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Abstract

Knowledge of the spin-density distribution in the dithiadiazolyl radical ring (DTDA) constitutes a major step towards the

understanding of the magnetic and electronic properties of the rich magnetism of DTDA derivatives. The p -O2N �/C6F4 �/CNSSN+

radical was chosen as the most favourable CNSSN+ derivative to study the spin distribution in this kind of free radical by polarised

neutron diffraction. Spin-density maps obtained for the p -O2N �/C6F4 �/CNSSN+ radical show that almost all the spin density is

localised on the sulphur and nitrogen atoms of the CNSSN+ ring. A small negative spin density on the carbon atom of the CNSSN+

ring and a negligible spin density over the rest of the radical are observed, in good agreement with ab initio calculations.
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1. Introduction

In recent years, there has been considerable interest in

the study of the magnetic behaviour of free radicals [1].

Part of such interest has been focused on the develop-

ment and study of organic materials that exhibit

spontaneous magnetisation on decreasing temperature

in order to develop organic ferromagnets free of metallic

elements. Such materials can exhibit peculiar and

probably unprecedented properties not shown by the

traditional inorganic magnetic materials based on me-

tallic or ionic lattices: low density, transparency, photo-

responsiveness, electrical insulation, bio-compatibility,

low-temperature fabrication, easy processability, etc.

Furthermore, a most interesting characteristic of these

materials is the possibility of performing slight chemical

modifications to change their physical properties. This

opens a wide range of practical possibilities to address

fundamental questions such as which are the dominant

mechanisms for the propagation of magnetic interaction

and even for the molecular packing itself. The condi-

tions required not only to stabilise an organic free

radical in the solid state but also to control its molecular

packing in order to produce magnetic ordering are

difficult to fulfil. Moreover, the tendency of free radicals

to interact antiferromagnetically favours antiferromag-

netic rather than ferromagnetic ordering.

Thus far very few organic ferromagnets have been

reported. The first neutral free radical ferromagnet was

reported in 1991 as the b-phase of p -nitrophenyl

nitronyl nitroxide which orders at 0.6 K [2,3]. Simulta-

neously, ferromagnetism was also identified at 16 K in

the ionic complex radical TDAE�/C60 [4]. A second

neutral free radical ferromagnet, the nitroxide biradical

DOTMDAA, was reported in 1993 to exhibit a Curie

temperature of 1.48 K [5].

The dithiadiazolyl radicals X �/C6F4 �/CNSSN+ (X�/

Br, O2N, CN, etc.) are free radicals with an unpaired
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electron delocalised in the CNSSN+ ring. The CN �/
C6F4 �/CNSSN+ radical has been reported as a weak

ferromagnet with an ordering temperature of 36 K [6].

This temperature is the highest ordering temperature
observed in a purely organic magnet to date.

Several substitutions of the CN group in the NC �/
C6F4 �/CNSSN+ radical have been made. The result is a

major change in the molecular packing and, conse-

quently, a substantial modification of the magnetic

properties. Thus, by changing the CN group by Br a

paramagnetic system possessing very weak antiferro-

magnetic interactions was obtained. However, if the CN
group is substituted by O2N to give the O2N �/C6F4 �/
CNSSN+ radical ferromagnetic ordering is observed

below Tc�/1.3 K [7].

On the other hand, ab initio calculations have shown

that the unpaired electron density in CN �/C6F4 �/
CNSSN+ radical is on a molecular orbital localised on

the CNSSN ring and that the spin-density distribution

does not depend on the particular X group.
We report herein a single-crystal polarised neutron

study of the spin density in the CNSSN+ ring, together

with ab initio calculations, as a step towards the

understanding of the magnetic and electronic properties

of these compounds. The compound chosen for the

experiment was the O2N �/C6F4 �/CNSSN+ radical, which

is paramagnetic above 1.3 K.

2. Experimental

2.1. Nuclear structure at low temperature

The radical, p -O2N �/C6F4 �/CNSSN was synthesised

from p -O2N �/C6F4 �/CN utilising standard synthetic pro-
cedures and crystallised by sublimation in vacuum (100�/

70 8C, 0.1 mmHg) [7]. Large crystals up to 1�/1�/1

mm3 could be grown by annealing a sample in vacuo at

ca. 120 8C for 4 h. The structure of O2N �/C6F4 �/CNSSN+

was known from X-ray diffraction experiments at room

temperature [7]. In order to obtain the crystal structure

in detail at low temperature and determine the degree of

extinction and multiple scattering in the particular
crystal used, an unpolarised neutron experiment was

performed at 20 K on the 4-circle diffractometer D9 at

the Institut Laue Langevin (ILL) in Grenoble, France.

A wavelength of 0.8401 Å was used to collect 1463

independent reflections from a crystal of 1�/1�/1 mm3

volume. Appropriated absorption, extinction, Lorentz

geometrical and multiple scattering corrections were

applied to the measured intensities to determine the F 2
N

values, where FN are the nuclear structure factors.

Programs from the CCSL suite [8] were used to analyse

the data and refine the structural model.

2.2. Polarised neutron diffraction experiment

The polarised neutron diffraction technique consists

of determining the flipping ratios R (h k l), between the
diffracted intensities, Iup and Idown, at the Bragg peak

measured for a incident neutron beam polarised up or

down, respectively. That flipping ratio for each h k l

reflection is related to the nuclear FN(h k l) and

magnetic FM(h k l) structure factors. Assuming that

all magnetic moments in the sample are oriented in the

same direction, parallel to the beam polarisation, the

expression for R (h k l) can be simplified as:

R�
Iup

Idown

�
F ?N

2 � FƒN
2 � 2p sin2 a(F ?NF ?M � FƒNFƒM) � sin2 a(F ?M

2 � FƒM
2) � A

F ?N2 � FƒN
2 � 2ep sin2 a(F ?NF ?M � FƒNFƒM) � sin2 a(F ?M2 � FƒM

2) � B

(1)

where F ?N; FƒN; F ?M; FƒM are the real and imaginary parts

of the nuclear and magnetic structure factors, respec-

tively, a the angle between the reflection h k l and the

magnetic moments in the sample, p the up-polarisation

of the beam and ep the down-polarisation. A and B

terms take into account different corrections for l /2

contributions, multiple scattering and the Schwinger

effect. Eq. (1) has two unknown quantities F ?M and FƒM
that cannot be extracted directly from the flipping ratio.

In the particular case, where the nuclear structure is

centric, then FƒM is null and therefore from Eq. (1) the

magnetic structure factor can be determined. If the

nuclear structure is acentric then, as will be explained
later, the data analysis process directly the flipping

ratios.

The polarised neutron diffraction experiments were

performed on the D3 lifting-counter-diffractometer at

the ILL. A Heusler crystal was used to monochromate

the incoming neutron beam at a wavelength of 0.843 Å

with a polarisation of 0.93. A cryoflipper with 100%

efficiency changed the polarisation between up and
down relative to the vertical magnetic field applied to

the sample.

For this experiment, the same crystal mounted on D9

was used. Due to the crystal size and to the small

magnetic density about 30 min of accumulation time per

peak were necessary in order to obtain good statistics.

The magnetic flipping ratios of only 128 independent

reflections from 294 total reflections, covering a sin U /l
range of 0.72 Å�1, could be measured in the time

available for the experiment. The experimental tempera-

ture was set at 1.5 K with an applied field of 9 T.
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3. Results and discussion

3.1. Structural study

Only reflections with FN�/3s were considered for the

nuclear refinement. Position and anisotropic thermal

parameters for all atoms were refined. Structural details

corresponding to the low-temperature structure will be

provided in a more complete paper elsewhere and only

relevant facts are mentioned here.

The p -O2N �/C6F4 �/CNSSN+ radical crystallises in the

tetragonal space group P41212 with cell parameters a�/

8.1125 Å, c�/14.764 Å at low temperature and four

molecules for unit cell arranged in planes perpendicular

to the c-axis and rotated 908 with respect to each other.

Nuclear symmetry is preserved all the way from RT to

1.5 K. The structure consists of infinite chains of

monomeric radicals packed in a head-to-tail arrange-

ment that are not related by an inversion centre as it is

shown in Fig. 1. The absence of an inversion centre

between interacting molecules allows the presence of a

Dzyaloshinskii�/Moriya (DM) term in the interaction

Hamiltonian. Although such term is necessarily very

weak, it can be sufficient to move slightly the magnetic

moments in the radical molecules away from parallel

arrangement. The DM term is responsible for the weak

ferromagnetism in the p-CN �/C6F4 �/CNSSN+ radical

where a canting angle from collinear antiferromagnetic

arrangement of less than 0.18 was determined [6]. Given

that the p -O2N �/C6F4 �/CNSSN+ radical is ferromagnetic,

a canting angle of about 0.18 would be undetectable.

3.2. Ab initio calculations

In order to understand the measured spin-density, a

theoretical study was done. Various methods are avail-
able; here we report results of DFT calculations using

the BYLP correlation exchange functional [9]. That

calculations allow us to calculate the magnetic ground

state of the p -O2N �/C6F4 �/CNSSN+ radical. The

DMOL3 program [10] using periodic conditions and a

basis set of double numeric functions with polarisation

was employed in the calculations. The Mulliken popula-

tion obtained from these calculations are shown in
Table 1 together with experimental values for compar-

ison.

3.3. Spin-density reconstruction

In Figs. 2 and 3 are shown the projections, in-plane

and perpendicular to the ring, of the spin-density map

reconstructed onto the CNSSN+ ring using an analytical
model. By this method, the calculated magnetic struc-

ture factors, F calc
M ; are analytical functions of the spin

populations and radial and orbital coefficients of the

Slater wave functions. From F calc
N ; obtained from the

low-temperature nuclear structure and F calc
M the theore-

tical flipping ratios are calculated. By means of a least-

square procedure, these theoretical flipping ratios are

fitted to the experimental ones obtained in the polarised
neutron diffraction experiment using a modification of

the MOLLY program [11,12]. The Slater radial expo-

nents are taken from Ref. [13]. In our refinements, the

shape of the spin-density distribution has been refined in

terms of a multipolar model.

As can be observed in Fig. 2(A) and (B), high-level

and low-level contours plots, respectively, most of the

spin density is carried by the CNSSN+ ring. Positive
populations are found on the nitrogen and sulphur

atoms (0.281mB and 0.247mB, respectively) whereas in

carbon atom a small and negative population is

Fig. 1. View of the crystal structure of O2N �/C6F4 �/CNSSN+ radical.

The dotted lines indicate the four proposed exchange pathways.

Table 1

Atomic Mulliken populations (mB) for the p -O2N �/C6F4 �/CNSSN+

radical calculated from ab initio methods

Atom PND DMOL3

S1 0.281 0.320

N2 0.247 0.213

C5 �/0.055 �/0.063

C4 0.005

C3 �/0.003

C2 0.002

C1 �/0.003

F2 0.000

F1 0.000

N1 0.001

O1 0.000

The neutron experimental results are also shown.
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observed (�/0.055mB). Some negative density is observed

between the sulphur and nitrogen atoms that can be due

to covalence and polarisation effects [14]. The spin

density determined in the rest of the radical is below

the limits of the experimental accuracy. The goodness-

of-fit parameter x2 was 2.4 for the best-fit.

We found that most of the spin density is located in

the atomic orbital perpendicular to the CNSSN+ ring*/

see Fig. 3 where the spin distribution is projected onto

the plane perpendicular to the ring. We can then

conclude that the unpaired electron is almost located

in the p* molecular orbital, in good agreement with
theoretical calculations [15].

Our DFT calculations reproduce the same relevant

facts, i.e. positive populations on sulphur and nitrogen

atoms and negative for the carbon atom on the

CNSSN+ ring. Comparing the ab initio and experimen-

tal values, we observe that the population obtained for

the sulphur and carbon atom is around 14% larger in the

calculated case while for the nitrogen atom we find a
population smaller in 14% in the calculated case

compared with the experimental value. For the aromatic

part of the molecule, the calculated spin-density popula-

tions follow an alternate sequence of signs being the

values very small. In the rest of atoms (F, O, N1) the

spin population is negligible.

From a close inspection to the nuclear structure and

to the spin-density distribution, we can propose the
exchange pathways contributing to the ferromagnetic

phase transition at Tc�/1.3 K. Four equivalent N�/S

exchange pathways connect each CNSSN+ ring to four

different molecules in a arrangement giving a 3D

network of propagating interactions. In each of these

exchange pathways, a nitrogen pz orbital is pointing to a

neighbour pz sulphur orbital almost orthogonal, favour-

ing a ferromagnetic interaction. These exchange path-
ways are schematically represented in Fig. 1 as dotted

lines. Another mechanism giving ferromagnetic interac-

tion might be the small overlap between the pz orbital of

the N, where a positive spin density is found, and that

the in s-orbital plane localised in the same interacting

neighbour thiazyl ring. This orbital carries a small

negative population (see Fig. 3), which arises from

combinations of px and py orbitals.
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