [ =<SIS/ \SIS>=
[M(dmit),]™
M =Zn, Ni,Pd, Pt

A somewhat different “salt” based approach has been ex-
plored in which the verdazyl radical itself is employed as
an electron dond95]. A series of 1,3,5-triarylverdazyis)
(R=H, Me, OMe) were reacted with strong electron accep-
tors such as TCNQfor DDQ (Scheme & In these cases,
N-S distances are 3.B8apart, suggesting that spin pair- Complete electron transfer from radical to acceptor occurred,
ing may not be complete, and indeed the magnetism of €ading to “verdazylium” salts of the acceptor radical an-
the compounds containing these dimeric species containsON- The X-ray structure of one derivative reveals that the
singlet-triplet models with moderately strong exchange en- TCNQFaradical anions formr-dimers; as such, both cationic
ergies (100 to—200 cnT ). As was the case for the TCNQ ~ @nd anionic moieties ar=0 entities in the solid state and
salts, the “mixed valent” salts here are semiconducting while &ll of the derivatives of this class are accordingly essentially
the 1:1 salts are insulators. Magnetically the systems are notdiamagnetic.
unlike the TCNQ salts in that the overall properties can gen-
erally be described as the sum of a relatively strargjmer 3.4 Metal complexes of verdazyl radicals
interaction involving radical anions with Curie—Weiss be-
haviour derived from the cations. One ofthe most fruitful areas of research into “heterospin”
systems are metal complexes in which spins reside both

W& L K Ne, Y= on
. Sel

Fig. 9. Packing diagram fd&6Et" (TCNQ),~ [92].

| |
N Ne
NC CN
F

[60*]1, [TCNQF, ],
TCNQF,

60
Fig. 10. Molecular structure of the dimer of the Ni(dmiginion in57*

[Ni(dmit)2]~ [93]. Scheme 5.
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on the metal ion and one or more ligands directly coordi- O
nated to the metal. This so-called “hybrid” approach com- Me. S Me
bines organic ) and metal (d) based spins and has led \ \
to a huge number of metal-radical complexes with a wide "\Cu/
range of physicochemical properties. The major classes of R:P™ N
radical-based ligands are nitroxides (including nitronyl ni- N. N
troxides and imino nitroxides)96], semiquinone$97,98] Me”
and radical anions of TCNE and TCNQ and other species
[99,100] 64

The coordination chemistry of verdazyl radicals is still in Discrete verdazyl-coordination complexes of diamagnetic
its early stages of development. The first coordination com- metal ions have been realized by using a verdazyl radital
plexes of a verdazyl were reported by Brook et al.’s a se- containing a 2-pyridyl substituent. This radical was designed
ries of Cu(l) complexes of the bis(verdazgl) described in  to chelate to a single metal analogously to’hyridine
Section3 [101]. Each diradical simultaneously binds to two [102]. Group 12 dihalide complex&$ (MX2 =ZnCl,, Cdl,
Cu(l) ions in a bis-bidentate mode, and the copper ion co- HJClz) were made either by direct reaction of the radical
ordination sphere is completed by bridging halides giving with the metal dihalide or by initial coordination of the rad-
rise to one-dimensional coordination polymers representedical precursor, i.e. the corresponding tetrazane, followed by
schematically by61-63. The magnetic susceptibility of the oxidation of the coordinated tetrazane to a radid#l3].
three complexes is qualitatively very similar, with maxima Cationic copper(l) bis-phosphine complex&s were gen-
in the x versusT plots indicative of low-dimensional anti- ~ erated in situ from the radical, [Cu(MeClN]J and the phos-
ferromagnetic exchange. The data were modelled based orphine[104]. The metal-radical complexes could be charac-
an alternating one-dimensional chain consisting of two ex- terized in solution but no structural or solid-state magnetic
change parameteys andJ,, where the former was ascribed data could be obtained owing to the decomposition of the
to the intramolecular spin—spin interaction within each di- complexesregardless of the way in which they were prepared.
radical, while the latter is ascribed to interchain interactions Nonetheless, simulation of the EPR spectra of the metal com-
between pairs of radicals. The exchange parameters wereplexes suggested some perturbation of the radical electronic
determined to be as follows: faf1, J; =—190cnt! and structure—selected nitrogen hyperfine coupling constants in-
Jo=—116cntl; 62, J;,=—200cnT! andJ,=—110cnrl; crease upon coordination by up to 2G and in the Cu com-
63, J;=—271cnr! andJ, =—200cnTl. The significantly plexes, additional hfcs could be given to the Cu and the P
different parameters for the iodide-based matesimay atoms.

be due to a different packing pattern—powder X-ray diffrac- Q " B I+
; ; ; : ; Me. )J\ .Me Me J\ Me %
tion studies suggest it has a different unit cell tiédror 62 N SNTONT Me. J_ Me
(which are isostructural), though single crystal datafoare Ny N N ril\ X NTON
lacking. ML Na N PR,
B 7 X Cu
N SN S~
0 o | | SN PR3
Me\NJ\N,Me Me\N/U\N,Me 5 . i — 1
N._N N._N
S e\ - X~o_ XY e\ ,/x 67
- Cu C ~ /CU CU\ i
\}Jj:\rlu/ X \III\N/ X One tetrazane complex did lead to isolation of a binuclear
Me’N\[(N‘Me Me/NTN\Me CuBr adduct8 of verdazyl6s, basically a model segment of
o) 61 X = Cl o the polymer network2 [105]. Oxidation was affected by air
62 X =Br in reaction, and was perhaps catalyzed by the metal ion. Mag-
63 X =1 netic measurement shows only weak antiferromagnetic inter-

actions which could not be quantifiably modelled, although
an exchange parameter-of-10 cnT ! was estimated based
on a dimer model; through-space intermolecular interactions
between neighbouring radicals may well be the primary ex-
change mechanism here.

Although intrachain exchange mediated by Cu—X—Cu
bridges was thought to be negligible, the change in the in-
tramoleculav; of the coordinated molecules 3 compared
to the exchange interaction in frd8@ suggests strong modu-
lation of the electronic structure of the diradical via coordi- o o
nation, even to a diamagnetic metal ion. This hypothesis WaSMe‘NJ\N’Me ve. I e

examined computationally in model dinuclear compounds D CuBr N Z |

64 in which the exchange interaction in the diradical was NH NN B Nx
examined as a function of the phosphines ABensity func- SN 0, /CU'\Br)Cu\.

tional calculations suggest that stronger phosphine donors | | SN N"N
lead to smaller antiferromagnetic exchange interactions & Me/N\[(N‘Me

[31]. 68 o
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A few other verdazyl complexes of diamagnetic metal try constraints), and the strength of the magnetic exchange
ions have been reported. Hicks and co-workers preparedis related to the relatively large spin density on the nitro-
a 2:1 homoleptic, mononuclear Cu(l) complé% of a 6- gen donor atom of the verdazyl, permitting stronger inter-
methyl-2-pyridyl analogue of radic&b [106]. Structurally, actions with the metal-based spins. This turns out to be
the two radicals are not perpendicular to one another, asone of the largest ferromagnetic interactions in all of the
the Cu(l) coordination geometry is a flattened tetrahedron. metal—-radical literature and bodes well for the magnetic prop-
Despite the coordination of two radicals to a single metal erties of putative nickel-verdazyl-coordination polymers in
ion, the intramolecular radical-radical exchange in this which extended lattices of Ni(ll)-verdazyl spins can interact
cationic species was found to be very weak—2 cm 1), strongly.
in contrast to a related bis(imino nitroxide)Cu(l) com-
plex in which the two radicals are fairly strongly ferro-
magnetically coupled107]. Computational studies sug-
gest that the geometry at the copper center indeed has a
strong effect on the intramolecular radical-radical exchange
[108].

o] + PFg’
M
Me\N)J\N,Me e~ |
NN Nx 71 M = Mn
N .\Cu/ 72 M =Ni
o
A e Me’N\n/N\Me Other verdazylsi3-75) that have been added to the family
= o - of ligands of this radical structure have the advantage of the
69 chelate effect to make them effective ligands. Pyrimidine-

substituted verdazy?3 is a bis-bidentate species that can

The only other verdazyl complex of a diamagnetic metal coordinate to two M(hfae) substrates analogously to the
ionis a Ru(Bipy)?* complex70 of anN-methylpyrazole sub- m_ononuclear complexeH and72 [11.1]' and _the Mn-—- and
stitued verdazyl. The compound was spectroscopically andNi-verdazyl exchange parameters in the binuclear systems

electrochemically characterized but no magnetic propertiesare nearly identical to those found in their mononuclear coun-
were reported109] terparts. 2:1 verdazyl:metal complexes have been prepared of

verdazyls74 [112,113]and75 [114], and crystal structures

r o n ) for Ni(Il) complexes of both are presentedrigs. 11 and 12
Me. L Me 2+ 2BPh, respectively. The Ni(ll)-verdazyl exchange remains rela-
E\ E tively strong and ferromagnetic and Mn(ll)-verdazyl ex-
g-\Ru (bipy) change is uniformly antiferromagnetic as before. However,
SN there is some variation in the magnitude of exchange in
\ N. both metal ions suggesting that magnetic interactions may
L Me | be influenced by the ancillary ligand set, subtle geometry

70 changes, etc. It is also worth noting that verdazyl-verdazyl
exchange within the inner coordination sphere of a metal
Radical complexes of paramagnetic metal ions open upis highly dependent on orientation. In complexes where the
the possibility for direct metal-ligand exchange interactions, radicals are not coplanar (e.g. the 2:1 complexe34ofs
and it is here that some of the more significant develop- well as Cu(l) complex69) the radical-radical interaction
ments in verdazyl metal chemistry can be found. The first tends to be very weak, but in the pseudo-octahedral com-
such verdazyl complexes were the M(hfacpmplexes71 plexes of75b the two radicals lie in the same plane (cf.
and 72 of chelating verdazyl65 [110]. Analysis of the Fig. 12 and the radical-radical interaction becomes signifi-
magnetic susceptibility of the two complexes revealed that cant ¢ =—42 cnt1).
Mn-verdazy! intramolecular exchange is moderate and anti-

ferromagnetic{ = —45 cnt1), whereas the Ni—verdazyl ex- 0 0 0
change is ferromagnetic and exceptionally strong; a lower Me\NJ\N,Me Me\N/U\N’Me Me\NJ\N,Me
limit of +240 cn could be determined based on the variable NN CN__N CN_ N
temperature magnetic susceptibility. The nickel-verdazyl I I
ferromagnetic exchange can be rationalized on the basis of N7 N Z "N oo

- - . . . | |
orthogonality of the spin-containing orbitals (all three spins Me)\/kMe N Ny
in 72 are in orbitals that share physical space, but can- | 75

not engage in quantum mechanical overlap due to symme- 73 74
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ligands76-80 containing verdazyl ligands that are structural
mimics of oligopyridines have been synthesifet5].

4. Conclusions

Verdazyls have a venerable history, magnetically speak-
Fig. 11. ORTEP drawing of a Ni(ll) complex d#. Reproduced frorfl.12] ing. They also deserve continued attention as magnetic build-
with permission. ing blocks: they are among the most stable of radical families,
and in particular their stability towards air and water makes
them well suited for use in supramolecular chemistry involv-
There remain some aspects of metal-verdazyl complexesIng hydrogen bond donors such as OH or NA number of
that are not yet well understood. A Co(ll) complex & novel magnetic phenomena have been observed in diradicals,
appears to exhibit ferromagnetic Co—radical exchamgé], molecular crystals and particularly metal complexes, and the

centers is challenging because of the spin orbit coupling of 55 pright.

the cobalt ion. Also, based on the orbital symmetry argu-

ments developed for the Ni(ll) systems, copper(ll)-verdazyl

coupling would be expected to be ferromagnetic and fairly peferences

strong similarly to nickel. Yet, the magnetism of a Cu(ll) com-

plex of 74 is very weak—all three spins are only very weakly [1] H. lwamura, Pure Appl. Chem. 58 (1986) 187.
interacting[113]. This is to date the only Cu(ll) complex of [2] A. Izuoka, S. Murata, T. Sugawara, H. Iwamura, J. Am. Chem.
a verdazyl, so more information is needed. But overall, the . goAc. |:1>09 (ﬁ987) /3631@ fes. 24 (1000 88

coor(jlnatlon chemistry of verdazyl radicals is proving to be {4} WT. Bgrlii%n?rg.’ Iw(:;ﬁura,eTA. gz}son,(Acc. )Chelm. Res. 27 (1994)
a fruitful area of structural and magnetochemistry, and the 109.
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