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Abstract: The X-ray crystal structure and magnetic properties of a molecular crystal consisting of 1,5-dimethyl-
3-(2-pyridyl)-6-oxoverdazyl radical and hydroquinone (pyvd:hq) are presented. The structure contains a two-
dimensional network of hydrogen bonds involving the hydroquinones and the pyridine ring of thepyvd radical.
The radicals adopt an unusual head-over-tail (antiparallel)π-stacked array perpendicular to the hydrogen-
bonded planes. The variable-temperature magnetic susceptibility data can be modeled using a one-dimensional
antiferromagnetic chain model, withJ ) -58 cm-1. The strength of the magnetic coupling is very unusual
because there are no close intermolecular radical-radical contacts to provide conventional pathways for magnetic
interactions. A pathway for coupling is proposed involving the mediation of magnetic exchange interactions
between radical centers by the pyridine rings. Density functional calculations on thepyvd radical, as well as
aggregates thereof based on the X-ray structure, have been employed in attempts to understand the possible
mechanisms by which the strong magnetic interactions are achieved.

Introduction

The magnetic properties of organic materials have been
intensely studied in recent years. One of the main motivations
behind this multidisciplinary stream of research, which brings
together synthetic chemistry, theory, and solid-state physics, is
the prospect of creating new magnetic materials from nonmetal-
lic components.1 One of the substantial challenges in this field
is to develop structure/magnetism correlations as an aid in the
design of new magnetic materials. This challenge is embodied
in attempts to relate intermolecular magnetic exchange interac-
tions (as evidenced from magnetic susceptibility) and specific
solid-state packing patterns. In this sense, the idea that molecular
magnetism is very much a “supramolecularfunction” is now
well recognized.2 Consequently, there have been significant
efforts to introduce the concepts and strategies of crystal
engineering to radical-based structure design. This has been
achieved through the synthesis of radical derivatives bearing a
variety of supramolecular synthons3 (usually hydrogen bond
donors and/or acceptors) which may influence the solid-state
structure and may also provide new pathways for intermolecular
magnetic communication between radicals.4-14 Although some

progress has been made in controlling molecular packing, the
magnetic interactions through noncovalent interactions are
generally very weak. These weak interactions effectively limit
the possibility of bulk magnetic order in organic materials to
extremely low temperatures.

The organic radicals that have been subjected to solid-state
magnetic investigations are limited in scope. The main limitation
is likely the scarcity of open-shell organic molecules with
sufficient stability to exist as radicals in the condensed phase.
Nitroxides (1) and nitronyl nitroxides (2) have traditionally
dominated this field of research because of their exceptional
stability. However, as supramolecular building blocks they are
less than ideal. The chemical requirements for stability (gener-
ally the carbon atomsR to the NO functionality must not contain
hydrogen atoms) render the molecular structures of these radicals
highly nonplanar. Heterocyclic thiazyl radicals (e.g.,3,15,16417,18)
and verdazyl radicals (5) are appealing building blocks for
radical-based solids because of their planar rings, relative lack
of bulky substituents, and preponderance of potential hydrogen-
bonding acceptor sites. The magnetic properties of several
verdazyl derivatives have been reported,19-24 although supramo-
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lecular strategies with respect to this radical framework remain
essentially unexplored.25 Herein we present the structure,
magnetism, and computational studies of a verdazyl radical
whose solid-state structure simultaneously possesses two of the
common hallmarks of supramolecular chemistry, i.e., hydrogen
bonding andπ stacking. As we demonstrate below, the magnetic
properties of this material are highly unusual in that strong
magnetic exchange interactions are prevalentdespite the absence
of close intermolecular contacts exclusiVely inVolVing atoms
bearing substantial spin density, a finding with broad implica-
tions for understanding the magnetic properties of organic solids.

Experimental Section

Crystal Structure Determination The pyvd:hq complex was
synthesized as previously described.26 Dark orange/maroon blocks
needles were prepared by recrystallization from benzene/ethyl acetate,
mounted on a glass fiber, and transferred to an Enraf Nonius CAD4
diffractometer for cell determination and data collection. Data collection
was performed using Mo KR radiation (0.7093 Å). The raw data were
processed, solved, and refined by full-matrix least-squares refinement
with the NRCVAX suite of programs. Direct methods were used to
solve the structure. Hydrogen atoms were constrained to idealized
positions. Crystal data forpyvd:hq: C15H16N5O3, M ) 314.33, triclinic,
space group) P1h (No. 2), a ) 6.8197(10) Å,b ) 10.4498(10) Å,c
) 10.7385(10) Å,R ) 85.930(10)°, â ) 80.161(10)°, γ ) 87.029-
(10)°, U ) 751.50(15) Å3, T ) 293 K,Z ) 2, 2793 reflections collected,
2637 unique (Rint ) 0.008),R(F) ) 0.050,Rw(F) ) 0.081, GOF)
1.04.

Magnetic Susceptibility. Variable-temperature magnetic data (2-
300 K) were obtained with a Quantum Design MPMS5S Squid
magnetometer operating at 0.1-0.5 T. Calibrations were carried out
with a palladium standard cylinder, and temperature errors were
determined with [H2TMEN][CuCl4].27

Computational Studies.Calculations were made using DGauss28

employing the exchange and correlation functionals of Becke29 and
Perdew,30,31respectively (BP86), together with an extra-fine integration
grid. A DFT-optimized DZVP basis set with contractions H [2s], C,
N, O [3s, 2p 1d] was used.32 Calculation of the magnetic couplings
using a broken symmetry “wave function” was performed on a stacked
three-radical model using the X-ray geometry.

Results
Description of the Structure. As previously described,26

oxidation of the tetrazanepyvdH3 with 1,4-benzoquinone
affords the 1,5-dimethyl-3-(2-pyridyl)-6-oxoverdazyl radical
pyvd, which crystallizes in a 1:1 stoichiometry with hydro-
quinone, the reaction byproduct (Scheme 1).This material (pyvd:
hq) can be recrystallized without decomposition of the radical
and is indefinitely stable in the solid state. The two components
can be easily separated by chromatography, but the as-purified
radical decomposes within a day. Similar stability problems are
encountered in the synthesis ofpyvd whenpyvdH3 is oxidized
with other reagents. The long-term stability of this radical
therefore relies on lattice stabilization as its hydroquinone
complex.

The crystal structure ofpyvd:hq confirms its composition
as a 1:1 verdazyl:hydroquinone complex. The molecular struc-
tural parameters of the hydroquinone molecules are unremark-
able. An ORTEP drawing of thepyvd radical is presented in
Figure 1. The verdazyl ring ofpyvd is essentially planar and is
nearly coplanar with the 2-pyridyl substituent (torsion angle)
2.4°). The internal structural features of the verdazyl ring are
consistent with other crystallographically characterized 6-oxover-
dazyls.24,33Two views of the packing in thepyvd:hq complex
are shown in Figures 2 and 3. Thepyvd molecules assemble
into head-over-tail stacks parallel to thex axis. The molecules
are aligned such that the verdazyl moiety of eachpyvd is nearly
superimposed over the pyridine ring of the nearest neighbor
within the stacks (Figure 2). The mean interplanar separations
within the stacks alternate slightly (3.37 and 3.44 Å). The
hydroquinones reside in layers between thepyvd stacks in the
xz plane (Figure 3). There are two crystallographically inde-
pendent hydroquinone sites centered at special positions (1/2,0,0)
and (1/2,0,1/2) (hereafter referred to as HQA and HQB, respec-
tively). Both of the OH groups of HQA are hydrogen-bonded
to the oxygen atoms of the HQB molecules, creating hydrogen-
bonded chains running along thez axis. Both OH groups of
HQB are hydrogen-bonded to the pyridine nitrogen atoms of
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neighboring verdazyl radicals. The orientation of the HQB
molecules is nearly perpendicular to thepyvd molecules, such
that the pairs of hydrogen bonds involving individual HQB are
with two pyridine rings that are out of registry with one another
by half a unit cell. Thus, as Figure 3 illustrates, thepyvd:hq
structure consists of a two-dimensional net of hydrogen bonds
in theyzplane andπ-stacked radicals running perpendicular to
this plane parallel tox.

Magnetic Behavior of the Complex.Variable-temperature
magnetic susceptibility measurements were carried out on a
microcrystalline sample ofpyvd:hq. The temperature depen-
dence of the susceptibility (presented asøT vs T andø vs T) is
shown in Figure 4. At 300 K, the value oføT (0.34 emu K
mol-1) is slightly less than the expected value of 0.375 for
isolatedS ) 1/2 spins. As the temperature is lowered,øT also
decreases rapidly, indicative of strong antiferromagnetic cou-
pling. The broad maximum at 110 K in theø vsT plot suggests
low-dimensional antiferromagnetic interactions, and indeed the
magnetic data could be fit to a 1D regular chain model34 with
the following parameters:J ) -58(2) cm-1, θ ) -3 K, g )
2.0025(2),F (fraction of uncoupled spins)) 0.006 (R ) 0.037,
whereR) [∑(øobs- øcalc)2/∑(øobs)

2]1/2). The exchange coupling
of -58 cm-1 stands out as one of the larger intermolecular

magnetic interactions observed in organic molecular solids. The
head-over-tail stacking motif that we believe is responsible for
the magnetic properties (see below) is an extremely rare one in
radical-based crystal structures. The 1,3,5-triphenyl-6-oxover-
dazyl 6 adopts an analogous head-over-tail one-dimensional
stacked structure in which verdazyl rings are aligned over phenyl
groups.20 The variable-temperature magnetic data for6 were
also fit to a 1D regular chain model withJ ) -6 cm-1. The
considerably weaker intermolecular coupling in6 compared to
that in pyvd:hq is consistent with the significantly larger
intrastack interplanar separation (3.65 Å) in the former.

Computational Studies on pyvd and Aggregates Thereof.
In attempts to understand the magnetic properties of thepyvd:

(34) Kahn, O.Molecular Magnetism; VCH: New York, 1993. The spin
Hamiltonian is of the formH ) J∑iSi‚Si′.

Figure 1. ORTEP drawing ofpyvd. Ellipsoids are drawn at 30%
probability. Selected bond lengths [Å]: C1-O1 1.217(3), C1-N1
1.367(4), C1-N4 1.379(4), N1-N2 1.365(3), N3-N4 1.358(3), N2-
C2 1.323(4), N3-C2 1.321(4), C2-C3 1.489(4), N1-C8 1.454(4),
N4-C9 1.460(4). Selected bond angles [°]: O1-C1-N1 123.0(3),
O1-C1-N4 123.0(3), N1-C1-N4 114.0(2), N1-N2-C2 114.8(2),
N2-C2-N3 127.5(2), C2-N3-N4 114.9(2), N3-N4-C1 124.4(3),
N4-N4-C9 116.2(3), N2-N1-C8 115.6(3), N2-C2-C3 115.65.

Figure 2. Antiparallel π-stacking ofpyvd radicals inpyvd:hq. The
hydroquinone molecules are omitted for clarity.

Figure 3. Molecular packing ofpyvd:hq parallel to theyz plane.
Hydrogen bonds are indicated by dashed lines.

Figure 4. Temperature dependence ofø (4) andøT (O) for pyvd:hq.
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hq structure, we have employed density functional (DFT)
calculations on thepyvd radical and related aggregates based
on the X-ray crystal structure. Three single-point calculations
were performed, on (1) thepyvd radical, to determine its spin
distribution, (2) the radical with a 2-methylpyridine group
stacked on top of the verdazyl ring (i.e.,7) based on the crystal
structure, to determine the extent of direct intermolecular spin
transfer from verdazyl to pyrdine, and (3) a stack containing
threepyvd radicals (i.e.,8) to calculate the quartet-doublet
energy gap, which can be viewed as a discrete model for the
one-dimensional coupling in the crystal structure.

6-Oxoverdazyls are known from EPR and computational
studies to beπ radicals with the spin density mainly located on
the four verdazyl ring nitrogen atoms; there is minimal spin
leakage onto the C3 substituent.33,35-37 Accordingly, the DFT
calculation on a singlepyvd radical indicates that the pyridine
ring contains only a very small amount of negative spin density
(Figure 5 and Table 1). This is consistent with the previously
reported solution EPR spectrum ofpyvd, for which the
hyperfine couplings to the pyridine nitrogen and aromatic
protons are substantially smaller than the spectral resolution (<1
G).26 The calculation on substructure7 was performed to
examine the extent of spin transfer from the verdazyl ring to
the pyridine stacked over it. As is evident from the results in
Table 1, the spin density distribution in thepyvd portion of 7
remains unchanged, and there is effectively no intermolecular
spin transfer to the 2-methylpyridine ring.

The three-radical stack8 represents the smallest substructure
of the pyvd:hq lattice for which intermolecular intracolumnar

coupling can be expected. For this system, a broken symmetry38

(RâR doublet) solution could be calculated and compared to
the high-spin quartet (RRR) as an approximation for the one-
dimensional stacks in the structure ofpyvd:hq. TheRâR doublet
is not a true spin state, but it is known that the difference
between such a mixed state and the high-spin state should give
the correct sign and magnitude of the magnetic coupling.39 The
calculated energy difference between theRâR and theRRR
states ()2J) is -241 cm-1, a value that is within the same order
of magnitude as the experimental 2J value of-116 cm-1 (i.e.,
J ) -58 cm-1).

Discussion

Based on the magnetic properties ofpyvd:hq in light of its
crystal structure, the most likely pathway for one-dimensional
magnetic exchange would seem to be through the radical/
pyridine π stacks. Because the radicals are stacked in a head-
to-tail fashion, however, there areno intermolecular contacts
involving exclusively the four verdazyl nitrogen atoms which,
as discussed above, carry nearly all of the spin density. Thus,
the magnetic properties exhibited by this system are unique
insofar asthey cannot be rationalized on the basis of “close”
intermolecular contacts between spin-bearing atoms. The
absence of such contacts requires that the strong exchange
involves the pyridine rings in the exchange mechanism. In this
context, the use of aregular chain model to fit the magnetic
data may at first glance seem surprising, given that the
interplanar separations within the stacks alternate slightly (3.37
and 3.44 Å). However, if the pyridine ring is treated in this
model as a magneticcoupling unit that does not itself carry
significant spin density, then there is only one nearest-neighbor
radical-radical interaction, which occurs through the pyridine
rings (Figure 6). An alternating 1-D chain model with two
different exchange coupling valuesJ1 and J2 would be inap-
propriate, because this model requires alternating distances
between spin centers.

Intermolecular magnetic interactions are usually interpreted
using a spin density approach40 (“McConnell I”) or a charge-
transfer approach41 (“McConnell II”). In the former approach,
the total spin density on each molecular unit must be known,
and close intermolecular contacts between atoms carrying
significant spin density are identified. In the present compound,
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Figure 5. Calculated spin density of thepyvd radical. Light shading
indicates positive spin density, and dark shading indicates negative spin
density.

Table 1. DFT-Calculated Spin Populations forpyvd and the
Pyridine-over-pyvd Structure7

structure7

atom pyvd pyvd fragment 2-methylpyridine fragment

O1 -0.011 -0.011
N1 0.198 0.199
N2 0.343 0.342
N3 0.342 0.341
N4 0.204 0.203
N5 -0.011 -0.011 0.000
C1 -0.016 -0.016
C2 -0.067 -0.067
C3 0.008 0.008 -0.001
C4 -0.010 -0.010 0.002
C5 0.008 0.008 0.001
C6 -0.011 -0.011 0.000
C7 0.007 0.007 0.000
C8 -0.006 -0.006
C9 -0.008 -0.008
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the shortest intermolecular contacts involving only the four
verdazyl nitrogens are 4.5 Åsat this distance any magnetic
coupling would be extremely weak. It could be argued that there
is sufficient spin polarization of the pyridine ring to account
for magnetic exchange by the spin polarization mechanism.
However, the spin density on the pyridine ring is negative, while
the spin on the verdazyl ring is (predominantly) positive. This
would normally fit the requirements for intermolecularferro-
magneticcoupling, which is clearly not observed here. Finally,
it is instructive to compare the magnetic coupling in thepyvd:
hq structure to that of another “π-stacked” arrangement of
antiferromagnetically coupled spins. Themeta-cyclophanedi-
carbene9 is one of a triad of cyclophanedicarbenes that were
prepared to confirm the validity of the McConnell I (spin
polarization) mechanism for magnetic exchange inπ-stacked
radicals.42 Exchange interactions between the twoS) 1 carbene
centers arise from the pronounced spin density on the central
(cyclophane) benzene rings, and, because the two rings have
atoms with substantial positive spin density superimposed on
top of one another, antiferromagnetic coupling between the two
carbenes was predicted and observed. The strength of the
antiferromagnetic coupling in9 (-49 cm-1) is roughly the same
as we have found in thepyvd:hq structure. Yet the central
benzene rings carryone orderof magnitude more spin density
than the pyridine ring ofpyvd, and in addition the two
cyclophane rings are forced to be only about 3.0 Å apart, nearly
half an angstromcloser together than the average pyridine-
verdazyl intrastack separation. The disparity in both spin
distribution and stacking distance between9 andpyvd:hq would
seem to argue against a common mechanism for antiferromag-
netic coupling in these systems. For these reasons we believe
the magnetic properties ofpyvd:hq cannot be explained
adequately by a spin polarization mechanism.

The charge-transfer mechanism for magnetic coupling, which
involves configurational mixing of charge-transfer states with
the ground electronic state of the molecule, is more difficult to
quantify or prove. This model has been used to explain the
intrastack ferromagnetic coupling in MIII (Cp*)2

+•TCNE-• and
TCNQ-• salts,43 although a spin density mechanism has been
proposed as an alternative spin coupling mechanism.44 In such
systems, excitations from a donorR-SOMO or HOMO to the
acceptorsR-SOMO or LUMOs have been invoked. Inpyvd,
the singly occupied molecular orbital (SOMO) is a delocalized
π orbital located almost exclusively on the four verdazyl ring
nitrogen atoms (Figure 7a). Although the configuration mixing
of SOMOs on two adjacent radicals is unlikely because of the
donor character of both orbitals, excitations from the SOMO
on one radical to one of the acceptor-centered LUMOs on a
neighboring molecule seem more likely. We note that the second
LUMO is based on the pyridine ring and has the same symmetry
as that of the SOMO (Figure 7b). Although the energy difference
between these two orbitals is substantial (ESOMO ) -4.52 eV;
E2LUMO ) -0.17 eV), direct orbital interactions between these
two orbitals may be strong enough to produce the observed
magnetic coupling (-58 cm-1). It is interesting to speculate on
an antiferromagnetic spin coupling mechanism that could arise
from communication of twopyvd SOMOs as mediated by the
pyridine-based empty orbital. This is depicted schematically for
a three-molecule stack in Figure 7c. An alternative way of
thinking about the charge-transfer mechanism involves excitation
from the SOMO of one molecule to the second LUMO of an
adjacent molecule, which produces apyvd diradical (anion).
The electronic structure of this excited state has one electron in
each of the SOMO and second LUMO, and as such this closely
resembles the 1,1′,5,5′-tetramethyl-6,6′-dioxo-3,3′-biverdazyl
biradical10, for which the (intramolecular) coupling has been

(42) Izuoka, A.; Murata, S.; Sugawara, T.; Iwamura, H.J. Am. Chem.
Soc.1987, 109, 2631.

(43) Miller, J. S.; Epstein, A. J.Angew. Chem., Int. Ed. Engl.1994, 33,
385.

(44) Kollmar, C.; Couty, M.; Kahn, O.J. Am. Chem. Soc.1991, 113,
799.

Figure 6. Schematic depiction of the head-over-tail stacks ofpyvd
contained in the structure ofpyvd:hq, with nearest-neighbor exchange
interactionsJ indicated. Figure 7. (a) SOMO of pyvd. (b) Second LUMO ofpyvd. (c)

Schematic illustration of proposed antiferromagnetic coupling of two
pyvd radicals mediated by the second LUMO.
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determined to be-887 cm-1.24

Summary

Magnetostructural correlations in organic materials involve
detailed analysis of magnetic data in relation to crystallographic
information. The current paradigm for these correlations involves
identification of short intermolecular contacts between atoms
bearing significant amounts of spin density (for example, O- -
O and O- -N contacts in nitroxide radicals) to rationalize the
nature (ferro- vs antiferromagnetic) and magnitude of intermo-
lecular magnetic exchange. This is particularly prevalent in cases
when intermolecular exchange coupling is found to be relatively
strong.15,17,45-47 Although recent statistical analyses of structure-
magnetism relationships in a wide range of nitroxide radicals
highlight some of the limitations of such approaches,48,49 this
remains the predominant means of analysis of magnetic proper-
ties of radical-based molecular crystals.

The magnetic behavior ofpyvd:hq demonstrates that the
above approach to understanding the magnetic properties of

organic solids is not without its limitations. The strong magnetic
coupling in conjunction with the lack of close radical-radical
contacts are completely at odds with virtually all other magneti-
cally and structurally characterized radicals. We have suggested
that asupramolecularspin coupling mechanism directly involv-
ing the pyridine rings is the most likely explanation. In this
model, therefore, eachpyvd molecular stack containstwo one-
dimensional AF chains. There may be some interaction between
the two magnetic chains, which would produce a molecular spin-
ladder structure;50 however, the long contact distances between
spin-bearing atoms and their poor orientational overlap renders
the cross-chain interactions extremely weak. In any event, the
mechanism by which the strong antiferromagnetic coupling
occurs is at this point unclear; however, both the observation
of strong magnetic coupling and the lack of close intermolecular
contacts are indisputable. Together these facts cast doubts on
the efficacy of the generally accepted idea that close contacts
are required for strong magnetic coupling. Attempts to rational-
ize magnetic properties on the basis of short radical-radical
contacts are still certainly valid, but this may be an incomplete
or oversimplified approach, and in fact strong magnetic coupling
can arisewithout such contacts at all.This raises the interesting
possibility of exploiting strong noncovalent, or supramolecular,
interactions as a means of realizing new organic magnetic
materials.
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