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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 that the spin
density distribution is essentially unaffected by substituent effects. The variation of magnetic properties previously reported for a series of
perfluorophenyl-dithiadiazolyl radicgisXCsF,CNSSN (X =CN, Br, NQ and NCGF,) is therefore due to differences in molecular packing.

The nearest-neighbour magnetic exchange interactions in these radicals are probed through DFT studies (B3LYP/6-311G**) and are shown
to exhibit a variety of both ferromagnetic and antiferromagnetic interactions. All exchange interactionf witlenm?! coincide with close
heterocyclic contacts between dithiadiazolyl rings (3.18—Am1d produce/| values up to 40 K. An analysis of these interactions indicates

that the dominant exchange pathway would appear to be a direct exchange mechanism between radical centres, with orthogonality of the
singly-occupied molecular orbitals (SOMOSs) favouring ferromagnetic interactions.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 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

The magnetic behaviour of organic radicals has been the(3.2,&). Moreover the majority of intermolecular contacts are
subject of considerable academic interest for many years andhot betweenr-stacked radicals (as suggested by McConnell).
has seen a renaissance with the discovery of the first organidNor did McConnell consider the more general case of angular
molecular magnets such &s3 in the last 20 yearEL]. The dependence betweenradicals. Further theoretical studies
design of organic ferromagnets is conceptually very sim- by Novoa indicated that the nature of the substituent group
ple but is extremely complex in its executifi]. It merely on the nitronyl nitroxide, despite formally bearing very little
requires the crystallisation of radicals in the solid state in such unpaired spin density, plays an important role in determining
a way that the dominant exchange interaction between rad-both the sign and strength of the exchange pathiwhy
icals is ferromagnetic and propagates throughout the lattice In the absence of any rigorous models for analyz-
in three dimensions. This simple statement belies a num-ing/predicting the magnetic behaviour of radicals, itis impos-
ber of immense theoretical and experimental difficulties. For sible to develop new organic magnets in a systematic manner.
example, open shell organic molecules are often extremely The task is made yet more demanding since the relative dis-
reactive and need to be stabilised wi@elocalisation and/or  position of the spin density distributions on neighbouring
inclusion of bulky substituents to provide both thermody- molecules is dependent not only on the electronic effects of
namic and kinetic stability. In addition the dominant magnetic the substituent(s) but also on the nature of the intermolecular
interaction between radicals must be ferromagnetic. The the-interactions. Whilst an increasing number of supramolecu-
ory of exchange interactions in transition-metal based sys-lar synthons are now availab|8] to provide some control
tems were developed in the 1950s by Andersen in terms ofon the nature of intermolecular contacts, these contacts are
direct exchange, superexchange and double-exchange mechyy no means infallible (see for example interactions between
anismg3]. Our understanding of the superexchange mecha- carboxylic acid groupf]) and structure prediction for neu-
nism was further expanded by Goodenough and Kanamoritral organics is a research area which is still very much in its
[4]. In comparison, a coherent view of the through-space infancy[10].
exchange mechanisms operative between organic radicals In recent years we have undertaken a series of magnetic
has not been well understood. Amongst a number of mod- studies on a group of stable five-membered heterocyclic thi-
els which have been put forward, one of the most popu- azyl radicald11]. Here we focus on a closely-related group
lar approaches to rationalise the intermolecular exchangeof dithiadiazolyl radicals4—7 and compare and contrast
interaction between organic radicals is that proposed by their magnetic properties to those of the larger and more
McConnell[5]. The McConnell | mechanism proposed that extensively studied group of nitronyl nitroxides. In nitronyl

the matching of regions of positive and negative spin densities nitroxides the positive spin density is localised on the N and
on neighbouring molecules (associated in a -stacked ‘pan- O atoms. However close contacts between these regions of
caked’ structure) will lead to a ferromagnetic interaction. positive spin density is disfavoured due to the electrostat-

Conversely the matching of regions with the same sign of the ically repulsive nature of the ©..-O’~ contacts coupled
spin density should lead to an antiferromagnetic interaction. with the steric protection of the N atom. In contrast the lack of

\e /
ON \ Ce0 —
+/N —N N—
-0 \ /
1 2 3

Some elegant studies on cyclophane derivatives by Iwa- - , - -
mura inter alia supported this mechanisii], but this steric protecting groups coupled with th§ polarity of the\S
exchange mechanism has recently come under scrutiny. AbondloftenhfavoErs mtern;orlleculal”és- ,\\IN clontactsl_(;lose
statistical analysis of a large number of nitrony! nitroxide rad- to or less than the sum of t € van der yvaals rHd]. ere.
icals (such ad) by Novoa and Deumal indicated that there we show that the exchange interaction between these thiazyl
appears to be no correlation between the intermolecular con-
tacts and the sign or strength of the exchange interafiijon
One of the key problems with the McConnell | model is that

radicals can be predominantly attributed to a direct exchange
process in which the sign of the exchange interaction can be
determined on the basis of simple orbital orthogonality rules.

itis based upon contacts between regions of positive and neg- F Foo,

ative spin density on different molecules, yet in many cases N—S 4 X=CN
there are few short intermolecular contacts between regions X \ 2 § Zng
of positive (or negative) spin density. Certainly in the case N—S 2

of nitronyl nitroxides studied by Novoa and Deunfig], the F F 7 X =NCCgFy
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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 gag43]. Nevertheless in recent

years DFT has proved to be an extremely powerful approach
to the determination of the exchange interaction in both

metal cluster$l4] and through space interactions in organic
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6. We then extend this approach 4e 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 o—6 to the recently prepared derivati7e

2.1. Exchange interactions in -p-NCCsF4CNSSN

The dithiadiazolyl radicaB-p-NCCgF4CNSSN, 4, is
one of the most extensively studied organic molecular mag-

radicals. Indeed systematic studies by Novoa and Yamaguchinets. It was originally reported to order as a canted antifer-
have shown that the bulk magnetic behaviour of organic romagnet at 36 18]. The magnetic phase transition has
solids can be determined by a determination of the local been investigated by an armoury of ac and dc susceptibility
nearest-neighbour exchange interactions between radicalexperiments as well as heat capacity stufli€$. Additional

[7]. In particular Novoa’s studies on aryl-substituted nitronyl

powder neutron diffractiof19], .-SR and single crystal EPR

nitroxide radicals clearly showed that the phenyl substituent, studies[20] have been utilised to investigate the magnetic

which itself bore negligible spin density, contributed
significantly to the magnetic exchange pathWaly

structure. Further studies have indicated that the application
of pressure can raise the ordering temperature of this mate-

~ The general approach to determine the magnetic exchanggial to values in excess of 65R1]. The crystal structure of
interaction between two nearest neighbour radicals is to com-4 exhibits a chain-like motif in which molecules are linked

pute the energies of the tripleEf) and broken symmetry

via electrostatic CN- - -.S™* interactions along the crystallo-

singlet Egs) states. The broken symmetry singlet state is a graphicc-axis[18]. The structure o is polar (orthorhom-
DFT state composed of pure magnetic states in which all the bic Fdd2) and it is the acentric nature of the crystal structure
a-magnetic orbitals are located on one magnetic center andwhich lends itself to a non-colinear spin arrangement in the
all the B-magnetic orbitals are located on the other magnetic ordered phase. The high symmetry of the orthorhombic struc-

center{15].
Within the context of the HamiltonialH =—2JS;-Sp
whereJ is the exchange interaction between spinsad

ture with half a molecule in the asymmetric unit favours a
small number of chemically distinct intermolecular contacts.
The calculated exchange interactions to all chemically differ-

S, the energy between the singlet and triplet is denoted by ent nearest neighbour molecules were determined under the

2J. Yamaguchi proposed 6] that the exchange interaction

broken symmetry approach. Only one of the intermolecular

could be estimated from the energies of the broken symme-contacts leads to a significant exchange coupling (>1¢m

try singlet and triplet states and their expectation val§és
according to the expression:

Ens — Egs
(82)us — (5?)Bs

In the following sections we describe the geometry of all

J=-

the nearest neighbour interactions within the structures of

4o, 4B, 5 and6 which lead to significant values ¢f|. Den-

(Table 1. This exchange interaction is associated with a short
S - -N contact of 3.48&\.. Each molecule forms four symme-
try equivalentinteractiond{) of this type forming a distorted
tetrahedral geometry{g. 1). Propagation of this interaction
throughout the lattice leads to a three-dimensional diamond-
like exchange pathwa2].

It is noteworthy that the closest intermolecular contact
(CN?~—...S™) appears to be a structure-directing motif and

sity functional calculations were carried out using the hybrid s observed elsewhere, e.g. 4 [23] and 7 [24] as well
exchange-correlation functional B3LYP which has proved to as in other non-fluorinated derivatives such as NCCNSSN
correct the tendency of the local and GGA exchange corre-[25], m-NCCsH4CNSSN andp-NCCgHaCNSSN[26]. Yet
lation functionals to overestimate the stability of the singlet the magnetic exchange interactigh) associated with this

state (with respect to the tripldf)7]. Two different basis sets

structure-directing interaction can be considered negligible

were employed; the polarised split-valence double-zeta (6-at ca. 162cm™1. This value is in good agreement with
31G**) and triple-zeta (6-311G**) Pople basis sets in order experimental measurements @ANCCgHsCNSSNPHTP

to test the convergence of the calculation with the size of (PHTP = perhydrotriphenyleng2]. In this host-guest com-
the basis set. All calculations exhibited very good agreementplex molecular chains 0p-NCCsH4CNSSN radicals are

between the two different basis sets. Where larger discrep-

ancies &2 cm 1) were apparent there was no doubt as t0 Taple 1
both the sign and relative magnitudes of these interactions.Closest contacts between neighbouring moleculgsiNCCsF4CNSSN
As a consequence it was not considered necessary to includ@ndthe corresponding calculated Broken-Symmetry DFT coupling constants

more diffuse functions in the basis set. Values Afwere
considered significant whe| > 1 cni L,
We begin with a study o3 and 6. Both these radials

exhibit bulk magnetic order. Whilst the dominant exchange J2

interaction indP is antiferromagnetic, it is ferromagnetic in

Pathway Contact dA) J(cm™1) J(cm™1)
(6-31G*) (6-311G**)
J1 SN 3.488 —3258 —3138
CN.--S 2.986 —-0.03 —0.04

Exchange interactions are based upon the crystal data at 160 K.
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Fig. 1. Crystal structure d8-p-NCCsF4CNSSN with exchange pathways
labelled. Intermolecular contacts and calculated exchange couplings are pre
sented inTable 1 (Structural data taken from referernds]).

linked via CN --S interactions but are magnetically insu-
lated from other chains by the PHTP host lattice. Magnetic

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

2.2. Exchange interactions in p-O;NCsF4CNSSN

Radicalé has been shown to be a rare example of a bulk
organic ferromagnet with a Curie temperature of 1.3 K under
ambient pressur§29]. Calorimetry studies have recently
shown that an increase in pressure raises the ordering tem-
perature up to 1.8 K under 11.6 kb@0]. The structure of
6 is polar (tetragonal, space groid2;:2) [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 NQ- - -S contacts (3.186 and 3.3@3 comparable
to the CN - -S interactions in botda and4p (Fig. 2a). In
4a these chains are related by an inversion center and align
antiparallel[23]. In 4B they are related via a diamond glide
and align coparalldlL8]. In 6 the chains are related via a 4
screw axis along the crystallographiexis. 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 belokid. 2v). The
shortest of these contacts is a heterocyclicIS of 3.658A

[29]. A theoretical analysis of the exchange interactions indi-

measurements indicate that this complex is a near perfectcates that the strongest exchange coupling is via this\S

paramagnet, exhibiting Curie behaviour down to the lowest
recorded experimental temperatures (1.§%2], consistent
with the very small calculated value &.

The Weiss constand) within the Curie—Weiss Law (Eq.
(1)) can be related to the individual exchange interactions via
the Mean Field approach (ER)):

B Ng2,32
IS5 +1)
o= @)

wherez is the number of nearest neighbours. Alternatively

contact and is weakly ferromagnetif; € +1.14 cn?). All
other interactions including those formed via the close,
structure-directing, N@ - -S contact > =—0.03cnt?l) are
more than an order of magnitude smaller. A simple analysis
of these interactions predict Weiss constants of +1.80K and
+1.64 K for the 6-31G** and 6-311G** basis sets, respec-
tively. Within the mean-field approximation, this leads to
an upper limit for the magnetic ordering temperature of
1.80-1.64 K, in excellent agreement with the observed value
[29] of 1.3K.

2.3. Exchange interactions in o-p-NCCsF4CNSSN

The a-phase ofp-NCCsF4CNSSN @a) was the first

we might consider a more analytical expression where a sumreported dithiadiazoly! radical to retain its monomeric nature

of all J terms is included rather thantimes the average
exchange term (E¢3)):

i

0=5+1)=—
S+,

3)
Within the mean field approach, the magnitudegak
expected to give an upper limit to the magnetic ordering
temperature. Suppression of the ordering temperature ma
occur due to magnetic frustrati¢7], i.e. competing sets of
interactions within the system which preclude ordering, or
because of the low dimensionality of the exchange pathway.

in the solid statd23]. Preliminary magnetic measurements
on a Faraday Balance exhibit a broad maximum xin
around 8 K indicative of short-range antiferromagnetic inter-
actions[23]. However comparable studies on tRephase

of p-NCCgF4CNSSN on the same equipmg#tl] yielded

an ordering temperature of 38K (ca. 2K higher than the
value determined by a number of independent measurements

)119,20] by SQUID, heat capacity studigs;SR, single crystal

EPR and powder neutron diffraction). The resultant uncer-
tainty in the temperature measurementsti@mean that the
exact position of the maximum ipprecludes some detailed

For Heisenberg spins (such as organic radicals) bulk order .. »

will only occur for exchange pathways which extend in three

Closest contacts between neighbouring moleculgs@NCgF4CNSSN

dimensions. The ordering temperature is then dependent orand the corresponding calculated Broken-Symmetry DFT coupling con-
the weakest of the interactions necessary to propagate theétants, based on the crystal structure geometry determined at 160 K

exchange in three dimensiof28].
Inthe case o the magnetic ordering temperature (36 K)

is in good agreement with that predicted from the calculated J;

values based on mean field thediy, —45 K.

Pathway  Contact d(A) J(cm™) J(cm™
(6-31G™)  (6-311G*)
S --N 3.658 +1.26 +1.15
J2 NO3.--S 3.186,3.323 —0.03 —-0.04
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Fig. 2. Crystal structure gf-O;NCgF4CNSSN illustrating (a) the intermolecular contacts indhelane and (b) the inter-plane SN contacts of which two
of the fourJ; contacts are labelled. Intermolecular contacts and calculated exchange couplings are pre3abtei(Structural data taken from reference
[29].)

discussion of the magnetic behaviour at this time, although Table 3 ‘ ‘ _
it is likely to occur below 10K. In addition formation of Closest contacts between neighbouring moleculesppNCCsF4sCNSSN
the thermodynamically preferred pha¢ has persistently and the corresponding calculated Broken-Symmetry DFT coupling constants

hampered further attempts to isolate and undertake more sysPathway Contact  d (A) J (cm ™) J em™)

tematic studies oHa. (6-31G™) (6-311G™)
The structure ofta is triclinic (space grougP-1) with J1 S-S 3.668  —6.02 —8.80

a single molecule in the asymmetric uri@3]. The low 72 g::m 2'228 *9.15 *1.58

symmetry of the ftriclinic crystal system leads to a more
varied range of close intermolecular contacts. The shortest
of these are CNr-..S™* interactions which link radicals interaction {>) is of a similar magnitude tg/;, but of

together into molecular chainddy...s = 3.068 and 3.10%). opposite sign and links molecules along thexis. The
An additional web of S-S contacts links chains in an propagation of these two interaction @ndJz) throughout
antiparallel fashion in theb plane 61:3.601,(12:3.668,&). the crystal lattice generates a one-dimensional magnetic
Along the c-axis a pair of close-heterocyclic- SN con- chain structure with alternating ferromagnetic and antiferro-

tacts ¢s..n = 4.186 and 4.269°\) form a centrosymmetric ~ magnetic interactions. The data presentetaible 3indicate
dimer analogous tp-ICgH4CNSSN[32] but with substan-  that the determination of the exchange interaction has not
tially larger intermolecular separation (4.186 and 4269 fully converged at the 6-311G** level. As a consequence
cf. S--Nin p-ICgH4CNSSN at 3.116 and 3_15&’9_ These there is some uncertainty in which parameter is likely to
loosely associated dimers4ik are linked via N- -N contacts dominate the magnetic behaviour in this instance. Neverthe-
(5.064A) about a crystallographic inversion centre. These less, the opposing nature of the signs of these two dominant
nearest neighbour intermolecular interactions are depicted ininteractions lead us to predict upper limits for the short-range
Fig. 3 ordering of a few Kelvin, somewhat less than the experimen-
Unlike both4p and6 in which there is a single dominant  tal value (ca. 8 K). This inconsistency is slightly at odds with
exchange interaction, an analysis of all nearest-neighbourthe excellent agreement evaluated 4¢ and6, and merits
exchange interactions i reveals two significant inter-  further experimental studies. Despite this, the lack of long-
actions Table 3. Both these interactions are propagated range magnetic order presentda is merely a reflection of
via close intermolecular heterocyclic contacts and comprise the one-dimensional nature of the exchange pathway.
competing antiferromagnetic/{) and ferromagneticJg)
interactions of similar magnitude. Notably the shorter of 2.4. Exchange interactions in p-BrCsF4CNSSN
the two intermolecular S-S contacts f3) in the ab plane
(Fig. 3a) propagates a negligibly small exchange coupling,  This radical also crystallizes in a polar space group
whereas the longer propagates an antiferromagnetic inter-(orthorhombicAba2) [33]. Here molecules are linked via
action (1~ —7cm1). The second significant exchange short S--N contacts (3.17@) along the crystallographic
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(a)

(b)

Fig. 3. Crystal structure af-p-NCCsF,CNSSN with exchange pathways labelled. Intermolecular contacts and calculated exchange couplings are presented

in Table 1 (Structural data taken from referen@a].)

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

Table 4
Closest contacts between neighbouring moleculgsBnCsF4CNSSN and
the corresponding calculated Broken-Symmetry DFT coupling constants

Pathway Contact dA) J(cm1) J(cm1)
(6-31G™) (6-311G*)
J1 N(1)---S(1a) 3.634
N(1)---S(2a)  4.182
S(1)--S(la)  3.865 —9.86 —7.62
S(2)--C(la)  4.196
N@)---N(2a)  4.377
J2 S(2) --S(2a) 3.675
S(2)--N(2a) 3738  +851 +7.52
S(2)--S(la)  4.371
J3 S.-N 3.175 —8.38 —-8.25

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

magnetic behaviour gf-BrCgF4,CNSSN is characterised by
Curie—Weiss behavioup & —27 K) in the high temperature
regime but does not exhibit either thetype peak or broad
maximum above 1.8 K associated with either long range or
short-range antiferromagnetic ordaas].

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

The magnetic motif generated by these three interactions
is a two-dimensional grid in which each molecule forms three
antiferromagnetic £y and twoJ3) and one ferromagnetic
(J2) interaction. Within the mean-field approximation, these
interactions lead to an expected Weiss constant 26 K
(6-31G**) or —24 K (6-311G*) in excellent agreement with
the experimental valued & —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 im-type orbitals, coupled with the
two dimensional nature of the exchange pathweig.(5).



J.M. Rawson et al. / Coordination Chemistry Reviews 249 (2005) 2631-2641 2637

() ()

Fig. 4. Crystal structure gf-BrCgF4CNSSN with exchange pathways labelled. Intermolecular contacts and calculated exchange couplings are presented in
Table 4 (Structural data taken from referen@3].)

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 studief38] 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 #®fs shown in

Fig. 6. Spin polarisation within the unrestricted Hartree-Fock
Fig. 5. Exchange pathway inBrCsF4CNSSN, with relative orientations (UHI_:) formallsm ma_y leads to a slight excess of (‘Spll’_]-up')_
of the crystallographic axes. a-spin. This excess is compensated by a small negative spin
density (‘spin-down’B-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

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 shd®] 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 (,)

appearsto have only avery small effect on the electronic prop-

erties of the heterocyclic ring, e.g. redox behavi@s] and Fig. 6. Spin density distribution around the dithiadiazolyl ringéifrom

EPR spectr§34,36]. A detailed analysis of the isotropic and Ppolarised neutron diffraction experiments projected onto the heterocyclic

anisotropic hyperfine interactions in the EPR spectra providesplane p_sing g multipplar expans_ion approach. Soli_d lines repre_sent rggions

[34,37]quantitative estimates of the spin density distribution of po sitive spin density, daShedc"?Ss represent regions of negative _Szpm den-
- ) ) sity; (a) low levels 5t n(10ynug A~%; (b) high levels 25t n(50ynug A=<,

(s andm electron densities) at N which are in excellent agree- The spin populations determined from a multipolar expansion model of the

ment with DFT calculations. However they give no direct experimental density are: S +0.28, N +0.25,-0.06 (see referend88]).
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to be formally nodal within a restricted Hartree—Fock (RHF) 3.2. Ferromagnetic interactions between dithiadiazolyl
approach. In the case 6f negative spin density is located at  radicals
the heterocyclic C atom and in the heterocyclic ring plane.

For the majority of dithiadiazolyl radicals, two molecules In the case of botda and5, ‘cofacial’ =" —r" interac-
associate via & —m" bonding interaction between coplanar tions are both strongly ferromagnetifsE +7.58 cntt and
rings[36]. This leads to a rather weak —" bond, not dis-  J»=+7.52 cnt! for 4o and5, respectively). In both cases the
similar to that describe{B9] by Miller in certain TCNE~ two rings adopt formally non-bonding geometries in which
salts. The a symmetry of the SOMO provides a number the overlap regions coincide with the nodal planes of the
of symmetry-allowed bonding conformations of which the SOMOs, i.e. the two magnetic orbitals are mutually orthog-
cis-cofacial arrangement is most prevalent but by no meansonal Fig. 7a and b). In the case & the two orbitals are
unigue. Solution EPR studies have allowed the dimerisation again mutually orthogonal. In this case the two radicals do not
energy to be estimated at ca. 35 kJ mofor a number of interact via a coplanar”—r" interaction. Instead the orbital
derivatives[40]. In the case ofi—6 this dimerisation is sup-  orthogonality arises from twisting of the two ring planes so
pressed through the introduction of perfluoroaryl substituents that they are almost mutually perpendicular.

(which increase the steric bulk of the substituent making  The mutually orthogonal, non-bonding nature of the
dimerisation less favourable) and the introduction of elec- SOMOs favours ferromagnetic coupling in the same way
tropositive and/or electronegative groups. The latter provide that mutually orthogonal d-orbitals on a transition metal ion
an enhanced ionic contribution to the lattice energy such that(or orthogonal magnetic orbitals in a dimeric metal complex)
the favourableA Hgim contribution becomes less significant  favour coparallel spin alignment. This approach is not incon-
in relation to AHjat. This complex combination of steric  sistent with the McConnell model. Within the context of the

and electronic effects, inhibits"—m" dimerisation yet still McConnell mechanism, a ferromagnetic interaction occurs
accommodates close heterocyclic contacts. These are eithewhen regions of positive and negative spin density overlap.
electrostatically favourable’s - -N®~ orvander Waals S -S Since these regions of negative spin density occur at nodal

contacts between polarisable S atoms. In order to understanglanes then any intermolecular geometries which favour
the nature of the intermolecular magnetic exchange interac-coincident overlap of a nodal plane (within the RHF approx-
tion we focus on the SOMO-SOMO interaction associated imation) with a region of unpaired (positive) spin density

with the local ferromagnetic and antiferromagnetic interac- should stabilize a ferromagnetic interaction. The corollary
tions identified between dithiadiazolyl radical pairs within is that the McConnell mechanism is merely a reflection of
the structures od—6. orbital orthogonality principles evolved elsewhere. Some

Fig. 7. Orthogonal nature of the SOMO-SOMO interactions ir¢g)(b) 5; (c) 6.
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consideration of the orbital orientation must be considered should be noted that substantial orbital overlap will, of course,
and was not expanded upon by McConnell who consideredlead to ar"—=" closed shell ground state).

only aw—r interaction between coplanarsystems. Radical

6 provides an excellent example in this respect. Here the 3.4. A comparison of exchange interactions in

S --N contact depicted ifrig. 7c is clearly between regions  dithiadiazolyls and nitronyl nitroxides

of positive spin density at S and N. According to McConnell

this would be expected to favour an antiferromagnetic  This simple SOMO-SOMO analysis initially seems at
interaction if orientation effects are ignored. Yet the rela- odds with the detailed studies reported for the nitronyl nitrox-
tive orientation of these two rings makes them mutually ide radicalg7]. In that case there appeared to be no direct

orthogonal and a ferromagnetic interaction results. correlation between the nature of the exchange interaction

and the intermolecular geometry. However the difference
3.3. Antiferromagnetic interactions between between the two radical systems can be attributed to the
dithiadiazolyl radicals nature of the exchange pathway. In the case of the nitronyl

nitroxides, the ©--O (as well as N--O and N--N) con-

In the case o#ta, am — interaction between copla- tacts are almost invariably beyond the sum of the van der
nar rings via overlap of an ‘edge’ of each heterocyclic ring Waals radii (3.25\), i.e. the minimum distance between two
produces a weak bonding interaction which stabilizes an anti- atoms which may be considered to be non-bonding. Whilst
ferromagnetic ground stat€i@. 8a). In the case cfp asingle the van der Waals radius of N can be considered spherical
out-of-planer’—r" S- - -N contact also generates a bonding (1.60,&), a statistical analysis of-S-S contacts in the Cam-
interaction which favours an antiferromagnetic interaction bridge Crystallographic database shoy#&t that the softer,
(Fig. 80). In 5 there are two antiferromagnetic interactions; more polarisable S atom exhibits substantial anisotropy with
one is via ar — interaction between coplanar rings with a minor radius close to the ring plane of 1/@nd a radius
a net bonding interaction at the S atoms whereas the secongberpendicular to the ring plane of 20Asa consequence we
interaction can be considered as’a" bonding interaction  considerboth S -Nand S- -S contacts close to the ring plane
close to the ring plané~g. 8& and d). to be significant when they are less than&.m contrast the

Any weakw —" bonding interaction between radicalsis sum of the van der Waals radii for SN and S -S contacts
expected to stabilise the open shell singlet state (although itperpendicular to the ring plane are 3.6 and&l,,.flespectively.

(c) (d)

Fig. 8. SOMO-SOMO interaction emphasizing the bonding character (a) via two out-of-plahecBntacts irde; (b) via a single out-of-plane-S-N contact
in 4; (c) via an out-of-plane S-S contact irs; (d) via a single in-plane contact SN contact in5.
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The majority of the significant exchange pathways identi- symmetry approaclil5]; The broken symmetry state is a
fied in4, 5 and 6 exhibit close contacts within this range. DFT state composed of pure magnetic states with different
Moreover they are favoured electrostatically*(S-N°~) or spin symmetries in such a way that all thenagnetic orbitals
via dispersion forces (S-S) whereas the ©-..0°~ con- are located on one magnetic centre and alltharbitals are
tactis electrostatically disfavoured in nitronyl nitroxidé2]. located on the second magnetic centre. The strength of the
Close contacts to the nitroxide N atom are inhibited by steric exchange interaction is then determined using the scheme
factors and the resultant intermolecular contacts are usu-proposed by Yamaguchi6] using the expectation values
ally N-O. - -H-C. Additional DFT studies on these nitronyl for the high spin and low spin states:
nitroxide radicals indicate that the substituent plays a key —(Ens — Egs)
role in determining both the strength and sign of the mag- J = oA T 78S

($2)hs — ($2)Ls

netic exchange pathwayag.

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

(4)

3.5. Extension towards novel dithiadiazolyl and related
radicals

Inthe case of dithiadiazolyl radica) some structural con-
trol of the crystal lattice was introduced by the inclusion of a Acknowledgements
structure-directing CN -S interaction (as observed in sev-
eral cyano-functionalised dithiadiazolyl radicals described  We would like to thank the C.I.C.Y.T. (grant MAT2001-
earlier) [24]. However the relative displacements of these 3507-C02-02) for financial support. We are also extremely
supramolecular chains precluded any close intermoleculargrateful to the referees for their constructive criticism of this
contacts between heterocyclic rings. Indeed the closest ofmanuscript.
these was beyond/°6 Unsurprisingly, on the basis of the di-
rect exchange mechanism proposed here, rafliwak found
to behave as a perfect Curie paramagitet(1 K) [24].

The dithiadiazoly! ring system is only one of a num-
ber of thiazyl-based radicals. The success of these results[1] M. Tamura, Y. Nakazawa, D. Shiomi, K. Nozawa, Y. Hosokoshi,
to rationalize the magnetic behaviour of dithiadiazolyl rad- M. Ishikawa, M. Takahashi, M. Kinoshita, Chem. Phys. Lett. 186
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