This article was downloaded by: [University of Haifa Library]

On: 17 August 2012, At: 10:24

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and

Liquid Crystals Science

and Technology. Section A.

e Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Multi-Functional Magnetic
Materials Based on
Dithiadiazolyl Free Radicals

Jeremy M. Rawson ¢ , Robert J. Less #, J. Nicholas
B. Smith ® , Fernando Palacio ® & Guillermo
Antorrena ”

# Department of Chemistry, The University of
Cambridge, Lensfield Road, Cambridge, CB2 1EW,
UK

® Instituto de Ciencia de Materiales de Aragon, CSIC-
Universidad de Zaragoza, E-50009, Spain

Version of record first published: 24 Sep 2006

To cite this article: Jeremy M. Rawson, Robert J. Less, J. Nicholas B. Smith, Fernando
Palacio & Guillermo Antorrena (1999): Multi-Functional Magnetic Materials Based

on Dithiadiazolyl Free Radicals, Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid Crystals, 334:1, 275-284

To link to this article: http://dx.doi.org/10.1080/10587259908023325

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259908023325
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Haifa Library] at 10:24 17 August 2012

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [University of Haifa Library] at 10:24 17 August 2012

Mol. Cryst. and Lig. Cryst., 1999, Vol. 334, pp. 275-284 © 1999 OPA (Overseas Publishers Association) N.V.
Reprints available directly from the publisher Published by license under the
Photocopying permitted by license only Gordon and Breach Science Publishers imprint.

Printed in Malaysia

Multi-Functional Magnetic Materials Based on
Dithiadiazolyl Free Radicals

JEREMY M. RAWSON? ROBERT J. LESS?, J. NICHOLAS B. SMITH?,
FERNANDO PALACIO® and GUILLERMO ANTORRENAP

3Department of Chemistry, The University of Cambridge, Lensfield Road,
Cambridge CB2 1EW, UK and SInstituto de Ciencia de Materiales de Aragon,
CSIC-Universidad de Zaragoza, E-50009, Spain

The crystal structures of a series of dithiadiazolyl free radicals, p-XCgF4CNSSN (X=F,Cl,Br
and CN) are described in terms of dipolar interactions which induce chain-like motifs in the
solid state. When X=CN two morphologies are observed; the B-phase is polar and undergoes
a phase transition to a weakly ferromagnetic state at 36K, an unprecedented temperature for
an organic radical. The polar structure which gives rise to weak ferromagnetism in
B-p-NCCgF4CNSSN, also provides a number of other potential solid state properties which
may interact independently or cooperatively with the magnetic behaviour.

Keywords: dithiadiazolyl; weak ferromagnet; canted antiferromagnet; piezo-electric;
ferro-electric; non-linear optic

INTRODUCTION
The design of organic molecular magnets is, simultaneously, one of the

most difficult and rewarding tasks for the synthetic chemist; The design

must incorporate stable radical centres which do not dimerise in the solit
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state !'! Perhaps more importantly, the synthetic chemist must attempt to
control the solid state structure, and hence intermolecular interactions
which determine the magnetic communication (ferromagnetic or
antiferromagnetic) between neighbouring spin-centres. The latter is a non-
trivial task and a number of approaches have been developed using a

supramolecular approach, particularly via hydrogen-bonded networks.'”

A SUPRAMOLECULAR VIEW OF MOLECULAR MAGNETISM

The approach we have used to induce ferromagnetic behaviour is one
which utilises antisymmetric exchange between radical centres."! The so-
called Dzyaloshinskii-Moriya interaction minimises the coupling energy
when the interacting spins are oriented perpendicular to one another, i.e.
away from perfect antiparallel alignment. This leads to a canting of spins
and essentially antiferromagnetic materials exhibit a small but observable
spontaneous magnetic moment, typically a factor of 10” to 10* less than
that observed for a pure ferromagnet. In order to observe a non-zero
antisymmetric exchange term, interacting spins must not be related through
an inversion centre. Whilst space groups possessing an inversion centre do
not necessarily preclude weak ferromagnetism, polar space groups provide
an attractive target for weak ferromagnetism although this is non-trivial
since approximately 70% of achiral molecules crystallise in centro-

symmetric space groups.'!
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Our research has concentrated”! on the 1,2,3,5-dithiadiazolyl
radical, 1 (Fig. 1) as the molecular building block for the construction of
magnetic materials. In 1, the unpaired spin density is localised on the
CN;S; ring (Fig. 1) and the spin-density distribution is essentially
unaffected by changes to the substituent group, R. Consequently we may
modify R to control molecular structure through steric and electrostatic
means without significant modification of the electronic structure. In
particular, we have attempted to devise suitable R-substituents to act as

supramolecular synthons to promote crystal polarity "

FIGURE 1. The 1,2,3,5-dithiadiazolyl ring and the symmetry of the
singly occupied, n-based, molecular orbital. Approximate unpaired
spin densities are ~28% and ~22% per S atom and N atom.

These S/N-based radicals exhibit a number of beneficial features;
Firstly, there is significant spin-orbit coupling, which gives rise to a greater
magnetic anisotropy which favours relatively large canting angles;
Secondly the radicals are not sterically hindered and this facilitates close
approach of radical centres, leading to stronger exchange interactions
which promote high Tc’s;! Finally, the dithiadiazolyl radicals, 1, are
thermally stable and melt without decomposition.”! A detrimental feature
of these radicals, is their strong tendency to dimerise' in the solid state
(AHgim ~ 35 kJmol™). Whilst this energy term is small in terms of covalent

interactions, it is very large in terms of van der Waals forces, the principle
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instrument of crystal engineering. Recently we have investigated'® a series
of perfluorinated dithiadiazolyl derivatives in which intramolecular N...F
interactions lead to a greater steric bulk for the R-group which assists the

breakdown of the dimerisation process.

PERFLUORINATED DITHIADIAZOLYL RADICALS

Herein we describe the effect of a substituent X (X=F,Cl, Br and CN) on
the molecular structure of p-XCsF4CNSSN derivatives. The electronegative
group X interacts with the disulfur-bridge of the radical centre, leading to
molecular chains (Fig. 2). We discuss how the chain-like motif is modified
as a function of the electronegativity of X. The physical properties of f-p-
NCCsF,CNSSN are briefly reviewed. In addition we describe how the
crystal polarity, utilised in this approach to molecular magnetism might

yield additional solid state properties required for multi-functional

materials.

X EN
CN(spN) 507
. F 3.90

F ¥ . F F 3 F F .
/N‘S /N‘? C’N\? Cl 3.12
* RV N ¥ 8- Br 262
F ¥ F F F F S 2,58
(sp’ N 4.13)

FIGURE 2. Molecular chains of dithiadiazolyl radicals linked via
X...S interactions and Pauling electronegativities for selected
substituents, X and S. [Orbital electronegativities from reference 7].

The radicals p-XC¢F,CNSSN were synthesised using standard synthetic

methodologies'™ and purified by vacuum sublimation [10? Torr, ~100°C],
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space a b c o B Y
X __ group

F C2c  18.044(1) 10.643(4) 10.834(1) 90 123.27(1) 90
Cl 12a  10.592(3) 11.295(3) 15.570(4) 90 92.850(4) 90

Br  Abaz 8263(2) 20426(4) 11556(2) 90 %0 90
CN  P-1  15746) 8.0656) 9.509(7) 65.73(3) 69.173) 67.52(3)
CN  Fdd2 15.105(3) 10.828(2) 11.9333) 90 90 90

TABLE 1. Unit cell data for p-XCsFsCNSSN [X=F,C1.Br,CN].

yielding crystals suitable for X-ray diffraction studies. Unit cell data are

given in Table 1.

For the more electronegative halogens (X= F and Cl) chain-like
motifs are observed in the solid state'®®! (Fig. 3), but the lower
electronegativity of Br fails to produce the S*'... X" interactions required to
form a chain-like structure.” Instead, the S forms close contacts to a
heterocyclic sp* hybrid N and aromatic F atoms. For X=F and X=Cl the
structures are dimeric (and consequently diamagnetic), the molecular
chains run anti-parallel to one another (Fig. 3) and the structures are non-

polar. For X=CN, a chain-like structure is observed also, but the

v

4

FIGURE 3: Packing diagram of (p-CICsF<CNSSN),
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compound is monomeric, retaining its paramagnetic nature in the solid
state. In this instance, the compound is found to be polymorphic; the a-
phase is centrosymmetric with anti-parallel chains (Fig. 4a), but the f-phase
is polar, with co-parallel chains (Fig. 4b). In both morphologies the CN...S
interactions which lead to a chain-like motif are ca. 3.0A. The different
morphologies have profound effects on the magnetic properties; the polar
structure, B-p-NCCF,CNSSN undergoes a phase transition to a weakly

ferromagnetic state at 36K.""!

(b)

FIGURE 4. Packing diagrams for (a) a- phase, and (b) B-phase of
P-NCCF,CNSSN
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MAGNETIC STUDIES ON B-p-NCC¢F,CNSSN

The magnetic properties of -p-NCCsF;CNSSN have been studied
extensively "*! Below 36 K the susceptibility becomes dependent on the
applied field (Fig. 5a) and a small spontaneous magnetic moment is
observed which saturates at ca. 1.5 x 10” pg as T — OK. The magnetic
ordering temperature of 36K is unprecedented for an organic radical. The
data is reproducible (over 20 different samples have been studied on three
susceptometers) and trace metal analyses were negative. The intrinsic
nature of the magnetism has been confirmed by the frequency independence
of the ac susceptibility, and a small maximum in the specific heat capacity
at 35.5K corresponding to the weakly ferromagnetic to paramagnetic
phase transition "/ Powder neutron diffraction experiments show no new
magnetic reflections below 36K, but magnetic enhancement of selected
reflections (Fig 5b);""! The magnetic space group is *Fd'd2" in which the
spins are fixed in the ab plane (perpendicular to the direction of chain
propogation) and the resultant moment is oriented along the a-axis. Having
established the origin of the spontaneous magnetic moment and the
magnetic structure, we also wished to investigate the magnetic exchange
pathway. Two exchange pathways appeared possible (Fig. 6a); either via
the closest mtermolecular contact, the CN.__S interaction (~3.0A) along the
chain direction; and/or via heterocyclic N...S interactions (~3.5A). In order
to rationalise this dichotomy, an inclusion compound of p-NCCsH{CNSSN
in the diamagnetic host (perhydrotriphenylene) was prepared """ In this
material, polar chains of radicals are linked together through short CN...S
interactions (3.1 A), but neighbouring chains are magnetically insulated

from each other by the host lattice. Variable temperature magnetic studies
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FIGURE 5. (a) Plot of ¢ vs. T for B-p-NCC:F,CNSSN illustrating
the field dependence of % below 36K; (b) Magnetic enhancement of
a neutron diffraction reflection of $-p-NCCsF,CNSSN below 36K.
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(a) (b)
FIGURE 6. (a) Closest intermolecular contacts in p-p-
NCCF,CNSSN, and (b) diamond-like superexchange pathway.

of this host-guest complex indicate that there is no exchange via the CN...S
interaction. Exchange occurs only via the heterocyclic N...S contacts,
consistent with the localisation of unpaired spin density on the
dithiadiazolyl ring, Each molecule has four nearest neighbours in an
approximately tetrahedral arrangement and this generates a diamond-like

exchange pathway (Fig. 6b).

TOWARDS NEW MULTE-FUNCTIONAL MATERIALS

The crystal polarity, which is key to the weakly ferromagnetic state of B-p-
NCC(FCNSSN, is also a key feature for a number of other physical
properties such as non-linear optics, piezo-electric and ferro-electric
materials;""! Second harmonic generation in NLO materials leads to
frequency doubling;'¥! Ferroelectric crystals display a long range order of
the molecular dipoles below a critical temperature and these have
applications as capacitors. Piezo-electric materials develop an electric

polarisation on the application of stress and convert mechanical energy into
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electrical impulses. We aim to investigate how the magnetic response is

modified by these external stimuli.
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