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Abstract

EPR, electrochemical studies and neutron diffraction studies on a large range of 1,2,3,5-dithiadiazolyl radicals have shown tha
density distribution is essentially unaffected by substituent effects. The variation of magnetic properties previously reported for a
perfluorophenyl-dithiadiazolyl radicalsp-XC6F4CNSSN (X = CN, Br, NO2 and NCC6F4) is therefore due to differences in molecular packin
The nearest-neighbour magnetic exchange interactions in these radicals are probed through DFT studies (B3LYP/6-311G**) and
to exhibit a variety of both ferromagnetic and antiferromagnetic interactions. All exchange interactions with|J| > 1 cm−1 coincide with close
heterocyclic contacts between dithiadiazolyl rings (3.18–4.00Å) and produce|J| values up to 40 K. An analysis of these interactions indica
that the dominant exchange pathway would appear to be a direct exchange mechanism between radical centres, with orthogon
singly-occupied molecular orbitals (SOMOs) favouring ferromagnetic interactions.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Dithiadiazolyl; Organic magnet; DFT; Magnetostructural correlation

∗ Corresponding author. Tel.: +44 1223 336319; fax: +44 1223 336362.
E-mail addresses: jmr31@cus.cam.ac.uk (J.M. Rawson), palacio@posta.unizar.es (F. Palacio).

0010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2005.04.020



2632 J.M. Rawson et al. / Coordination Chemistry Reviews 249 (2005) 2631–2641

1. Introduction

The magnetic behaviour of organic radicals has been the
subject of considerable academic interest for many years and
has seen a renaissance with the discovery of the first organic
molecular magnets such as1–3 in the last 20 years[1]. The
design of organic ferromagnets is conceptually very sim-
ple but is extremely complex in its execution[2]. It merely
requires the crystallisation of radicals in the solid state in such
a way that the dominant exchange interaction between rad-
icals is ferromagnetic and propagates throughout the lattice
in three dimensions. This simple statement belies a num-
ber of immense theoretical and experimental difficulties. For
example, open shell organic molecules are often extremely
reactive and need to be stabilised via�-delocalisation and/or
inclusion of bulky substituents to provide both thermody-
namic and kinetic stability. In addition the dominant magnetic
interaction between radicals must be ferromagnetic. The the-
ory of exchange interactions in transition-metal based sys-
tems were developed in the 1950s by Andersen in terms of
direct exchange, superexchange and double-exchange mech-
anisms[3]. Our understanding of the superexchange mecha-
nism was further expanded by Goodenough and Kanamori
[4]. In comparison, a coherent view of the through-space
exchange mechanisms operative between organic radicals
has not been well understood. Amongst a number of mod-
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closest of the intermolecular N· · ·O or O· · ·O contacts all
lie beyond the sum of the van der Waals radii of N and O
(3.2Å). Moreover the majority of intermolecular contacts are
not between�-stacked radicals (as suggested by McConnell).
Nor did McConnell consider the more general case of angular
dependence between�-radicals. Further theoretical studies
by Novoa indicated that the nature of the substituent group
on the nitronyl nitroxide, despite formally bearing very little
unpaired spin density, plays an important role in determining
both the sign and strength of the exchange pathway[7].

In the absence of any rigorous models for analyz-
ing/predicting the magnetic behaviour of radicals, it is impos-
sible to develop new organic magnets in a systematic manner.
The task is made yet more demanding since the relative dis-
position of the spin density distributions on neighbouring
molecules is dependent not only on the electronic effects of
the substituent(s) but also on the nature of the intermolecular
interactions. Whilst an increasing number of supramolecu-
lar synthons are now available[8] to provide some control
on the nature of intermolecular contacts, these contacts are
by no means infallible (see for example interactions between
carboxylic acid groups[9]) and structure prediction for neu-
tral organics is a research area which is still very much in its
infancy[10].

In recent years we have undertaken a series of magnetic
studies on a group of stable five-membered heterocyclic thi-
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nteraction between organic radicals is that propose

cConnell[5]. The McConnell I mechanism proposed t
he matching of regions of positive and negative spin densities
n neighbouring molecules (associated in a π-stacked ‘pan-
aked’ structure) will lead to a ferromagnetic interaction.
onversely the matching of regions with the same sign o
pin density should lead to an antiferromagnetic interac

Some elegant studies on cyclophane derivatives by
ura inter alia supported this mechanism[6], but this

xchange mechanism has recently come under scruti
tatistical analysis of a large number of nitronyl nitroxide
cals (such as1) by Novoa and Deumal indicated that th
ppears to be no correlation between the intermolecular

acts and the sign or strength of the exchange interactio[7].
ne of the key problems with the McConnell I model is t

t is based upon contacts between regions of positive and
tive spin density on different molecules, yet in many c

here are few short intermolecular contacts between re
f positive (or negative) spin density. Certainly in the c
f nitronyl nitroxides studied by Novoa and Deumal[7], the
zyl radicals[11]. Here we focus on a closely-related gro
f dithiadiazolyl radicals4–7 and compare and contra

heir magnetic properties to those of the larger and m
xtensively studied group of nitronyl nitroxides. In nitro
itroxides the positive spin density is localised on the N
atoms. However close contacts between these regio

ositive spin density is disfavoured due to the electro
cally repulsive nature of the Oδ−· · ·Oδ− contacts couple
ith the steric protection of the N atom. In contrast the lac

teric protecting groups coupled with the polarity of the SN
ond often favours intermolecular Sδ+· · ·Nδ− contacts clos

o or less than the sum of the van der Waals radii[12]. Here
e show that the exchange interaction between these th

adicals can be predominantly attributed to a direct exch
rocess in which the sign of the exchange interaction ca
etermined on the basis of simple orbital orthogonality ru
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2. Results

Density functional theory (DFT) is a semi-empirical
approach and does not explicitly deal with electron-
correlation which is expected to play a vital role in
determining singlet–triplet gaps[13]. Nevertheless in recent
years DFT has proved to be an extremely powerful approach
to the determination of the exchange interaction in both
metal clusters[14] and through space interactions in organic
radicals. Indeed systematic studies by Novoa and Yamaguchi
have shown that the bulk magnetic behaviour of organic
solids can be determined by a determination of the local
nearest-neighbour exchange interactions between radicals
[7]. In particular Novoa’s studies on aryl-substituted nitronyl
nitroxide radicals clearly showed that the phenyl substituent,
which itself bore negligible spin density, contributed
significantly to the magnetic exchange pathway[7].

The general approach to determine the magnetic exchange
interaction between two nearest neighbour radicals is to com-
pute the energies of the triplet (ET) and broken symmetry
singlet (EBS) states. The broken symmetry singlet state is a
DFT state composed of pure magnetic states in which all the
�-magnetic orbitals are located on one magnetic center and
all the�-magnetic orbitals are located on the other magnetic
center[15].

Within the context of the HamiltonianH =−2JS ·S
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6. We then extend this approach to4� and 5 in order to
rationalize the lack of long-range magnetic order in these
two derivatives. We will then apply the results derived from
the analysis of4–6 to the recently prepared derivative7.

2.1. Exchange interactions in β-p-NCC6F4CNSSN

The dithiadiazolyl radical�-p-NCC6F4CNSSN, 4�, is
one of the most extensively studied organic molecular mag-
nets. It was originally reported to order as a canted antifer-
romagnet at 36 K[18]. The magnetic phase transition has
been investigated by an armoury of ac and dc susceptibility
experiments as well as heat capacity studies[19]. Additional
powder neutron diffraction[19], �-SR and single crystal EPR
studies[20] have been utilised to investigate the magnetic
structure. Further studies have indicated that the application
of pressure can raise the ordering temperature of this mate-
rial to values in excess of 65 K[21]. The crystal structure of
4� exhibits a chain-like motif in which molecules are linked
via electrostatic CNδ−· · ·Sδ+ interactions along the crystallo-
graphicc-axis[18]. The structure of4� is polar (orthorhom-
bic Fdd2) and it is the acentric nature of the crystal structure
which lends itself to a non-colinear spin arrangement in the
ordered phase. The high symmetry of the orthorhombic struc-
ture with half a molecule in the asymmetric unit favours a
s cts.
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hereJ is the exchange interaction between spins S1 and
2, the energy between the singlet and triplet is denote
J. Yamaguchi proposed[16] that the exchange interacti
ould be estimated from the energies of the broken sym
ry singlet and triplet states and their expectation values〈S2〉,
ccording to the expression:

= − EHS − EBS

〈S2〉HS − 〈S2〉BS

In the following sections we describe the geometry o
he nearest neighbour interactions within the structure
�, 4�, 5 and6 which lead to significant values of|J|. Den-
ity functional calculations were carried out using the hy
xchange-correlation functional B3LYP which has prove
orrect the tendency of the local and GGA exchange c
ation functionals to overestimate the stability of the sin
tate (with respect to the triplet)[17]. Two different basis se
ere employed; the polarised split-valence double-zet
1G**) and triple-zeta (6-311G**) Pople basis sets in or

o test the convergence of the calculation with the siz
he basis set. All calculations exhibited very good agree
etween the two different basis sets. Where larger dis
ncies (±2 cm−1) were apparent there was no doubt a
oth the sign and relative magnitudes of these interact
s a consequence it was not considered necessary to in
ore diffuse functions in the basis set. Values of|J| were

onsidered significant when|J| > 1 cm−1.
We begin with a study of4� and 6. Both these radia

xhibit bulk magnetic order. Whilst the dominant excha
nteraction in4� is antiferromagnetic, it is ferromagnetic
mall number of chemically distinct intermolecular conta
he calculated exchange interactions to all chemically di
nt nearest neighbour molecules were determined und
roken symmetry approach. Only one of the intermolec
ontacts leads to a significant exchange coupling (>1 cm−1)
Table 1). This exchange interaction is associated with a s
· · ·N contact of 3.488̊A. Each molecule forms four symm

ry equivalent interactions (J1) of this type forming a distorte
etrahedral geometry (Fig. 1). Propagation of this interactio
hroughout the lattice leads to a three-dimensional diam
ike exchange pathway[22].

It is noteworthy that the closest intermolecular con
CNδ−· · ·Sδ+) appears to be a structure-directing motif
s observed elsewhere, e.g. in4� [23] and 7 [24] as well
s in other non-fluorinated derivatives such as NCCN

25], m-NCC6H4CNSSN andp-NCC6H4CNSSN[26]. Yet
he magnetic exchange interaction (J2) associated with th
tructure-directing interaction can be considered neglig
t ca. 10−2 cm−1. This value is in good agreement w
xperimental measurements onp-NCC6H4CNSSN·PHTP
PHTP = perhydrotriphenylene)[22]. In this host-guest com
lex molecular chains ofp-NCC6H4CNSSN radicals ar

able 1
losest contacts between neighbouring molecules in�-p-NCC6F4CNSSN
nd the corresponding calculated Broken-Symmetry DFT coupling con

athway Contact d (Å) J (cm−1)
(6-31G**)

J (cm−1)
(6-311G**)

1 S· · ·N 3.488 −32.58 −31.38

2 CN· · ·S 2.986 −0.03 −0.04

xchange interactions are based upon the crystal data at 160 K.
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Fig. 1. Crystal structure of�-p-NCC6F4CNSSN with exchange pathways
labelled. Intermolecular contacts and calculated exchange couplings are pre-
sented inTable 1. (Structural data taken from reference[18]).

linked via CN· · ·S interactions but are magnetically insu-
lated from other chains by the PHTP host lattice. Magnetic
measurements indicate that this complex is a near perfect
paramagnet, exhibiting Curie behaviour down to the lowest
recorded experimental temperatures (1.8 K)[22], consistent
with the very small calculated value ofJ2.

The Weiss constant (θ) within the Curie–Weiss Law (Eq.
(1)) can be related to the individual exchange interactions via
the Mean Field approach (Eq.(2)):

χ = Ng2β2

3k(T − θ)
S(S + 1) (1)

θ = zJS(S + 1)

3k
(2)

wherez is the number of nearest neighbours. Alternatively
we might consider a more analytical expression where a sum
of all J terms is included rather thanz times the average
exchange term (Eq.(3)):

θ = S(S + 1)

∑
J i

3k
(3)

Within the mean field approach, the magnitude ofθ is
expected to give an upper limit to the magnetic ordering
t may
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2.2. Exchange interactions in p-O2NC6F4CNSSN

Radical6 has been shown to be a rare example of a bulk
organic ferromagnet with a Curie temperature of 1.3 K under
ambient pressure[29]. Calorimetry studies have recently
shown that an increase in pressure raises the ordering tem-
perature up to 1.8 K under 11.6 kbar[30]. The structure of
6 is polar (tetragonal, space groupP41212) [29]. Like 4�
the molecule sits on a two-fold rotation axis. In this case the
molecules pack together to form molecular chains via elec-
trostatic NO2· · ·S contacts (3.186 and 3.323Å) comparable
to the CN· · ·S interactions in both4� and4� (Fig. 2a). In
4� these chains are related by an inversion center and align
antiparallel[23]. In 4� they are related via a diamond glide
and align coparallel[18]. In 6 the chains are related via a 41
screw axis along the crystallographicc-axis. The four-fold
symmetry combined with the molecule lying on a two-fold
rotation axis generates four equivalent contacts to other rad-
icals; two in the plane above and two below (Fig. 2b). The
shortest of these contacts is a heterocyclic S· · ·N of 3.658Å
[29]. A theoretical analysis of the exchange interactions indi-
cates that the strongest exchange coupling is via this S· · ·N
contact and is weakly ferromagnetic (J1 = +1.14 cm−1). All
other interactions including those formed via the close,
structure-directing, NO2· · ·S contact (J2 =−0.03 cm−1) are
more than an order of magnitude smaller. A simple analysis
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emperature. Suppression of the ordering temperature
ccur due to magnetic frustration[27], i.e. competing sets

nteractions within the system which preclude ordering
ecause of the low dimensionality of the exchange path
or Heisenberg spins (such as organic radicals) bulk
ill only occur for exchange pathways which extend in th
imensions. The ordering temperature is then depende

he weakest of the interactions necessary to propaga
xchange in three dimensions[28].

In the case of4� the magnetic ordering temperature (36
s in good agreement with that predicted from the calcul
alues based on mean field theory,θ =−45 K.
f these interactions predict Weiss constants of +1.80 K
1.64 K for the 6-31G** and 6-311G** basis sets, resp

ively. Within the mean-field approximation, this leads
n upper limit for the magnetic ordering temperature
.80–1.64 K, in excellent agreement with the observed v

29] of 1.3 K.

.3. Exchange interactions in α-p-NCC6F4CNSSN

The �-phase ofp-NCC6F4CNSSN (4�) was the firs
eported dithiadiazolyl radical to retain its monomeric na
n the solid state[23]. Preliminary magnetic measureme
n a Faraday Balance exhibit a broad maximum iχ

round 8 K indicative of short-range antiferromagnetic in
ctions[23]. However comparable studies on the�-phase
f p-NCC6F4CNSSN on the same equipment[31] yielded
n ordering temperature of 38 K (ca. 2 K higher than
alue determined by a number of independent measure
19,20]by SQUID, heat capacity studies,�-SR, single crysta
PR and powder neutron diffraction). The resultant un

ainty in the temperature measurements for4� mean that th
xact position of the maximum inχ precludes some detail

able 2
losest contacts between neighbouring molecules inp-O2NC6F4CNSSN
nd the corresponding calculated Broken-Symmetry DFT coupling
tants, based on the crystal structure geometry determined at 160 K

athway Contact d (Å) J (cm−1)
(6-31G**)

J (cm−1)
(6-311G**)

1 S· · ·N 3.658 +1.26 +1.15

2 NO2· · ·S 3.186, 3.323 −0.03 −0.04
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Fig. 2. Crystal structure ofp-O2NC6F4CNSSN illustrating (a) the intermolecular contacts in theab plane and (b) the inter-plane S· · ·N contacts of which two
of the fourJ1 contacts are labelled. Intermolecular contacts and calculated exchange couplings are presented inTable 2. (Structural data taken from reference
[29].)

discussion of the magnetic behaviour at this time, although
it is likely to occur below 10 K. In addition formation of
the thermodynamically preferred phase4� has persistently
hampered further attempts to isolate and undertake more sys-
tematic studies on4�.

The structure of4� is triclinic (space groupP-1) with
a single molecule in the asymmetric unit[23]. The low
symmetry of the triclinic crystal system leads to a more
varied range of close intermolecular contacts. The shortest
of these are CN�−· · ·Sδ+ interactions which link radicals
together into molecular chains (dCN···S = 3.068 and 3.105̊A).
An additional web of S· · ·S contacts links chains in an
antiparallel fashion in theab plane (d1 = 3.601,d2 = 3.668Å).
Along the c-axis a pair of close-heterocyclic S· · ·N con-
tacts (dS···N = 4.186 and 4.269̊A) form a centrosymmetric
dimer analogous top-IC6H4CNSSN[32] but with substan-
tially larger intermolecular separation (4.186 and 4.269Å,
cf. S· · ·N in p-IC6H4CNSSN at 3.116 and 3.152̊A). These
loosely associated dimers of4� are linked via N· · ·N contacts
(5.064Å) about a crystallographic inversion centre. These
nearest neighbour intermolecular interactions are depicted in
Fig. 3.

Unlike both4� and6 in which there is a single dominant
exchange interaction, an analysis of all nearest-neighbour
exchange interactions in4� reveals two significant inter-
actions (Table 3). Both these interactions are propagated
v prise
c
i r of
t
( ling,
w inter-
a ge

Table 3
Closest contacts between neighbouring molecules in�-p-NCC6F4CNSSN
and the corresponding calculated Broken-Symmetry DFT coupling constants

Pathway Contact d (Å) J (cm−1)
(6-31G**)

J (cm−1)
(6-311G**)

J1 S· · ·S 3.668 −6.02 −8.80
J2 S· · ·N 4.186 +9.15 +7.58

S· · ·N 4.269

interaction (J2) is of a similar magnitude toJ1, but of
opposite sign and links molecules along thec-axis. The
propagation of these two interactions (J1 andJ2) throughout
the crystal lattice generates a one-dimensional magnetic
chain structure with alternating ferromagnetic and antiferro-
magnetic interactions. The data presented inTable 3indicate
that the determination of the exchange interaction has not
fully converged at the 6-311G** level. As a consequence
there is some uncertainty in which parameter is likely to
dominate the magnetic behaviour in this instance. Neverthe-
less, the opposing nature of the signs of these two dominant
interactions lead us to predict upper limits for the short-range
ordering of a few Kelvin, somewhat less than the experimen-
tal value (ca. 8 K). This inconsistency is slightly at odds with
the excellent agreement evaluated for4� and6, and merits
further experimental studies. Despite this, the lack of long-
range magnetic order present in4� is merely a reflection of
the one-dimensional nature of the exchange pathway.

2.4. Exchange interactions in p-BrC6F4CNSSN

This radical also crystallizes in a polar space group
(orthorhombicAba2) [33]. Here molecules are linked via
short S· · ·N contacts (3.175̊A) along the crystallographic
ia close intermolecular heterocyclic contacts and com
ompeting antiferromagnetic (J1) and ferromagnetic (J2)
nteractions of similar magnitude. Notably the shorte
he two intermolecular S· · ·S contacts (J3) in the ab plane
Fig. 3a) propagates a negligibly small exchange coup
hereas the longer propagates an antiferromagnetic
ction (J1 ∼ −7 cm−1). The second significant exchan
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Fig. 3. Crystal structure of�-p-NCC6F4CNSSN with exchange pathways labelled. Intermolecular contacts and calculated exchange couplings are presented
in Table 1. (Structural data taken from reference[23].)

c-axis (Fig. 4a). In addition the radicals form a�-stacked
motif parallel to the crystallographica-axis with intermolec-
ular S· · ·N and S· · ·S contacts in the range 3.675–3.999Å
(cf. sum of van der Waals radii perpendicular to the ring
plane at 3.2 and 4.0̊A for S· · ·N and S· · ·S, respectively). The

Table 4
Closest contacts between neighbouring molecules inp-BrC6F4CNSSN and
the corresponding calculated Broken-Symmetry DFT coupling constants

Pathway Contact d (Å) J (cm−1)
(6-31G**)

J (cm−1)
(6-311G**)

J1 N(1)· · ·S(1a) 3.634
N(1)· · ·S(2a) 4.182
S(1)· · ·S(1a) 3.865 −9.86 −7.62
S(2)· · ·C(1a) 4.196
N(2)· · ·N(2a) 4.377

J2 S(2)· · ·S(2a) 3.675
S(2)· · ·N(2a) 3.738 +8.51 +7.52
S(2)· · ·S(1a) 4.371

J3 S· · ·N 3.175 −8.38 −8.25

Exchange interactions are based upon the crystal data at 160 K.

magnetic behaviour ofp-BrC6F4CNSSN is characterised by
Curie–Weiss behaviour (θ =−27 K) in the high temperature
regime but does not exhibit either the�-type peak or broad
maximum above 1.8 K associated with either long range or
short-range antiferromagnetic order[33].

Amongst all the nearest neighbour interactions, three sig-
nificant exchange interactions were found.J1 and J2 link
molecules along thea-axis and alternate in sign whilstJ3,
which links molecules in thec-direction, is antiferromag-
netic.

The magnetic motif generated by these three interactions
is a two-dimensional grid in which each molecule forms three
antiferromagnetic (J1 and two J3) and one ferromagnetic
(J2) interaction. Within the mean-field approximation, these
interactions lead to an expected Weiss constant of−26 K
(6-31G**) or −24 K (6-311G*) in excellent agreement with
the experimental value (θ =−27 K) [33]. The absence of
long range magnetic order can be directly attributed to the
combined effects of the very small spin anisotropy associated
with unpaired electrons in�-type orbitals, coupled with the
two dimensional nature of the exchange pathway (Fig. 5).
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Fig. 4. Crystal structure ofp-BrC6F4CNSSN with exchange pathways labelled. Intermolecular contacts and calculated exchange couplings are presented in
Table 4. (Structural data taken from reference[33].)

Fig. 5. Exchange pathway inp-BrC6F4CNSSN, with relative orientations
of the crystallographic axes.

Moreover the nature of the exchange pathways induces
frustration into the system which may also suppress any
short-range ordering.

3. Discussion

3.1. Spin density distribution in dithiadiazolyl radicals

A number of theoretical calculations have shown[34] that
the unpaired spin density is almost entirely localised on the
heterocyclic S/N ring with a small negative spin density on the
heterocyclic C atom. The functional group attached to this C
appears to have only a very small effect on the electronic prop-
erties of the heterocyclic ring, e.g. redox behaviour[35] and
EPR spectra[34,36]. A detailed analysis of the isotropic and
anisotropic hyperfine interactions in the EPR spectra provides
[34,37]quantitative estimates of the spin density distribution
(s and� electron densities) at N which are in excellent agree-
ment with DFT calculations. However they give no direct

information on the spin density distribution at either C or
S (both of which have very low natural abundances of spin
active isotopes). More recently we have undertaken polarised
neutron diffraction studies[38] on 6 which have confirmed
the spin density distribution at N and also allowed a direct
observation of the residual�-spin density at S predicted by
DFT studies. The spin density distribution for6 is shown in
Fig. 6. Spin polarisation within the unrestricted Hartree-Fock
(UHF) formalism may leads to a slight excess of (‘spin-up’)
�-spin. This excess is compensated by a small negative spin
density (‘spin-down’)�-spin elsewhere in the molecule. The
spin polarisation approach leads to a build up of negative spin
density at regions in the molecule which would be considered

F
p cyclic
p egions
o in den-
s
T of the
e

ig. 6. Spin density distribution around the dithiadiazolyl ring in6 from
olarised neutron diffraction experiments projected onto the hetero
lane using a multipolar expansion approach. Solid lines represent r
f positive spin density, dashed lines represent regions of negative sp
ity; (a) low levels 5± n(10)mµB Å−2; (b) high levels 25± n(50)mµB Å−2.
he spin populations determined from a multipolar expansion model
xperimental density are: S +0.28, N +0.25, C−0.06 (see reference[38]).
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to be formally nodal within a restricted Hartree–Fock (RHF)
approach. In the case of6, negative spin density is located at
the heterocyclic C atom and in the heterocyclic ring plane.

For the majority of dithiadiazolyl radicals, two molecules
associate via a�* –�* bonding interaction between coplanar
rings[36]. This leads to a rather weak�* –�* bond, not dis-
similar to that described[39] by Miller in certain TCNE•−
salts. The a2 symmetry of the SOMO provides a number
of symmetry-allowed bonding conformations of which the
cis-cofacial arrangement is most prevalent but by no means
unique. Solution EPR studies have allowed the dimerisation
energy to be estimated at ca. 35 kJ mol−1 for a number of
derivatives[40]. In the case of4–6 this dimerisation is sup-
pressed through the introduction of perfluoroaryl substituents
(which increase the steric bulk of the substituent making
dimerisation less favourable) and the introduction of elec-
tropositive and/or electronegative groups. The latter provide
an enhanced ionic contribution to the lattice energy such that
the favourable�Hdim contribution becomes less significant
in relation to�Hlatt. This complex combination of steric
and electronic effects, inhibits�* –�* dimerisation yet still
accommodates close heterocyclic contacts. These are either
electrostatically favourable Sδ+· · ·Nδ− or van der Waals S· · ·S
contacts between polarisable S atoms. In order to understand
the nature of the intermolecular magnetic exchange interac-
tion we focus on the SOMO–SOMO interaction associated
w rac-
t hin
t

3.2. Ferromagnetic interactions between dithiadiazolyl
radicals

In the case of both4� and5, ‘cofacial’ �* –�* interac-
tions are both strongly ferromagnetic (J3 = +7.58 cm−1 and
J2 = +7.52 cm−1 for 4� and5, respectively). In both cases the
two rings adopt formally non-bonding geometries in which
the overlap regions coincide with the nodal planes of the
SOMOs, i.e. the two magnetic orbitals are mutually orthog-
onal (Fig. 7a and b). In the case of6 the two orbitals are
again mutually orthogonal. In this case the two radicals do not
interact via a coplanar�* –�* interaction. Instead the orbital
orthogonality arises from twisting of the two ring planes so
that they are almost mutually perpendicular.

The mutually orthogonal, non-bonding nature of the
SOMOs favours ferromagnetic coupling in the same way
that mutually orthogonal d-orbitals on a transition metal ion
(or orthogonal magnetic orbitals in a dimeric metal complex)
favour coparallel spin alignment. This approach is not incon-
sistent with the McConnell model. Within the context of the
McConnell mechanism, a ferromagnetic interaction occurs
when regions of positive and negative spin density overlap.
Since these regions of negative spin density occur at nodal
planes then any intermolecular geometries which favour
coincident overlap of a nodal plane (within the RHF approx-
imation) with a region of unpaired (positive) spin density
s llary
i n of
o me
ith the local ferromagnetic and antiferromagnetic inte
ions identified between dithiadiazolyl radical pairs wit
he structures of4–6.
Fig. 7. Orthogonal nature of the SOMO–S
hould stabilize a ferromagnetic interaction. The coro
s that the McConnell mechanism is merely a reflectio
rbital orthogonality principles evolved elsewhere. So
OMO interactions in (a)4�; (b) 5; (c) 6.
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consideration of the orbital orientation must be considered
and was not expanded upon by McConnell who considered
only a�–� interaction between coplanar�-systems. Radical
6 provides an excellent example in this respect. Here the
S· · ·N contact depicted inFig. 7c is clearly between regions
of positive spin density at S and N. According to McConnell
this would be expected to favour an antiferromagnetic
interaction if orientation effects are ignored. Yet the rela-
tive orientation of these two rings makes them mutually
orthogonal and a ferromagnetic interaction results.

3.3. Antiferromagnetic interactions between
dithiadiazolyl radicals

In the case of4�, a �* –�* interaction between copla-
nar rings via overlap of an ‘edge’ of each heterocyclic ring
produces a weak bonding interaction which stabilizes an anti-
ferromagnetic ground state (Fig. 8a). In the case of4� a single
out-of-plane�* –�* S· · ·N contact also generates a bonding
interaction which favours an antiferromagnetic interaction
(Fig. 8b). In 5 there are two antiferromagnetic interactions;
one is via a�* –�* interaction between coplanar rings with
a net bonding interaction at the S atoms whereas the second
interaction can be considered as a�* –�* bonding interaction
close to the ring plane (Fig. 8c and d).

* * is
e gh it

should be noted that substantial orbital overlap will, of course,
lead to a�* –�* closed shell ground state).

3.4. A comparison of exchange interactions in
dithiadiazolyls and nitronyl nitroxides

This simple SOMO–SOMO analysis initially seems at
odds with the detailed studies reported for the nitronyl nitrox-
ide radicals[7]. In that case there appeared to be no direct
correlation between the nature of the exchange interaction
and the intermolecular geometry. However the difference
between the two radical systems can be attributed to the
nature of the exchange pathway. In the case of the nitronyl
nitroxides, the O· · ·O (as well as N· · ·O and N· · ·N) con-
tacts are almost invariably beyond the sum of the van der
Waals radii (3.2̊A), i.e. the minimum distance between two
atoms which may be considered to be non-bonding. Whilst
the van der Waals radius of N can be considered spherical
(1.60Å), a statistical analysis of S· · ·S contacts in the Cam-
bridge Crystallographic database showed[41] that the softer,
more polarisable S atom exhibits substantial anisotropy with
a minor radius close to the ring plane of 1.60Å and a radius
perpendicular to the ring plane of 2.0Å. As a consequence we
consider both S· · ·N and S· · ·S contacts close to the ring plane
to be significant when they are less than 3.2Å. In contrast the
s s
p .

F
i

Any weak� –� bonding interaction between radicals
xpected to stabilise the open shell singlet state (althou
ig. 8. SOMO–SOMO interaction emphasizing the bonding character (a) via
n 4�; (c) via an out-of-plane S· · ·S contact in5; (d) via a single in-plane contac
um of the van der Waals radii for S· · ·N and S· · ·S contact
erpendicular to the ring plane are 3.6 and 4.0Å, respectively
two out-of-plane S· · ·N contacts in4�; (b) via a single out-of-plane S· · ·N contact
t S· · ·N contact in5.
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The majority of the significant exchange pathways identi-
fied in 4, 5 and 6 exhibit close contacts within this range.
Moreover they are favoured electrostatically (Sδ+· · ·Nδ−) or
via dispersion forces (S· · ·S) whereas the Oδ−· · ·Oδ− con-
tact is electrostatically disfavoured in nitronyl nitroxides[42].
Close contacts to the nitroxide N atom are inhibited by steric
factors and the resultant intermolecular contacts are usu-
ally N–O· · ·H–C. Additional DFT studies on these nitronyl
nitroxide radicals indicate that the substituent plays a key
role in determining both the strength and sign of the mag-
netic exchange pathways[7].

3.5. Extension towards novel dithiadiazolyl and related
radicals

In the case of dithiadiazolyl radical7, some structural con-
trol of the crystal lattice was introduced by the inclusion of a
structure-directing CN· · ·S interaction (as observed in sev-
eral cyano-functionalised dithiadiazolyl radicals described
earlier) [24]. However the relative displacements of these
supramolecular chains precluded any close intermolecular
contacts between heterocyclic rings. Indeed the closest of
these was beyond 6̊A. Unsurprisingly, on the basis of the di-
rect exchange mechanism proposed here, radical7 was found
to behave as a perfect Curie paramagnet (|θ| < 1 K) [24].

The dithiadiazolyl ring system is only one of a num-
b sults
t ad-
i y to
o
t -
p ay
b

4

ac-
t h a
S ates
t e out
o f the
e le
e ange
i

5

near-
e roken

symmetry approach[15]; The broken symmetry state is a
DFT state composed of pure magnetic states with different
spin symmetries in such a way that all the� magnetic orbitals
are located on one magnetic centre and all the�-orbitals are
located on the second magnetic centre. The strength of the
exchange interaction is then determined using the scheme
proposed by Yamaguchi[16] using the expectation values
for the high spin and low spin states:

J = −(EHS − EBS)

〈S2〉HS − 〈S2〉LS
(4)

In all cases atomic coordinates for pairs of neighbouring
molecules were taken from the published crystallographic
data[18,23,29,33].
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