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Studying the Origin of the Antiferromagnetic to Spin-Canting Transition in
the -p-NCC(F,CNSSN' Molecular Magnet
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Royston C. B. Copley,“! Michael A. Robb,'"! and Juan J. Novoa**

Abstract: The crystal structure of the
spin-canted  antiferromagnet  B-p-
NCC(F,CNSSN" at 12K (reported in
this work) was found to adopt the
same orthorhombic space group as that
previously determined at 160 K. The
change in the magnetic properties of
these two crystal structures has been
rigorously studied by applying a first-
principles bottom-up procedure above
and below the magnetic transition tem-
perature (36 K). Calculations of the
magnetic exchange pathways on the
160 K structure reveal only one signifi-
cant exchange coupling (J(dl)=
—33.8cm™'), which generates a three-
dimensional diamond-like magnetic
topology within the crystal. The com-

puted magnetic susceptibility, x(7),
which was determined by using this
magnetic topology, quantitatively re-
produces the experimental features ob-
served above 36 K. Owing to the aniso-
tropic contraction of the crystal lattice,
both the geometry of the intermolecu-
lar contacts at 12 K and the microscop-
ic J,p radical-radical magnetic interac-
tions change: the J(d1) radical-radical
interaction becomes even more antifer-
romagnetic (—43.2 cm ') and two addi-
tional  ferromagnetic interactions
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appear (+7.6 and +7.3cm™"). Conse-
quently, the magnetic topologies of the
12 and 160 K structures differ: the 12 K
magnetic topology exhibits two ferro-
magnetic sublattices that are antiferro-
magnetically coupled. The y(7) curve,
computed below 36 K at the limit of
zero magnetic field by using the 12K
magnetic topology, reproduces the
shape of the residual magnetic suscep-
tibility (having subtracted the contribu-
tion to the magnetization arising from
spin canting). The evolution of these
two ferromagnetic J,z contributions ex-
plains the change in the slope of the re-
sidual magnetic susceptibility in the
low-temperature region.
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In 1928, Heisenberg proposed that bulk magnetic order
would only be achieved in systems containing atoms for
which the principal quantum number is greater than two, in-
ferring transition-metal and lanthanide ions (i.e., in systems
in which the unpaired electron(s) are located on metal
ions), although this does not necessarily exclude heavy p-
block elements.!! However, in 1991, Kinoshita and co-work-
ers reported the discovery of bulk ferromagnetism in a
purely organic radical, the § polymorph of the p-nitrophenyl
nitronyl nitroxide, p-NPNN (7-=0.6 K).”! Since then, a
large number of organic radicals have been shown to under-
go bulk magnetic order, although the majority do so below
1 K.B' A small number of C/N/O-based radicals order above
1K, including the radical [Cy][TDAE] cation salt (7.=
16 K; TDAE =tetrakis(dimethylamino)ethylene),  the
DOTMDAA neutral radical (7-=1.48 K; DOTMDAA =
N,N’—dioxy—l,3,5,7—tetramethyl—2,6—diazaadamantane),[s] and
an oxo-verdazyl radical (Ty=5.4 K).1”
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Recent studies indicate that free radicals based upon
heavier p-block elements such as S and Se offer higher or-
dering temperatures.”! In the family of dithiazolyl radicals
[BBDTA][GaCl] (BBDTA =benzo(bis-1,3,2-dithiazolyl))
orders as a ferromagnet below T.=6.7 K,®) whereas BDTA
(BDTA =benzo-1,3,2-dithiazolyl) exhibits antiferromagnet-

Abstract in Catalan: L'estructura cristal-lina de I'antiferro-
magnet amb spin-canting f-p-NCC4F,CNSSN ha estat carac-
teritzada a 160K i a 12 K (aquest treball), determinant-se
que pertanyen al mateix grup espacial ortorombic Fdd2.
Entorn de la temperatura de transicié magnética (36 K), el
canvi en les propietats magneétiques d'aquests dos cristalls és
estudiat amb rigorositat aplicant un procediment de treball
bottom-up basat en primers principis. El calcul de camins de
bescanvi magneétic usant l'estructura de 160 K revela només
un acoblament magnétic significatiu (J(dl)=—-33.8 cm™),
que genera una topologia magnética tridimensional de tipus
diamant dins del cristall. La susceptibilitat magnética y(T)
calculada usant aquesta topologia magnética reprodueix
quantitativament els trets experimentals observats per sobre
de 36 K. A causa de la contraccié anisotropica de la xarxa
cristal-lina, a 12 K hi ha canvis tant en la geometria dels con-
tactes intermoleculars com en la magnitud de les interaccions
magneétiques microscopiques entre radicals, J,p: J(d1) es
torna encara més antiferromagnética (—43.2 cm™) i aparei-
xen dues interaccions ferromagnétiques addicionals (+7.6 i
+7.3cm™). Les topologies magnétiques de les estructures a
12 K i a 160 K son doncs diferents: la topologia magnética a
12 K presenta dues sub-xarxes ferromagnétiques acoblades
antiferromagnéticament. La corba y(T) calculada per sota de
36 K en el limit de camp magnétic zero usant la topologia
magnética a 12 K reprodueix la forma de la susceptibilitat
magnética residual (un cop la contribucié a la magnetitzacié
provinent de I'spin-canting ha estat restada). L'evolucié de
les dues contribucions ferromagnétiques 1,5 explica el canvi
en el pendent de la susceptibilitat magnetica residual a la
regio de baixa temperatura.
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ism below 11 K when rapidly
cooled.”! A selenathiazolyl has
recently been reported to order
as a ferromagnet below T.=
12.3 K,'%I and its isoelectronic
analogues generated by substi-
tution of S for Se have been
shown to order at T-=17 K.['%

F F A series of thia or selenazyl de-

N—S rivatives have also been shown

N=C \ either to order as weak (spin-
N—S canted) ferromagnets with 7=

¥ F 18 K and 27 K, or to present

marked differences in conduc-
tivity, which can be enhanced
by applying physical pres-
sure.™ These studies underline
the effect that inclusion of heavier heteroatoms enhances
not only charge transport, but also magnetic exchange inter-
actions.

In the family of dithiadiazolyl radicals, p-O,NC¢F,CNSSN*
orders as a ferromagnet (Tc=1.3 K)'") whereas the  phase
of p-NCC(F,CNSSN" exhibits canted antiferromagnetism
below 36 K.*'! Previous theoretical studies of the magnet-
ism of B-p-NCC¢F,CNSSN" "7 based on a crystal structure at
160 K, revealed a single dominant magnetic exchange path-
way in the high-temperature regime. The objective of this
paper is to gain a better, and theoretically sound, under-
standing of the paramagnetic and canted antiferromagnetic
(also known as weak ferromagnetic) regions, as well as the
origin of the magnetic transition at 36K in the f-p-
NCC(F,CNSSN" magnet. With this aim, we apply a first-
principles bottom-up procedure to study its magnetic proper-
ties by using structural data collected above (160 K)!'**6]
and below (12 K, reported in this work) the magnetic transi-
tion temperature (36 K). We show that there is a significant
temperature dependence of the magnetic exchange interac-
tions associated with the asymmetric contraction of the unit
cell, with the evolution of additional microscopic pair-wise
J g magnetic exchange terms upon cooling. This leads to a
more complex magnetic topology in the low-temperature
region with three non-negligible J,z interactions at 12 K:
one strong antiferromagnetic interaction and two weaker
ferromagnetic interactions. The first-principles bottom-up
procedure that was carried out by using the 160 K crystal
structure shows that the magnetic response in the paramag-
netic region can be quantitatively modeled with a single ex-
change term based on a 3D diamond-like network. Con-
versely, the 12 K magnetic topology can be described as two
strongly antiferromagnetically coupled ferromagnetic sublat-
tices, that is, as a competition between two ferromagnetic
sublattices of similar shape and strength coupled antiferro-
magnetically, a fact that can justify the presence of canting
below 36 K. The magnetic susceptibility curve computed
from the low-temperature magnetic topology reproduces the
magnetic response in the low-temperature region once the
contribution arising from spin canting has been subtracted.

p-NCCF,CNSSN
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In the B-p-NCC(F,CNSSN" magnet, the transition temper-
ature rises from 36 K at ambient pressure to in excess of
65 K under 16 kbar pressure.'! The magnetic exchange in-
teractions in the crystal structure of 3-p-NCCF,CNSSN" are
strong, as evidenced by a large Weiss constant (6=—102 K)
for the Curie-Weiss fit of the high-temperature region.!’!
The mean-field approach™ to the Curie-Weiss law allows a
first estimate of the strength of the exchange coupling from
the relationship given in [Eq. (1)]:

0 =22JS(S+1)/3k (1)

in which z is the number of nearest-neighbor interactions
(z=4 according to the S--N contacts found in f-p-
NCCF,CNSSN" crystal at 160 K), yielding J/k=—34cm™\.
The magnetic susceptibility y(7) passes through a broad
maximum around 60 K, indicative of short-range antiferro-
magnetic spin correlations, prior to ordering as a canted an-
tiferromagnet below 36 K.'¥) The in-phase component y’ of
the ac susceptibility studies! shows a peak at 36 K, which
precedes the onset of bulk magnetic order. The thermal evo-
lution of the out-of-phase component y’’ is considerably
more complex because it is not detected until approximately
28K (i.e., 8 K below T¢), and then rapidly rises upon cool-
ing to 20 K where it reaches a plateau before increasing
again below 12 K. Single-crystal EPR,* dc susceptibility,!'*"!
and powder p-SR (muon spin relaxation) studies!™ all
reveal the onset of a spontaneous magnetic moment below
36 K and also that the saturation of the magnetization
below the transition temperature follows the Brillouin func-
tion. Finally, low-temperature EPR,* powder neutron,!
and p-SR™! studies have indicated that the experimental
magnetic structure has the b axis as the easy axis of align-
ment. No evidence for a structural phase transition at 36 K
has been identified in any of these studies.!*16:18.20)

A number of theoretical models have been put forward to
rationalize both the sign and the magnitude of intra- and in-
termolecular magnetic exchange in organic systems.*?
Amongst the most popular mechanisms for rationalizing in-
termolecular exchange is the so-called McConnell-I mecha-
nism, the common use of which is based upon the overlap of
regions of positive and negative spin density.>*! Although
this works in a number of cases, a survey of a large group of
nitronyl nitroxide derivatives showed that there was no ap-
parent correlation between intermolecular N--O distances
or angles and the sign of J,z between radicals, which goes
against what was to be predicted by the McConnell-I mech-
anism.”! However, nowadays it is possible to make an accu-
rate quantitative evaluation of not only the sign and magni-
tude of the magnetic interactions, but also to predict the
macroscopic magnetic properties of molecule-based magnets
by performing a first-principles bottom-up study of the crys-
tal.?! The good performance of this procedure has been
demonstrated in a variety of crystals.”?
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Experimental Section

A sample of p-NCC4F,CNSSN" was prepared according to the literature
method!"™ and crystals of the B phase formed as long needles by subli-
mation in a static vacuum (10~" Torr, 90-40°C).

X-ray crystallography: Single-crystal X-ray diffraction data were collect-
ed at 12K on the Fddd diffractometer™ equipped with a Displex cryo-
refrigerator. Data were obtained up to 60° in 26 by using graphite mono-
chromated Moy, radiation (1=0.71073 A) from a needle-shaped black
single crystal (0.02x0.02x0.10 mm). The crystal was mounted on a sharp-
ened 0.3 mm graphite propelling pencil lead (by using low-temperature
Oxford Instruments TRZ0004 epoxy glue) to enhance thermal conduc-
tion when using the Displex cryo-refrigerator, because cooling of the
sample was achieved through the fiber and the mount. The Fddd diffrac-
tometer was controlled by the MAD software® and reduction of data
from this instrument was performed by using the COLL5SN program.!
The structure was solved by using direct methods®™ and was refined®” by
using full-matrix least squares methods on F°. Table 1 shows the crystal
and refinement data for the 12 K dataset.

CCDC-755508 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystallographic data for f-p-NCC4F,CNSSN" at 12 K (CCDC-
755508).

Formula CgF,N3S,
M, 278.23
crystal system orthorhombic
space group Fdd2

T [K] 12

al°] 14.913(3)
b[°] 10.735(2)
c[°] 11.925(2)
VI[AY 1909.1(7)
Z 8

Penea [mgm ] 1.936

u (Moy,) [mm~'] 0.595
measured reflns 5700
independent reflns 1393
[I>20(1)] reflns 1327

Ry 0.0463
Onax [°] 60.00
R[F*>20(F)] 0.0291
wR(F?) 0.0724

S 1.08
refined parameters 81

(A/O) max 0.004
APuas Moumin [6 A7) 0.513, —0.338

Computational details: The first-principles bottom-up theoretical proce-
dure” computes the bulk magnetic properties of a compound by using
just the crystallographic data. This first-principles bottom-up approach re-
quires four steps:

Step 1) Analysis of the crystal structure to identify all unique radical-radi-
cal pairs present in the crystal: The magnetic interactions between p-
NCCF,CNSSN’ radicals in the 12 and 160 K crystals are through space
(also called direct exchange magnetic interactions). Each p-
NCCF,CNSSN’ unit is a doublet radical (see Scheme 1). Calculations of
the spin-density distribution in the p-NCCF,CNSSN" radical from both
frozen-solution EPR spectra and DFT calculations are in excellent agree-
ment,'! and indicate that the spin density is delocalized over the heter-
ocyclic S and N atoms with a small negative spin density at the heterocy-
clic C atom and very small positive spin density on the two ortho-F atoms
of the perfluorophenyl substituent (see Scheme 1). Recent polarized
single-crystal neutron diffraction experiments on the closely related p-
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O,NC(F,CNSSN" radical confirm this spin distribution.”® Because the
spin density is mainly delocalized on the dithiadiazolyl ring (see
Scheme 1), the criterion to select radical-radical pairs was based upon
heterocyclic NSSNC--CNSSN distances smaller than 13.00 A. This cut-off
point includes all nearest-neighbor and closest next-nearest-neighbor
contacts.

Step 2) Computation of the microscopic magnetic interactions (J,5) for
each unique radical-radical pair AB found in the crystal: For through-
space interactions, the microscopic exchange pair-wise coupling J,p ap-
pears to be local and there is no need to account for cooperative effects
by using larger clusters. Indeed, the magnetic exchange values J,5 ex-
tracted from tri- and tetraradical models were practically the same as for
the dimer model. This dimer approach has been previously shown to per-
form adequately for a variety of through-space magnetic molecular sys-
tems.” Because the p-NCC(F,CNSSN' radical has a doublet ground
state, there are only two possible states for the radical-radical pairs se-
lected in step 1: singlet and triplet states. The value of J,5 for each pair is
obtained from the energy difference between the lowest open-shell sin-
glet and triplet states with the broken-symmetry approach“” used to de-
scribe the open-shell singlet state. Within this approximation the value of
Jag for the Hamiltonian described in [Eq. (2)] is obtained as 2J =
2(Egs’—E"), in which E" and Es® are the energies of the triplet and
broken-symmetry singlet states, respectively. Our experience indicates
that J,pz=(Egs°—E") gives results that are closer to the experimental
values than alternative ones in which projection is used.’*“**!l Note that
there has been some controversy about the use of projection when com-
puting the values of the J,p parameters by using the broken-symmetry
approach within the DFT context (for detailed discussions, see refer-
ence [42]). Each of the J,i values were separately calculated for the 160
and 12 K crystal structures by using the crystal geometry that each radi-
cal pair adopts. Energies were computed at the DFT/UB3LYP level®!
with a 6-31 4+ G(d) basis set!*! by using the Gaussian suite of programs.*’!
This level of theory has been previously shown to be appropriate for thia-
zyl derivatives.!

H=-2%" JanSa-Sa )

Step 3) Determination of the magnetic topology of the crystal and its mini-
mal magnetic model space: The magnetic topology is defined as the net-
work of connections that the non-negligible J,5 magnetic interactions es-
tablish among the radicals (we have previously estimated that all interac-
tions with |J,g|>0.05 cm—1 can be considered as significant). From the
magnetic topology, the smallest finite model of radicals in which all non-
negligible J,p interactions are present in a ratio as similar as possible to
that in the original infinite crystal can be defined, hereafter called the
minimal magnetic model. This model allows the computation of the mac-
roscopic magnetic properties from the values of the J,p interactions by
using statistical mechanics. Note that the extension of the minimal mag-
netic model space along the three crystallographic axes must clearly re-
produce the magnetic topology of the infinite crystal. Furthermore, as
the magnetic model space is enlarged, the computed macroscopic mag-
netic properties must converge towards the experimental result.

Step 4) Calculation of the macroscopic magnetic properties of the crystal
by using the appropriate statistical mechanics expressions: Once the J g
values have been computed in step 2, the matrix representation of the
Heisenberg Hamiltonian given in [Eq. (2)] can be computed and diagon-
alized. Such a representation is computed on the basis of spin eigenfunc-
tions of the minimal magnetic model space. In our calculations, the
equivalent form of the Heisenberg Hamiltonian given in [Eq. (3)] is used,
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in which 1,5 is the identity operator and S, and Sy are the spin operators
acting on radicals A and B. Note that the energy spectrum computed by
using either Hamiltonians in [Eq. (2)] or [Eq. (3)] results in the same
energy differences between the eigenvalues. By using these eigenvalues,
the macroscopic magnetic properties are computed by using appropriate
statistical mechanics expressions. Note that the size of the matrix repre-
sentation of the Heisenberg Hamiltonian increases with the number of
doublet radical N centers as N!/[(N/2)!(N/2)!]. Currently, we can fully di-
agonalize up to 16 different doublet centers. It is important to note that
the magnetic field is included in the derivation of x(T), although in most
calculations and experimental work it is taken as negligible (zero magnet-
ic field limit). In our procedure, for simplicity, the magnetic field is taken
to be parallel to the easy axis of alignment guy HS, (if any). Thus, it re-
sults in the value of y parallel to the easy axis.

H=-2%", /s (SA 8+ iiAB) 3)

This first-principles bottom-up approach®! enables the macroscopic prop-
erties (e.g., magnetic susceptibility and heat capacity) to be connected
with their microscopic origin, that is, the J,p exchange interactions. Con-
sequently, it provides a rational analysis of the magnetic properties of a
crystal and has provided excellent agreement with observation.””? Note
that some theoretical studies have utilized steps 1 and 2 to evaluate J g
but did not compute the macroscopic magnetic properties.“-**! Converse-
ly, a likely exchange pathway and magnetic topology can be ‘guessed’
and a parametric Heisenberg spin Hamiltonian (only step 4) can be uti-
lized to extract estimated fitting J parameters from experimental
data.f*%! The first-principles bottom-up procedure®! described above
combines these two approaches. The correct exchange pathway(s) and
magnetic topology are determined at the microscopic level through the
determination of possible J,p values. Full matrix diagonalization of an
appropriate magnetic model allows a direct comparison of calculated and
experimental macroscopic magnetic properties, connecting their shape
with the microscopic J,p radical-radical interactions.

Results and Discussion

Comparative analysis of the crystal structures at 160 and
12K: To compare the magnetic properties of [-p-
NCC¢F,CNSSN" above and below the transition temperature
(36 K), the pair-wise magnetic interactions were character-
ized by using crystal structures determined above (160 K)
and below (12 K) the magnetic ordering temperature (see
Table 2). The X-ray structure determined at 160 K has been
previously reported,* whereas the structure determined at
12 K is reported herein (see Table 1, CCDC-755508). These
single-crystal X-ray diffraction studies are in agreement with
previous powder neutron diffraction studies!™ and reveal
that there is no structural phase transition associated with
the magnetic transition at 36 K.

Throughout the temperature region studied, p-p-
NCC¢F,CNSSN" adopts the noncentrosymmetric, ortho-
rhombic space group Fdd2 with the molecule located on a
two-fold axis and a total of eight radicals per unit cell (see
Figure 1a for the 160 K structure). Although there is an ex-
pected contraction in the unit-cell volume upon cooling, the
contraction along the crystallographic ¢ axis (0.07 %) is sub-
stantially smaller than the contraction along either the a or
the b axes (1.25 and 0.85%, respectively). The rigidity of
the ¢ axis can be associated with the presence of short
CN® -8+ contacts (see Figure 1b), which generate a chain

Chem. Eur. J. 2010, 16, 2741 -2750
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Figure 1. a) The unit cell (Z=8). b) View of encircled radical in (a) along
the ¢ axis forming chains. ¢) The ab view showing four symmetry-equiva-
lent SN closest contacts between heterocyclic rings (C;F,CN groups are
omitted for clarity). Two next-nearest-neighbor sets of longer contacts
are also schematically indicated, the closest of which are the C--S and
C-N contacts. d) The bc view (encircled) of chain shown in (b) illustrat-
ing the slipped nature of adjacent chains along the ¢ axis. Short F--NC
and F-S interchain contacts are formed at 3.255(2) A and 3.325(2) A, re-
spectively. Note that all distances apply to the 160 K crystal structure
(see the main text for distances referring to the 12 K crystal structure).
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motif parallel to this ¢ axis. These offer both favorable elec-
trostatic and dipolar contributions to the lattice enthalpy.
These intermolecular contacts (2.986(3) A at 160 K and
2.968(3) A at 12 K) are considerably shorter than the sum of
the van der Waals radii (3.35 A)”) and present only a small
variation in contacts upon cooling (see Table 3).

Table 2. Cell dimensions for the 160 and 12 K structures of the f-p-
NCCF,CNSSN’ crystal (both belong to the Fdd2 space group). The dif-
ference between the crystallographic parameters is also given in the third
TOW.

a[A] b [A] c[A]
12K 14.913(3) 10.735(2) 11.925(2)
160 K 15.105(3) 10.828(2) 11.933(3)
contraction 0.192 0.093 0.008

The majority of the contraction of the unit-cell volume is
accommodated by significant changes to the crystallographic
a and b parameters, which lead to marked changes in the in-
terchain interactions. Each radical makes four crystallo-
graphically equivalent short S®*-~N° contacts with radicals
in nearby chains (see ab view in Figure 1c; dg. is 3.488(3)
and 3.431(2) A at 160 K and 12 K, respectively). In addition,
the unit-cell contraction upon cooling leads to a shortening
of the intermolecular contacts between the dithiadiazolyl
ring and the C¢F, ring of a neighboring chain; the closest of
these contacts is C-S (4.206(2) A at 160 K, 4.172(2) A at
12 K; see Figure 1c—d for a view in the ab and bc planes).
Amongst the intermolecular distances between next-nearest
neighbors, the shortest are C--S and C--N distances at ap-
proximately 6.4 and 6.5 A, respectively (6.394(3) and
6.449(3) A at 160K, 6.295(2) and 6.407(2) A at 12K; see
Figure 1c¢).

First-principles bottom-up study of $-p-NCCF,CNSSN' by
using 160 K and 12 K data: EPR and magnetic studies on
the related PHTPCp-NCCeH,CNSSN" inclusion complex
(PHTP = perhydrotriphenylene)®! indicated that there is no
significant magnetic exchange through the structure-direct-
ing intrachain CN--S contacts (shown in Figure 1b). As a
consequence, interactions through the interchain S--N con-
tacts (shown in Figure 1¢) were proposed according to the
McConnell-I model as the only exchange pathway, generat-
ing a three-dimensional diamond-like exchange network(®!7!
with the small spontaneous moment arising through spin
canting, which is allowed in the noncentrosymmetric space
group Fdd?2. This was supported by previous theoretical cal-
culations on the 160 K structure.!"”

Within the framework of our first-principles theoretical
bottom-up procedure,? all possible pairs of dithiadiazolyl
radicals that might magnetically interact were identified. By
using a 13.00 A cut-off point between C atoms of the
CNSSN rings, there are a total of 24 intermolecular contacts
per radical. This cut-off includes all nearest-neighbor inter-
actions, which are the usual candidates to exhibit strong ex-
change coupling. Because of the crystal symmetry, this re-

www.chemeurj.org — 2745


www.chemeurj.org

CHEMISTRY

A EUROPEAN JOURNAL

M. Deumal, J. J. Novoa et al.

Table 3. Shortest intermolecular distances [A] for all eight radical pairs at 160 and 12 K selected in Step 1. The number of contacts per radical is also
given.

160 K 12K

radical pair di  No. of pairs per radical ~ d[(NSSNC) d[(CNSSN) d[(CNSSN) d[(NSSNC) d[(CNSSN) d[(CNSSN)

~(CNSSN)]  ~(CNSSN)] +(CF,CN)] ~(CNSSN)]  ~(CNSSN)] -+(C,F,CN)]
d1 4 5.522(3) 3.488(3) (S+N)  3.228(4) (N-C)  5.476(2) 3.431(2) (S+N)  3.159(3) (N~C)
a2 2 9.293(1) 7126(4) (N-N)  6.822(3) (N-F)  9.187(1) 7.031(3) (N+N)  6.728(2) (N-F)
a3 4 8.057(4) 6.4192) (C~S)  3.325(2) (S+F)  8.023(3) 6396(2) (CS)  3.293(1) (S-F)
d4 4 9.625(3) 6.969(3) (S+N)  6.394(3) (S+C)  9.547(1) 6.864(2) (S+N)  6.295(2) (S-C)
ds 2 9.293(1) 8.062(4) (N-N)  8.140(4) (N-F)  9.187(1) 7.906(3) (NN)  7.993(2) (N-F)
d6 4 9.440(2) 8343(3) (S+N)  6.537(2) (S+F)  9.360(2) 8261(2) (S+N)  6.429(2) (S-F)
a7 2 10.828(2) 10.828(2)1 8.678(3) (N=F)  10.735(2) 10.735(2) 8.603(3) (N-F)
s 2 11.933(3) 9.734(4) (CS)  2.986(3) (S~N)  11.925(2) 9.7203) (CS)  2.968(2) (S+N)

[a] CNSSN rings are related through translation parallel to the b axis, so all contacts between equivalent atoms are 10.828(2) A. (see the Supporting In-

formation Table S1 for calculated singlet and triplet energies of the various dimer combinations at the two temperatures studied).

duces to just eight unique radical pairs (di, i=1-8). Table 3
lists the C--C distance, the shortest contact between CNSSN
rings, and the shortest intermolecular distance between
CNSSN and C¢F,CN rings for each radical pair at both 12
and 160 K (see Figure2 and Table 3). A comparison of

Figure 2. Eight radical pairs di, i=1-8, which exhibit heterocyclic con-
tacts shorter than 13.00 A. Solid and shaded lines distinguish between
contacts with front and rear molecules, respectively, for the same radical
pair. For clarity, only the five-membered ring is shown for each radical.

Figure 1 and 2 clearly indicates that i) the short intrachain
CN--S distance at 2.986(3) A (in Figure 1b and d) corre-
sponds to d8 (in Figure 2), ii)the interchain SN at
3.488(3) A (in Figure 1)c corresponds to d1 (in Figure 2),
iii) S--C at 4.206(2) A, S—F at 3.325(2) A, and F--NC at
3.255(2) A (in Figure 1c¢ and d) correspond to d3 (in
Figure 2), iv) C-S at 6.394(3) A and C-~N at 6.449(3) A (in
Figure 1c¢) correspond to d4 (in Figure 2). All contacts refer
to the structure determined at 160 K.

For each of the eight unique radical pairs (d1-d8), the mi-
croscopic J(di) magnetic interactions were calculated at the
UB3LYP/6-31+G(d) level.*** Calculations with the larger
6-3114G(d,p)®) basis set have been performed showing no
appreciable variation in J values with results using 6-31+
G(d)™ basis set (see the Supporting Information Table S2).
At 160 K, DFT calculations indicate that the only non-negli-
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gible magnetic interaction is d1, which exhibits a significant
antiferromagnetic value (J(d1)=-33.82cm™"). Calculation
of the exchange interactions at 12 K resulted in an enhance-
ment of the magnitude of the J(d1) antiferromagnetic inter-
action from —33.82 cm™' to —43.21 cm ™' and the appearance
of two smaller ferromagnetic interactions J(d3)=+
7.64cm™ and J(d4)=+7.26 cm™' (see Table 4 for geome-
tries). The strength of these ferromagnetic interactions has
increased by over two orders of magnitude compared with
their 160 K values, a fact that cannot be explained in terms
of the variation of a single geometrical parameter. Note also
that the geometry of these two contacts does not bring any
regions of significant spin density (either positive or nega-
tive) into close proximity, which is contrary to the predic-
tions of the McConnell-T model.®! Model calculations with
the p-NCC(F, groups replaced by H atoms (keeping the rest
of the radicals fixed at their crystal-structure positions)
show no sizable magnetic exchange coupling and we deduce
that the perfluoroaryl group clearly plays an important role
in propagating these ferromagnetic interactions.

In the 160 K crystal structure, the magnetic topology gen-
erated by the only non-negligible J,z pair interaction
(J(d1)=-33.82cm™!) is a three-dimensional diamond-like
antiferromagnetic topology (see Figure 3a). Both the J,g
pair value and magnetic topology are in very good agree-
ment with that estimated from the mean-field approach to
the Curie-Weiss law(™ from [Eq. (1)] (J/k=-34cm™) by
assuming a diamond-like exchange network (z=4).

In contrast, the exchange couplings computed by using
the 12 K structure lead to a significantly more complex mag-
netic topology (Figure 3b) due to the simultaneous presence
of ferro- (FM) and antiferromagnetic (AFM) J,g interac-
tions. Whereas the J(d1) interactions maintain the 3D AFM
diamond-like magnetic topology (Figure 3b, black), the FM
J(d3) (Figure 3b, blue) and J(d4) (Figure 3b, red) interac-
tions propagate in the bc and ac planes, respectively. Inter-
estingly, the magnetic topology created by J(d3) and J(d4)
FM interactions presents two independent interpenetrating
ferromagnetic sublattices, which are antiferromagnetically
coupled through the J(d1) interaction (see the inset in Fig-
ure 3b for a better realization). Figure 4 illustrates the spin
arrangement to visualize the essential antiferromagnetic

Chem. Eur. J. 2010, 16, 2741 -2750
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Table 4. General common rearrangement of d1, d3, and d4 radical pairs. The shortest radical-radical distances are given in Table 3. See the Supporting

Information Table S3 for Mulliken’s spin population of CNSSN rings.

di T [K] J(di) [em™] ab view be view

ac view

160 —33.82
dl 12 —43.21
< A
160 —0.02

a3 12 +7.64
q —_—

.

.\_}

7
A A A S oa O %r %

a

) J(d1)=-33.82 cm™' b) J(d1)=-43.21 ¢cm™ J(d3)=+7.64 cm™
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Figure 3. Three-dimensional magnetic topology drawn for the crystallographic unit cell. a) Diamond-like anti-
ferromagnetic exchange topology based on the 160 K structural data; b) at 12 K, the topology can be seen as
two interpenetrating ferromagnetic sublattices (red and blue networks, see inset) interconnected by antiferro-
magnetic interactions (black).

alignment depicting just one of
the spin moments belonging to
FM sublattice I (in orange),
which is antiferromagnetically
coupled to four nearest-neigh-
bor spins belonging to FM sub-
lattice IT (in green) following a
diamond-like arrangement. In
addition, this same spin
moment is ferromagnetically
coupled to eight spins within
the same sublattice I: four radi-
cals through J(d3) and another
four radicals through J(d4)
along the bc and ac planes, re-
spectively. Each center thus es-
tablishes four AFM and eight
FM exchange interactions. This
topology can be viewed as an
extension of the usual textbook
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Figure 4. Qualitative represen-
tation of the spin arrangement
to visualize the essential anti-
ferromagnetic alignment of f3-
p-NCC4F,CNSSN" magnet (the
easy axis of alignment is paral-
lel to the b axis; the crystallo-
graphic axes are as in
Figure 3), distinguishing be-
tween FM sublattices I and II
by colored arrows (orange and
green, respectively). The AFM
interconnection between these

explanation on the existence of
spin canting (or weak ferromag-
netism), which could be pro-
duced as a consequence of any
small anisotropic preference in
the interaction between the two
antiparallel FM networks (no
frustration is required).’” The
isotropic nature of the calculat-
ed J,g interactions from
[Eq. (2)] and [Eq. (3)] does not
provide any indication of the
preferred spin orientation (easy
axis) in the magnetically or-
dered phase. However, by using
only an isotropic Heisenberg
Hamiltonian, we can predict a
topology that allows the exis-
tence of canting in the system,
as in this case (Figure 4). The
anisotropy associated with the

presence of an antisymmetric
exchange (Dzyaloshinsky—
Moriya) term can induce a
torque on each unpaired elec-
tron, which can in turn generate
a net spin moment, that is, the compound can exhibit canted
antiferromagnetism. The value of the canting angle has been
estimated to be as small as 0.14(3)-0.26(2)° from EPR and
magnetization measurements.¥

In this magnetically ordered regime there are both field-
dependent and field-independent contributions to the
sample magnetization such that at any given temperature
below the Neel temperature (7y) [Eq. (4)] must hold true.

sublattices (in black) is only
shown in the upper-left corner.

MH,T) = y(T)H + M, 4)
The first term is equivalent to the residual magnetic suscep-
tibility expected for a pure antiferromagnet without a spon-
taneous moment, whereas the second term arises from the
spontaneous magnetic moment associated with spin canting.
The spontaneous moment associated with spin canting leads
to an abrupt discontinuity in x(7) at the magnetic ordering
temperature, which masks more subtle changes in the mag-
netic topology. However the isothermal field dependence of
the magnetization M(H,T) allows the determination of M
and residual y(7) directly at each temperature.'* Figure 5
illustrates x(7) in the paramagnetic regime (Figure5, @)
and below Ty after subtracting the spontaneous contribu-
tion, Mg, to the sample magnetization (Figure 5, O).

The minimal magnetic models that describe the 12K
(twelve-radical-center model, see Figure 6a) and 160 K (six-
radical-center model, see Figure 6b) structures of the f-p-
NCCF,CNSSN" crystal were used to compute the magnetic
susceptibility curve, y(T). The x(T) curve that was computed
by using the minimal magnetic model for the 160 K crystal
structure provides an excellent fit over the entire paramag-
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Figure 5.a) A x(7T) plot showing a comparison between experimental
data above 36 K (@, measured in a field of 1 T) and extrapolated from
M(H,T) data below 36 K (O) and the simulation carried out by using
minimal magnetic models of crystal structures of 3-p-NCC4F,CNSSN" de-
termined at 12K (A, corresponding to Figure 6a) and 160 K (e, corre-
sponding to Figure 6b). b) Raw x(7) data at different magnetic fields
(there is no subtraction of M; «=0.1T, B=05T, @=1T, A=3T, x=
5T).

Figure 6. Minimal magnetic models inside the crystal itself at 160 K (left)
and 12 K (right). Note that both minimal models are shown inside its cor-
responding magnetic topology.

netic region, from 36-300 K (see Figure 5). In particular it
accurately reproduces both the position and height of the
broad maximum of the experimental y(7). Below 36 K, by
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using the 160 K magnetic model, the computed x(7) curve
behaves in an analogous manner to the parallel (easy-axis)
component of x(7) of a typical antiferromagnet, with an ex-
ponential decay towards zero as T decreases. Experimental-
ly, we observe a local minimum in y(7) below 36 K, indicat-
ing a deficiency in the high-temperature model. Conversely,
the computed data based on the 12 K magnetic model re-
flects the observed upturn in y(7) upon cooling, supporting
the thermal evolution of additional ferromagnetic exchange
interactions within the magnetic lattice. This has also been
recently observed in other studies./”"!

Conclusion

The sudden variation of the magnetism of the p-p-
NCC¢F,CNSSN" crystal at 36 K is experimentally known to
arise through spin canting. However, a detailed analysis of
the magnetic susceptibility (7)), having subtracted the dom-
inant contribution arising from spin canting, reveals a turn-
ing point in the residual susceptibility below Ty. This change
in (7) has been analyzed by performing a first-principles
bottom-up study by using crystal data above (160 K) and
below (12 K) the magnetic transition temperature. The pro-
cedure is a first-principles procedure because the magnetic
exchange J,p interaction for each radical pair is computed
by using DFT methods. The procedure is also bottom-up be-
cause the macroscopic magnetic properties are obtained
from the microscopic J,p radical-radical magnetic interac-
tions. This theoretical study indicates a change in the values
of the microscopic J,p exchange terms caused by the aniso-
tropy of the thermal expansion. Whereas only one J,p radi-
cal-radical pair is magnetically relevant (J(dl)=
—33.82cm™!) at 160 K, there are three significant radical-
radical pairs based on the 12 K structure (J(d1)=-43.21,
J(d3)=+7.64 and J(d4)=+7.26 cm™"). The magnetic topol-
ogies of the 160 and 12 K structures, therefore, differ: the
160 K structure presents a 3D diamond-like topology,
whereas the topology of the 12 K structure is formed by two
interpenetrating ferromagnetic sublattices that are antiferro-
magnetically coupled by J(d1). This change in the magnetic
topology gives rise to two different computed magnetic sus-
ceptibility curves. Whereas the high-temperature model pre-
dicts a decrease in the residual value of y below Ty, the low-
temperature model reproduces the observed increase in y
upon cooling below 36 K. The structural studies reveal the
presence of significant anisotropy in the thermal expansion
of the crystal, which leads to marked changes in the nature
of the intermolecular magnetic exchange interactions. This
emphasizes the importance of using crystal structure data
measured at similar temperatures to the studied magnetic
properties.
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