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The Mechanism of Magnetic Interactions in the Bulk Ferromagnet para-
(Methylthio)Phenyl Nitronyl Nitroxide (YUJNEW): A First Principles,
Bottom-Up, Theoretical Study

Merceé Deumal,*®! Michael J. Bearpark, Michael A. Robb," Yves Pontillon,'! and

Juan J. Novoa*® 4

Abstract: The mechanism of magnetic
interactions in the bulk ferromagnet
para-(methylthio)phenyl nitronyl ni-
troxide crystal (YUJINEW) has been
theoretically reinvestigated, using only
data from ab initio calculations and
avoiding any a priori assumptions. We
first calculate the microscopic magnetic
interactions (J,g exchange couplings)
between all unique radical pairs in the
crystal, and then generate the macro-
scopic magnetic properties from the
energy levels of the corresponding Hei-
senberg Hamiltonian. We thus propose
a first principles, bottom-up (i.e. micro-
to-macro) approach that brings theory
and experiment together. We have ap-
plied this strategy to study the magnet-

Introduction

The study of properties that result from the presence of
magnetic interactions in molecular crystals has been a sub-

ism of YUINEW using data from the
previously reported 298 and 114K
crystal structures, and also data from a
10 K neutron diffraction structure fully
reported in this work. The magnetic
topology at 298 K is two-dimensional:
noninteracting planes, with three differ-
ent in-plane J,p pair interactions
(+0.24, +0.09, and —0.11cm™") and
one numerically negligible (+0.02 cm™)
inter-plane J,p interaction. In contrast,
the magnetic topology at 114 and 10 K
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is three-dimensional, with two non-neg-
ligible in-plane J,p constants (40.11
and +0.07cm™ at 114 K; +0.22 and
+0.07cm™ at 10K) and one inter-
plane pair interaction (+0.07 cm™' at
114 K; 4+0.08 cm™ at 10 K). Although
this three-dimensional magnetic topol-
ogy is consistent with YUJINEW being
a bulk ferromagnet, there is only a
qualitative agreement between com-
puted and experimental magnetic sus-
ceptibility ¥7(T) data at 114 K. Howev-
er, the experimental y7(7T) curve is
quantitatively reproduced at 10 K. The
heat capacity curve presents a peak at
around 0.12 K, close to the estimated
experimental peak (0.20 K).

ject of interest for many groups in recent years.'l However,
despite the enormous progress in this field, the design of

molecule-based magnets is still not feasible, due to a limited
understanding of the dependence of the microscopic mag-
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netic interactions on the rela-

-4 . . .

? tive geometry of the interacting

C5_ radicals and problems in pre-
C|(|5 \C|4 dicting and controlling the
cr_ Cs packing of molecular solids.

co To comprehend the magnetic

properties of molecule-based
20 + 2C1 .01 .. .

~7 \N1/ magnets, it is essential to under-
stand the reasons for the pres-
ence or absence of a given type
c11 c10 of magnetic interaction. Such

C13 c12 . .
understanding can be gained by
YUJNEW studying the mechanism of the

magnetic interactions in crystals
that have magnetic properties
of special interest, such as the
small number of purely organic
molecular magnets known to present bulk ferromagnetic be-
havior. One of these purely organic molecular ferromagnets
is the para-(methylthio)phenyl nitronyl nitroxide crystal
(radical hereafter identified as p-(MeS)PhNN, see Scheme 1,

Scheme 1. Structure  of the
para-(methylthio)phenyl  ni-
tronyl nitroxide radical.

Abstract in Catalan: El mecanisme de les interaccions mag-
neétiques en el cristall ferromagnetic (bulk) para-(metiltio)fe-
nil nitronil nitroxid (YUINEW) ha estat reinvestigat des d’un
punt de vista teoric, usant unicament dades obtingudes a
partir de cdlculs ab initio i evitant qualsevol suposicié a
priori. Primer s’avaluen les possibles interaccions magneéti-
ques microscopiques (constants d’acoblament J,z) d'entre
tots els diferents parells de radicals existents en el cristall, i
aleshores es calculen numéricament les propietats magnéti-
ques macroscopiques partint dels nivells d’energia de I’Ha-
miltonia de Heisenberg corresponent. Aixi doncs, connectem
teoria i experiment mitjangant una aproximacié bottom-up
(d’informacié microscopica a macroscopica) basada en pri-
mers principis. Aquesta estratégia de treball s’ha utilitzat per
estudiar el magnetisme del YUJNEW usant estructures
cristallines préviament publicades a 298 i 114 K, i també una
estructura determinada a 10 K per difraccio de neutrons (do-
cumentada en aquest article). La topologia magnética a
298 K és bidimensional, formada per plans que no interaccio-
nen entre ells: en cada capa hi ha tres interaccions J,p dife-
rents (+0.24, +0.09 i —0.11 cm™) i entre capes una de nu-
meéricament negligible (+0.02 cm™). En canvi, la topologia
magneética a 114 i 10 K és tridimensional, amb dos constants
Jup intra-capa (+0.11 i +0.07cm™ a 114K; +022 i
+0.07cm™ a 10 K) i una entre capes (+0.07cm™ a 114 K;
+0.08 cm™ a 10 K) no negligibles. Tot i que aquesta topolo-
gia magnética tridimensional és consistent amb el fet que el
YUINEW és un imant (bulk ferromagnet), a 114 K només
s’obté una concordancga qualitativa entre els valors calculats i
les dades experimentals de la susceptibilitat magnética yT(T).
La corba experimental yT(T) unicament es pot reproduir
amb les dades obtingudes a 10 K. Els resultats numerics de la
capacitat calorifica presenten un maxim entorn 0.12 K; valor
molt proper a la temperatura critica del YUINEW estimada
experimentalment de 0.20 K.
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T.=0.20 K),”* whose magnetic interactions are the focus
of this study.

The magnetic properties of the p-(MeS)PhNN crystal
have been studied experimentally.” There are crystal
structures available at 298 K@ and 114 K, and a 10 K struc-
ture for which only the cell parameters have been previously
published,® and whose fractional coordinates are given in
this work. No phase transition has been reported in the 10—
298 K temperature range, and the only geometrical changes
found are those due to thermal expansion. In such cases, the
analysis of the magnetic interactions is very often done by
using the room-temperature crystal structure, and the result-
ing conclusions are then extrapolated to any other low-tem-
perature structure. In this work, we show that there are
problems with this approach for p-(MeS)PhNN.

Two models of magnetic interaction have been proposed
for the p-(MeS)PhNN crystal: one of interacting ac planes,?
with one in-plane and one inter-plane interaction, and a
second model of noninteracting ac planes, with three dif-
ferent in-plane interactions. The second model was discard-
ed on the basis of EPR data indicating the existence of mag-
netic interactions between the planes.”) When the first
model was used to fit the magnetic susceptibility data, the
best fit was obtained with fitting constants /J=+40.18 K and
J'=~+40.042 K. These two models were selected on the
basis of two empirical generalizations about the nature of
the magnetic interactions between any two nitronyl ni-
troxide radicals: short NO--ON contacts usually lead to an-
tiferromagnetic interactions, and NO--phenyl contacts to
ferromagnetic ones. However, recent studies”’ have shown
that there is no correlation between the presence or absence
of a dominant ferromagnetic interaction and the geometry
of the NO-+-ON and/or C(sp?)-H--ON intermolecular short
contacts, and that short NO--ON contacts are not always an
indication of dominant antiferromagnetic interactions. One
could also think about using qualitative procedures based
on the so-called McConnell-I proposal,®®! but previous stud-
ies have also found that this lacks a rigorous general founda-
tion,”” and fails to describe the nature of the magnetic inter-
actions in dimers of small radicals.'” Thus, it seems appro-
priate to carry out a systematic study of the magnetic inter-
actions on the p-(MeS)PhNN crystal by using our recently
proposed first principles, bottom-up procedure,’" aimed at
rationalizing its bulk ferromagnetic properties in terms of
reliable, computed microscopic interactions.

The mechanism of the magnetic interactions in a molecu-
lar crystal is fully rationalized once its magnetic topology
has been determined.'? This requires the definition of: 1)
the strength of the microscopic magnetic interactions be-
tween all unique pairs of radicals (the so-called J,5 parame-
ters) and 2) the topological connectivity within the crystal of
the non-negligible J,5 magnetic interactions. Once the mag-
netic topology has been determined, it is possible to identify
the pathways that allow the propagation of the magnetic in-
teractions over the whole solid.

Three different strategies have been used so far to obtain
the value of the J,p microscopic parameters in magnetic
crystals: 1) a least-square fitting of the experimental data to
a proposed model Hamiltonian, 2) a theoretical calcula-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 6423


www.chemeurj.org

FULL PAPER

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

tion using ab initio methods, and 3) a combination of 1) and
2), in which calculated parameters are used as a starting
point to fit experimental data. Our first principles, bottom-
up analysis clearly belongs to the second group of strategies.
It begins by systematically computing all unique non-negligi-
ble J,p pair interactions."™¥ The magnetic topology is then
obtained by connecting the radicals having non-negligible
Jap parameters. Macroscopic magnetic properties of the
solid (e.g., magnetic susceptibility or heat capacity) are com-
puted from the eigenvalues of a Heisenberg Hamiltonian,
which quantitatively represents the topology of the magneti-
cally non-negligible J,p interactions within the crystal. We
believe that this micro-to-macro or bottom-up strategy will
become a practical tool for the rational design of molecular
magnets, once our knowledge of the microscopic molecular
interactions and control of crystal packing improve.

In summary: in this work, we re-investigate the nature of
the magnetic interactions in the p-(MeS)PhNN crystal from
first principles. We study the 298, 114 and 10 K crystal struc-
tures to evaluate whether (and if so, how) temperature af-
fects the computed properties of organic molecular magnets.
To our knowledge, such quantitative evaluation of the
changes induced by temperature on the mechanism of the
magnetic interaction of a given crystal has not been report-
ed up to now. Our results show that while the topology at
298 K is two-dimensional (2D), the low-temperature struc-
tures (114 and 10K) are three-dimensional (3D), which
agrees with the experimental behavior. The trends in ther-
mal expansion of the p-(MeS)PhNN crystal suggest that
magnetic topology in the vicinity of the transition tempera-
ture (0.20 K) will be the same as at 10 K. We will also show
that the computed magnetic susceptibility and heat capacity
obtained using our procedure fully reproduce the experi-
mental values of these macroscopic magnetic properties.

Computational Methods

Since we have described our first principles, bottom-up methodology in
detail before,"! we will only summarize the main steps in physical terms
here.

The basic idea is to determine the magnetic topology of a crystal from
the values of microscopic J,p pair interactions between its constituent
radicals, and then to compute macroscopic magnetic properties from the
energy levels of the corresponding Heisenberg Hamiltonian [Eq. (1)], in
which $, is the spin operator associated with the radical A, and I is the
identity operator.

N
H:*ZJAB(ZSA'SB‘F%[AB) (l>
AB

Practically, our approach involves the following consecutive steps:

1) A detailed analysis of the crystal packing to identify, in an unbiased
and systematic way, all unique relevant AB pairs of radicals. We de-
liberately select more pairs than the first nearest neighbors, which
are the usual candidates in the literature.

2) The ab initio computation of the J,5 magnetic interactions for all
pairs of radicals selected in the previous step.

3) Determination of the magnetic topology of the crystal, by inspection
of the connectivity of the non-negligible J,5 values for each radical
pair. Each radical molecule can be seen as a radical site, connected
to another when |J/,g| is larger than a given threshold (estimated as
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[0.05| cm™ in our calculations). Then, one searches for the (finite-
sized) minimal magnetic model space that describes the magnetic in-
teractions of the whole crystal in a balanced way. The radical centers
of the minimal magnetic model space define a spin space, which is
used to compute the matrix representation of the Heisenberg Hamil-
tonian [Eq. (1)]. The J,g parameters required in that matrix repre-
sentation are those computed in step 2.

4) As a final step, the Heisenberg Hamiltonian matrix is fully diagonal-
ized and the whole set of eigenvalues is obtained. That set of eigen-
values (the energy spectrum) is used to compute the magnetic sus-
ceptibility y(7) and/or heat capacity C,(T) using standard statistical
mechanics.

The minimal magnetic model space must be small enough to keep the
size of the Heisenberg Hamiltonian matrix manageable (currently N=16
spin sites), but it must also contain all of the important magnetic path-
ways detected within the crystal. To test the validity of our minimal mag-
netic model space, we checked the convergence of our results (e.g.,
2 vs T) by replicating the model space along all three crystallographic di-
rections: if the minimal magnetic model space is properly chosen, the
computed y(7) values from such extended models should rapidly con-
verge to the computed y(7) values from the minimal model, which in
turn should approach the experimental y(7) data. From our experience,
the most essential issue in our procedure is the selection of a proper
subset of J,p pair interactions within the crystal capable of describing its
magnetic topology evenly.

As already mentioned, constructing the matrix of the Heisenberg opera-
tor requires the values of the microscopic J,p pair interactions. These are
computed, by using ab initio methods, from the energy difference be-
tween the high and low spin states of the pair of radicals. In the case of
the p-(MeS)PhNN, a doublet radical, the value of J,g for any pair is ob-
tained by subtracting the energy of the most stable open-shell singlet
(ES) and triplet (E") states at the pair geometry, using the broken-sym-
metry approximation™ to compute the energy of the open-shell singlet
state [Eq. (2)].

Jap = E5—E" 2)

This expression is obtained by equating the expression of the singlet—trip-
let energy difference obtained from the original formulation of the
broken-symmetry approximation developed for the UHF method
[Eq. (3)] and the expression of the singlet-triplet energy difference
[Eq. (4)] computed using the Heisenberg Hamiltonian [Eq. (1)].

AEST =2(E3—EN)/(1+S3,) Y

AES T =27 ,p (4)

The J,p term in Equation (2) results from the fact that in through-space
magnetic interactions the SOMO orbital of one radical of the dimer pres-
ents a very small overlap (S,,~0) with the SOMO of the other radical.
The Ej and E" energy values were computed by using the UB3LYP
functional™ and the 6-31+G(d) basis set!'” (a 10~ convergence criteri-
on on the total energy and 107" on the integrals was used to ensure
enough accuracy in the computation of the J,p parameters). Note that
our expression is equivalent to the use of Jy5=2(E}s—E") commonly em-
ployed with the H=—%J,3S4-S; Heisenberg Hamiltonian."¥ In the case
of strong overlap between the two magnetic orbitals, as in most through-
bond magnetic interactions, overlap should be taken into consideration
in Equation (3), and the energy difference should be divided by two.™ It
has also been found that when the broken-symmetry approach is applied
in the context of transition-metal complexes and DFT methodology,
better agreement against the experimental J,z values is obtained when
AES"=E5 —E" This has been attributed by some to error compensation
and by others to some intrinsic behavior of the DFT functionals.'¥ All
DFT calculations performed in this study were carried out using the
Gaussian-98 package.!'”)
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Figure 1. a) View of the crystal packing for YUINEW along the a crystal-
lographic direction (hydrogen atoms are not shown). Within the unit cell,
four p-(SMe)PhNN radicals are arranged in two pairs O-X and O-X'
(encircled). b) Snapshot of the main packing motif of YUINEW crystal:
ac planes stacked along the b axis in an AA’AA’ sequence.

Results and Discussion

Crystal packing analysis of the p-(MeS)PhNN crystal: The
crystal structure of the p-(MeS)PhNN radical has been fully
reported at 2982 and 114 KP (refcodes YUINEW10 and
YUJNEWI11 in the CCSD database, respectively?). Besides
these two crystal structures, cell parameters were also re-
ported for the crystal at 10 K, although without fractional
coordinates. In this work we report these fractional coordi-
nates (we will identify this crystal as YUINEW10K).

The 298, 114, and 10 K structures present the same crystal
symmetry (P2,/a) and relative disposition of radicals within
the crystal structure, which is shown in Figure 1. However,
the thermal compression of the unit cell is slightly anisotrop-
ic (see Table 1): the b axis shrinks by 0.345 A on going from
298 to 114 K, and by 0.089 A in the 114 to 10K transition;
the a axis decreases by 0.097 and 0.104 A for the same tran-
sitions, while the ¢ axis increases by 0.118 A and afterwards
shrinks by 0.031 A. An analysis of the packing shows that
there are four p-(MeS)PhNN radicals per unit cell (Z=4)
arranged in two pairs (see Figure 1a for encircled pairs O—X
and O'—X’). The radical molecules in each of these pairs are
in an up—down orientation. The two radicals are connected
by intermolecular C—H--m bonds, involving the phenyl

Chem. Eur. J. 2004, 10, 6422 —6432 www.chemeurj.org
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Table 1. Cell parameters reported at 298 K, 114K, and 10K for p-
(MeS)PhNN crystal.

T [K] a[A] b[A] c[A] B Ref.

295 9.437 19.827 8.516 113.66 2]

114 9.340 19.482 8.634 115.13 [5]
10 9.236 19.393 8.603 114.94 [4]

group of one radical and the ONCNO group of the five-
membered NN ring of the other. The main packing motif of
this crystal is the formation of planes along the ac axes,
stacked along the b axis in an AA’AA’ sequence (Figure 1b)
in such a way that the X—X' and O—O’ radicals form chains
linked by C—H--S bonds (involving methyl and thiomethyl
groups). Though only partially observed in the bc¢ projection
(Figure 1a), neighboring radicals (O—X and O'—X’) are ori-
ented nearly perpendicular to each other within each ac
plane. In this packing, the NN ring of the O radicals sits on
top of the phenyl ring of the X radicals, with one of the NO
oxygen atoms of one radical nearly on top of the NN ring
C(sp?) atom of the other radical, at an ONCNO--C(sp?) dis-
tance of 4.208 A (J', J%, in Figure 2a and 2b, with O—X radi-
cal molecules related by a glide plane). Along the c axis the
X and O radicals are held by simultaneous C(sp*)—H-+-ON
and C(sp®)—H--ON bonds (from the C atoms of the phenyl
ring and the thiomethyl groups to the NO groups, Jii in Fig-
ure 2a and 2b). The change with temperature of the shortest
contact distances (Tables2-4) and angles is non-uniform,
due to the already mentioned anisotropic change of the cell
parameters

Previous empirical magnetic models of the p-(MeS)PhNN
crystal: Based on the empirical observation that short
NO--ON contacts usually lead to antiferromagnetic interac-
tions, and short NO---phenyl contacts to ferromagnetic inter-
actions, the original authors of reference [2] proposed the
two-dimensional magnetic model shown in Figure 2a. This
model involves three ferromagnetic J,JE and Ji parameters,
as they are associated to radical pairs oriented so that the
shortest contacts are of the NO--phenyl type (Figure 2b). In-
itially, no magnetic interaction was proposed between the ac
planes (i.e., along the b axis) based only on geometrical con-
siderations (the ONCNO groups are more than 6 A apart).
However, on the basis of EPR data, the same authors re-
vised their initial magnetic model and concluded that an in-
terplane interaction should exist.”! Subsequently,” the same
authors proposed a three-dimensional magnetic model (Fig-
ure 2c) of weakly interacting square planes, in which the in-
teraction within the planes was J and that between the
planes was J'. The in-plane J parameters of this 3D model
should be taken as an effective J that averages the three fer-
romagnetic J', J%, and J% parameters of the 2D model (by
doing this averaging, the J parameters lose their direct con-
nection with the microscopic J,5 radical-pair parameters de-
scribed in the Computational Methods).

Besides proposing a feasible magnetic model, the authors
of references [2,3] fitted the available experimental y(7)
data to 1) the Curie-Weiss law (6 = +0.32 K!I) and 2) a nu-
merical series expansion for the spin !/, Heisenberg model
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Figure 2. a) Initial magnetic topology (2D ac layer) of YUINEW proposed by the original authors,” in which
each p-(SMe)PhNN radical molecule is replaced by a point site for simplicity (', /', and J% magnetic interac-
tions are shown). b) Geometry of the pair of radicals involved in the suggested J', J', /i interactions (note that
Ji=Ji by symmetry). c) Final magnetic topology (3D) suggested by the original authors® in order to interpret
the available experimental data (J, J' magnetic interactions are shown).

Table 2. Shortest intermolecular distances for radical pairs d1-d9 for the 298 K structure of YUINEW (atoms
labelled according to Scheme 1). Radical pairs d1-d5 were selected on the basis of ONCNO--ONCNO dis-
tance (in bold) (although d1, d3 and d4 could have been chosen according to the shortest NO--SMe distance
(in italics), all remaining NO-+-ON distances were shorter in average). Radical pairs d6 and d7 were selected
on the basis of the ONCNO--SMe distance (in bold), and d8 and d9 on the basis of the MeS--SMe distance
(in bold). UB3LYP-BS/6-31+ G(d) values for J,g(di) are also given.

d(NO--ON) d(C,C)) d(NO--S Me) d(MeS,S;Me) T(di)

[A] [A] [A] [A] [em™]
d1 4.71,4.94, 6.56,7.18 481 4.60, 637, 7.40, 10.18 9.83 +0.24
a2 5.69, 8.04,9.13, 11.04 7.96 6.71, 6.97, 9.86, 13.80 11.70 +0.09
a3 5.87, 8.52(2), 12.38 8.52 4.63,9.20, 12.50, 14.56 8.52 —0.11
d4 6.96, 10.43, 10.67, 12.97 9.99 6.85,6.87,13.74,17.57 12.81 =[107?
ds 7.02, 10.98(2), 15.35 11.17 12.56(2), 15.94(2) 19.03 =[107?
d6 10.68, 10.96, 15.29(2) 12.53 4.20,8.76, 1478, 16.71 9.93 +0.02
a7 11.17, 12.66(2), 15.45 12.08 6.99(2), 10.11(2) 7.85 =[107?
ds 13.27, 13.48(2), 15.17 1276 7.34(2), 8.78(2) 448 =[107?
d9 16.07(2), 16.65, 16.79 15.35 10.24(2), 10.53(2) 5.32 =[107?

Table 3. Shortest intermolecular distances for radical pairs d1-d9 for the 114 K structure of YUNEW (atoms
labelled according to Scheme 1). Radical pairs d1-dS were selected on the basis of ONCNO--ONCNO dis-
tance (in bold) (although d1, d3 and d4 could have been chosen according to the shortest NO--SMe distance
(in italics), all remaining NO--ON distances were shorter in average). Radical pairs d6 and d7 were selected
on the basis of the ONCNO--SMe distance (in bold), and d8 and d9 on the basis of the MeS---SMe distance
(in bold). UB3LYP-BS/6-31+ G(d) values for J,5(di) are also given.

d(NO--ON) d(C;+C)) d(NO--S;Me) d(MeS,--SMe) J(di)

[A] [A] [A] [A] [em™]
d1 4.77, 4.82, 6.74,7.23 4.83 4.29,6.35,7.1,10.10 9.64 +0.11
d2 5.65, 7.97,9.26, 11.12 7.97 6.72, 6.80, 9.70, 13.67 11.55 +0.07
d3 5.95, 8.63(2), 12.52 8.63 4.76, 9.36, 12.59, 14.66 8.63 —0.02
d4 6.79, 10.22, 10.59, 12.81 9.85 6.69, 6.89, 13.62, 17.51 12.73 =107
ds 6.52,10.53(2), 14.91 10.70 12.15(2), 15.55(2) 18.71 =107
d6 10.52, 10.78, 15.12, 15.15 12.35 4.00 , 8.59, 14.65, 16.58 9.75 +0.07
d7 11.13, 12.71(2), 15.57 12.14 6.87(2), 10.11 (2) 7.68 =107
d8 13.24,13.49(2), 15.22 12.72 7.35(2), 8.83(2) 4.61 =107
d9 16.14(2), 16.75, 16.84 15.40 10.24(2), 10.51(2) 5.12 =[107?]
6426 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

on the square lattice with a
mean field correction for inter-
lattice interactions J=
+0.18 K, J'~ 40.042 K,

Evaluation of the magnetic top-
ology of the p-(MeS)PhNN
crystal at 298 K (YUJNEW10):
We began our quantitative
study of the magnetism of
YUJNEWI10 by selecting all
possible radical pairs that could
give rise to a non-negligible
magnetic interaction (Step 1).
Polarized neutron diffraction
and X-ray/neutron studies*”!
have shown that most of the
spin density (87.7%) of this
radical is located on the
ONCNO group of the five-
membered NN ring, with a very
small amount on the C atoms
of the NN group itself, the
phenyl ring and the thiomethyl
group (the S atom of the thio-
methyl group is however found
to have a negligible spin popu-
lation). The same spin distribu-
tion is obtained by B3LYP cal-
culations, in good agreement
with the general trends found
in the nitronyl nitroxide NN
radicals.”?

Given the spin distribution,
we selected for our study all
radical pairs in which the
ONCNO--ONCNO contacts
have distances below 7.4 A.
Furthermore, as there are sug-
gestions that the MeS atoms
could play some role in the
magnetism of this crystal, we
also selected all radical pairs
whose ONCNO--SMe and
MeS--SMe contacts are below
6.9 and 9.0A, respectively
(notice that the same radical
pairs are selected if using
ONCNO--MeS and SMe:-MeS
distances as a cutoff criteria).
Such a long-range cutoff for the
contacts included all first near-
est neighbors and the closest
second-nearest neighbors. Nine
radical pairs were selected in
this way (Figures3a,b and 4),
identified as d1-d9. There are
two groups of pairs: d1-d3, in
which the two radicals are lo-
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Table 4. Shortest intermolecular distances for radical pairs d1-d3 and d6 for the 10 K structure of YUNEW
(atoms labelled according to Scheme 1). UB3LYP-BS/6-31+ G(d) values for J,(di) are also given.

The computation of the value

of the microscopic magnetic in-

d(NO--ON) d(C~Cy) d(NO--$;Me) d(MeS;$;Me) J(dj) — teraction Jup for each radical
[A] [A] [A] [A] [em 1 pair di was done (Step 2) at the
dl 476 (2), 6.74,7.17 479 424,627, 7.06, 10.00 9.58 +022  geometry of the pair found in
d2 5.64,7.95,9.27, 11.10 7.96 6.74, 6.69, 9.67, 13.62 11.50 +0.07
’ ’ ’ ’ ’ ’ the YUINEWI10 crystal. These
d3 5.95, 8.60(2), 12.47 8.60 4.76, 9.35, 12.55, 14.59 8.60 —0.02 ul y .
46 1044, 1072, 15.06(2) 1227 3.95,8.54, 14.59, 16.54 9.71 +008 Jap Vvalues are collected in the

cated in the ac plane, and d4-d9, in which the two radicals
are placed in consecutive ac planes. The view in Figure 3 is
similar to that chosen in Figure 2 to allow an easy compari-
son between them. The values of the key intermolecular dis-
tances for each pair are collected in Table 2.

c)
J(d6)
+0.02 em-!
«0.07 em-1
J(d1) +0.08 cm-!
+0.24 cmet
+0.11 em-!
+0.22 em-!
cm r’J"l
I.r.‘_ L1 E A
J(d3)
=0.11 em-}
-0.02 cm-t J(d2)
-0,02 em-1 +0.09 em-1
«0.07 em-!
+0,07 cm-1

Figure 3. a,b) Schematic view of YUINEW crystal in terms of potential
d1-d9 magnetic pair interactions selected for computation of J(di) values
(p-(MeS)PhNN radicals replaced by point sites). All potential magnetic
pair interactions di are drawn as a line. These lines are pictured in differ-
ent colors to distinguish among different pairs of radicals: a) within an ac
layer (i=1-3) and b) between any two ac layers (i=4-9). c) Magnetic
topology for YUINEW defined by four non-negligible J(di) dimeric inter-
actions (i=1-3, 6). The computed values of J(di) magnetic pair interac-
tions are given at 298 K (upper value), 114 K (middle value), and 10 K
(lower value). At 298 K, the magnetic topology of YUINEW consists of
non-interacting  two-dimensional ac-layers (+0.24, +40.09 and
—0.11cm™"). At 114K and 10 K, the magnetic topology of YUINEW is
clearly three-dimensional (intra/inter ac planes: +0.11, +0.07/40.07
and +0.22, 40.07/40.08 cm ™, respectively).
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last column of Table 2. At this
geometry, the three in-plane
radical pairs d1-d3 are the main contributors to the magnet-
ic interaction of YUINEWI10, the first two ferromagnetically
(+0.24 and +0.09 cm™") and the last one antiferromagneti-
cally (—0.11 cm™). There is also a much smaller magnetic
contribution from the interplane pairs (d6), whose sign and
size (+0.02 cm™!, Table 2) lies below the limit of accuracy
expected for our computations, and which can thus be ne-
glected.” Therefore, the p-(MeS)PhNN crystal at 298 K has
the 2D magnetic topology (Step 3) depicted in Figure 3¢
(upper J(di) values), with a negligible interplane magnetic
interaction. Therefore, it does not have the 3D character de-
tected experimentally. In a first qualitative approach, one
expects that these 2D planes should present a dominant fer-
romagnetic behavior in the magnetic susceptibility curve,
because the ferromagnetic in-plane interactions are twice as
strong as the antiferromagnetic in-plane interactions. How-
ever, a proper estimation of such a curve is only possible
after a quantitative computation (Step 4, discussed below in
the section on the computation of the macroscopic magnetic
properties), which shows that the 298 K magnetic topology
does not behave as a ferromagnet in the 0-3 K region.

We first comment on the main features of the sign and
size of the non-negligible J,z parameters. The sign of the
J(d1) pair (+0.24 cm™) is consistent with that predicted by
the McConnell-I proposal. However, the antiferromagnetic
character of J(d3) violates the McConnell-I proposal: with a
shortest NO-+ON distance of 5.87 A it should be negligible.
The presence of a magnetic interaction at such a large
NO--ON distance indicates that atoms other than the
ONCNO group should play a role in the magnetic interac-
tion, even if no significant amount of spin is located on
them, in agreement with previous suggestions.[" It is also im-
portant to stress here that there is no direct correspondence
between the J parameter obtained from the least-square fit-
ting of the magnetic susceptibility curves (J=40.18 KF))
and the microscopic in-plane J(d1), J(d2), and J(d3) (com-
pare Figures 2c and 3c). Therefore J should be taken as an
effective parameter that represents an average of the J(d1),
J(d2), and J(d3) in-plane pair interactions (whose values are
+0.24, +0.09, and —0.11 cm ™', respectively). On the other
hand, one can relate J'=J"=J(dl) and J%=J(d3) (radical
molecules related by glide-plane and c-translation, respec-
tively, compare Figures 2a and 3c). Thus, the initial empiri-
cal model of the magnetic topology at 298 K was appropri-
ate and only the J(d2) pair interaction was missing. Howev-
er, we will next see that J(d1), J(d2), and J(d3) allow the
shape of the experimental magnetic susceptibility curve to
be reproduced only in the 3-280 K region, but not below
that temperature range. Finally, there might be a direct con-
nection between J'(+0.042 K) and J(d6) (4+0.02 cm™"), but
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Figure 4. Geometrical arrangement of the nine dimeric interactions di selected as candidates to be magnetically important. For each di pair of radicals,
the upper/lower figure shows the dimer with the NN-plane parallel/perpendicular to the plane of the figure.

the original authors did not associate J' to any radical pair
AB within the crystal.” Notice also that in YUINEW10 the
interplane magnetic interactions are numerically too small.

Summarizing, the 298 K structure of the p-(MeS)PhNN
crystal might give rise to 2D ferromagnetism, a fact that
is not consistent with the 3D bulk ferromagnetism detected
experimentally in p-(MeS)PhNN crystals below 0.20 K.
However, as we will show in the next section, the small
changes in the crystal packing when lowering the tempera-
ture are enough to generate a change in the magnetic topol-
ogy of the crystal, which will then become a 3D ferromag-
net.

Evaluation of the magnetic topology of the p-(MeS)PhNN
crystal at 114 K and 10 K: We have also evaluated the mag-
netic topology of the p-(MeS)PhNN crystal determined at
114 K (YUJNEWI11). As mentioned before, the 298 and
114 K crystal packing are similar, and the relative orienta-
tion of the molecules is preserved. Therefore, it is not sur-
prising that the radical pairs obtained in Step 1 when apply-
ing our procedure to the 114 K crystal structure give a one-
to-one correspondence to the d1-d9 pairs obtained for the
298 K structure (the changes in the intermolecular distances
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can be analyzed by comparing Tables 2 and 3). Given the
J(di) values at 114 K, we focused on the dl1, d2, d3 and d6
pairs. Although the changes in the geometry of these pairs
are small (Tables 2 and 3) they induce significant modifica-
tions in the associated J(d1), J(d2), J(d3), and J(d6) parame-
ters (Table 3) and in the magnetic topology. Comparing the
results at 114 K to those at 298 K one realizes that 1) J(d1)
has decreased and becomes similar in strength to J(d2) and
J(do6); 2) J(d2) decreases slightly; 3) J(d3), the only antifer-
romagnetic pair interaction at 298 K, becomes numerically
negligible at 114 K; and 4) J(d6) has been strengthened
more than threefold.

The increase in the strength of J(d6) (+0.02cm™'—
+0.07 cm™!) can be anticipated from the sharp decrease in
the size of the b cell parameter. Similarly, one would try to
justify the decrease in the ferromagnetic value of J(dl)
(+024cm*—+011ecm™") and J(d2) (+0.09cm'—
+0.07 cm™) in terms of NO--C(sp?) and NO---ON distances.
However, this is not possible, as for example, for the dl
pair, the NO--C(sp?) distance of 4.251 A at 298 K becomes
4208 A at 114 K; one would therefore expect an increase of
the J(d1) value, but it decreases instead. This illustrates the
difficulties in predicting changes in the J(di) values by using

www.chemeurj.org Chem. Eur. J. 2004, 10, 6422 — 6432


www.chemeurj.org

Mechanism of Magnetic Interactions

6422 -6432

simple geometrical considerations and McConnell-I or
monoparametric magneto-structural correlations.

The magnetic topology of the p-(MeS)PhNN crystal at
114 K (YUJNEW11) resulting from the J(di) computations
is depicted in Figure 3c (middle J(di) values). It is clearly
3D, with two in-plane ferromagnetic interactions (of values
+0.11 and +0.07cm™") and one interplane ferromagnetic
interaction (+0.07 cm™). No sizable antiferromagnetic inter-
action is present, as J(d3) lies now below the accuracy limit
and can thus be neglected. This magnetic topology repre-
sents a remarkable change from that discussed above for the
298 K crystal. As we will next discuss, the magnetic suscepti-
bility curve predicted using the 114 K or 298 K magnetic
topologies differs below 3 K, and only the 114 K magnetic
topology reproduces the experimental magnetic susceptibili-
ty curve across the whole range of temperatures.

Cell parameters have been previously reported for a 10 K
crystal, closer to the critical temperature (0.20 K) than 298
and 114 K. We have obtained the fractional coordinates for
this 10 K crystal, which are reported in Table 5. This allowed
us to carry out the same quantitative analysis on the 10 K
crystal as described above for the 298 and 114 K crystals.

Table 5. Fractional coordinates of p-(MeS)PhNN crystal at 10 K. Crystal
symmetry (P2y/a) and cell parameters given in Table 1.

Atom X y z Uy
S1 2560(10) 336(2) 9772(4) 0.47
N1 2899(4) 3499(1) 6213(1) 1.08
N2 3016(3) 2761(1) 4324(1) 0.83
o1 2953(5) 3764(1) 7586(2) 1.47
02 3062(6) 2198(1) 3577(2) 121
C1 3041(5) 2826(1) 5906(2) 0.97
C2 3094(4) 2252(1) 7008(2) 0.37
c3 2289(5) 2306(1) 8058(2) 0.63
C4 2117(5) 1735(1) 8944(3) 1.56
Cs 2765(5) 1101(1) 8816(2) 0.93
C6 3602(5) 1057(1) 7859(2) 0.50
C7 3812(5) 1619(1) 6944(3) 1.06
C8 2464(5) 3927(1) 4616(2) 0.95
C9 3010(7) 3446(1) 3519(2) 0.37
C10 638(5) 4022(1) 3867(3) 0.71
Cl11 4721(6) 3583(1) 3788(2) 0.88
C12 3312(6) 4620(1) 5077(3) 1.42
C13 1898(7) 3418(1) 1619(3) 0.58
C14 —3533(5) 4391(1) 975(3) 0.80
H1 1757(10) 2792(2) 8161(4) 2.92
H2 1486(10) 1788(2) 9712(5) 3.27
H3 4240(9) 576(2) 7819(4) 2.19
H4 4437(13) 1575(3) 6153(6) 3.37
H5 231(9) 4341(3) 2713(4) 2.04
Heé 362(10) 4292(2) 4816(5) 3.44
H7 32(10) 3533(2) 3548(4) 291
HS8 4775(10) 4061(2) 3146(5) 3.44
H9 5114(10) 3163(3) 3215(5) 3.41
H10 5571(9) 3616(2) 5136(5) 2.11
H11 3193(10) 4882(3) 3902(5) 3.20
H12 4525(12) 4577(3) 5944(7) 2.73
H13 2742(11) 4949(3) 5664(6) 3.25
H14 1786(10) 3931(2) 1065(4) 3.18
H15 758(16) 3238(3) 1379(6) 3.82
H16 2358(14) 3071(3) 983(5) 3.96
H17 —2874(10) 4020(2) 1966(5) 2.82
H18 —4654(10) 4170(3) 133(5) 2.87
H19 —3698(9) 4861(2) 1579(4) 2.81
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An analysis of the packing of the 114 K and 10 K struc-
tures reveals their similarity: there are small changes in the
cell parameters, and little difference between the intermo-
lecular distances reported in Tables 3 and 4. It is thus not
surprising that the pairs selected in Step 1 of our procedure
are the same in the 114 K and 10 K structures. Given such
similarity, we only computed the values of the microscopic
Jag parameters for the four pairs found relevant for the
magnetism of p-(MeS)PhNN crystal at 114 K (and also at
298 K). The values of these J(di) parameters for the 10 K
structure are collected in the last row of Table 4. These
values present almost no change for J(d2), J(d3), and J(d6)
(4+0.07, —0.02, and +0.08 cm™, respectively), but double
that found in the 114K structure for the dl pair
(4+0.22 cm™). This fact supports the relevance of using low-
temperature crystal structures in the analysis of the magnet-
ism in purely organic crystals. However, it does not modify
the magnetic topology at 10 K relative to the 114 K struc-
ture, which again shows a clear 3D character (Figure 3c,
lower J(di) values). As we do not expect large changes in
the crystal cell parameters when lowering the temperature
from 10 to 0.20 K, we are confident that Figure 3c (lower
J(di) values) depicts the magnetic topology of the YUINEW
crystal in the range of temperatures in which it presents
bulk ferromagnetic properties.

Computation of the macroscopic magnetic properties of p-
(MeS)PhNN crystal—connecting microscopic computed in-
formation to macroscopic measurements: To study the mac-
roscopic magnetic properties (Step 4) of the p-(MeS)PhNN
crystal at any temperature, we first have to select a physical-
ly appropriate minimal magnetic model.

At 298 K (YUIJNEW10, Figure 3¢ upper J(di) values), the
magnetic topology consists of non-interacting 2D ac layers
(4+0.24, +0.09, and —0.11 cm™"). Thus, we will first focus on
reproducing the magnetic topology along the ac planes. As
shown in Figure 5a, an evident choice for the magnetic
building block is a four-site unit, which we will call (1a,1c).
This minimal magnetic model is capable of generating the
YUJNEW10 (na,mc) magnetic topology by replicating itself
n times along the a axis and m times along the c axis. If our
minimal model is correct, as one propagates it by translation
along the a and ¢ axes the computed x(7) values should con-
verge towards a limit, close to the experimental y(7) result.
We found such convergence (see Supporting Information
Figure S1), using the (2a,1¢), (3a,1¢), and (4a,1¢) models to
test the convergence along the a axis, the (1a2c), (1a,3c),
and (la,4c) models to test the ¢ axis convergence, and the
(3a,3c) model to check the simultaneous convergence along
the two axes (see Figure 5a for models).

For the 114 K and 10 K crystals (YUIJINEW11 and YUJ-
NEWI10 K, Figure 3c: middle and lower J(di) values, respec-
tively), the natural model that simultaneously describes the
in- and interplane magnetic interactions might appear to be
model (1a,1c),, a parallelogram in which two (1a,1c) models
are connected by J(d6) interactions (Figure 5b). However,
as the J(d3) parameter at 114 K and 10 K is numerically
negligible, an alternative model, (1a,1¢),’ (Figure 5b) was
proposed. Convergence was checked by extending (la,lc),
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Figure 5. Models used to study the magnetism of YUINEW at a) 298 K
(non-interacting ac layers), and b) 114 K and 10 K (3D magnetic topolo-
gy). In a), (1a,1c) is the smallest model required to describe the magnetic
topology of the ac-plane. Models (2a,1¢), (3a,1¢)... (na,1c) are the exten-
sion of such minimal magnetic (1a,1¢) model along the a axis; (1a,2c),
(1a,3c)... (la,mc) along the ¢ axis; and (2a,2¢), (3a,3c)... (na,mc) along
the a and ¢ axes simultaneously. In b), the three-dimensionality of the
magnetic topology at 114 K and 10 K is described by introducing two
minimal eight-site magnetic models: (1a,1¢), and (1a,1¢),. Note that min-
imal magnetic (1a,1c) and (1a,1c),/(1a,1c),’ models are capable of gener-
ating YUINEW 2D and 3D magnetic topologies at 298 K and 114 K/
10 K, respectively, by replicating themselves.

and (la,1c), along the a, b, and c crystallographic axes (Sup-
porting Information, Figure S2 and S3).

We computed the matrix representation of the Heisen-
berg spin Hamiltonian for each minimal magnetic model.
The resulting energy levels were
used to obtain the macroscopic
susceptibility x(7T) (0.05-280 K)
and heat capacity C,(7) (0.05-
3.5K) (Figures 6 and 7, respec-
tively). Notice that, for clarity,
Figures 6 and 7 only show data
within the 3-100 K/0.05-3.0 K
range for yT(T), and within the
0.05-1.4 K range for C,(7)).

Several observations can be
made concerning the magnetic
susceptibility data:

0.400 4

0.395

0.390

0.385 -

T/ emu K maol-1

1) The shape of the y7(7)
curve computed using the
298K  J(di) parameters
(model (1a,1c) in Figure 6)
does not behave as a domi-

0.380

0.375

3)

4)

5)

6)

7)

r—

.‘ir Cal

280 K) temperature range (that is, at low-temperatures
the computed y7(T) curves distinguish between a 2D
magnetic topology presenting antiferromagnetic interac-
tions and a 3D ferromagnetic topology).

The xT(T) curves obtained using these two models (Fig-
ure 5b) with 114 K/10 K J(di) parameters are very simi-
lar, the 10 K curve with model (la,lc),” being nearly
identical to the experimental y7(T) data.

At 298 K and 114 K, the yT(T) curves converge reasona-
bly fast along the a, b, and ¢ directions (the numerical
variation between y7(T) values among different models
is always small), although none of these models fully
match the experimental values (see Supporting Informa-
tion Figure S1 for 298K, and Figures S2 and S3 for
114 K).

The use of the values 0, £0.02, or +£0.07 cm™! for the
J(d6) parameter at 298 K has no noticeable impact on
the shape of the curves (see Figure S4 in the Supporting
Information).

A scaling multiplicative factor® of 2.6 has to be applied
to the energy levels of the 298 K Hamiltonian in order
to fully match the experimental results in the 3-280 K
range (Figure 6).

The scaling is 2.4 and 1.9 for the (1a,1¢), and (la,1¢),’
3D models at 114 K (Figure 6). The smaller scaling
factor required for model (la,lc), suggests that it is
more appropriate than model (la,1c), to reproduce the
3D magnetic topology of YUINEW (Figure 5b). This is
also supported by the computed x7(7T) data at 10 K, for
which no scaling factor is needed when using model
(1a,1c),.

* (1a,1c)

© (la,lc)
—8— exptl
(1a,1c),
(1a,1c),
(1a,1c);

(298K)
(298K, sc= 2.61)

(114K)
(114K, sc=2.41)
(114K)
(114K, sc=1.9])

(1a,1c), (10K)

o
F'Y
& (la,1c),
*
®

(1a,1c) (10K)

nant ferromagnet below 1 K,
due to the presence of anti-
ferromagnetic interactions.
2) Using the 114 K/10 K J(di)
parameters (models (1a,lc),
and (la,1c),’ in Figure 6),
the shape of the experimen-
tal y7T(T) curve is repro-
duced in the whole (0-
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T/K

Figure 6. yT(T) computed using (1a,1¢) and (1a,1c),~(1a,1c),” minimal magnetic models (2D and 3D models at
298 K and 114 K/10 K, respectively). See the inset on the right of the graph for an explanation of the symbols.
The range of temperature shown for simulated y7(7) data is 0-100 K (above 100 K all models converge to the
same value). Inset the very low y7(7T) temperature region is also shown for all three minimal magnetic models
(same symbol code applies). The experimental data are also shown. Hollow symbols represent the re-comput-
ed yT(T) data after applying a scaling factor of 2.6 and 2.4-1.9 to the energy levels obtained using (1a,1c¢) and
(1a,1¢),~(1a,1c),’ models at 298 and 114 K, respectively.
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Figure 7. Simulated C,(7) data for YUNEW using the minimal (la,lc), and (la,lc),” models at 114 K/10 K
(after checking these models behave ferromagnetically in the whole temperature range). See the inset on the

right of the graph for an explanation of the symbols.

8) Although room-temperature crystal structures give rea-
sonably good qualitative agreement with experimental
%T(T) data in many cases,"! the study of the magnetism
of the p-(MeS)PhNN crystal with crystallographic data
at different temperatures indicates that low-temperature
crystal structures should be used in order to obtain quan-
titative agreement between computed and experimental

¥ T(T) data.

We finally focus on the heat capacity curve (C, vs T,
Figure 7). As we have shown the 2D minimal magnetic
model (la,1c) not to be valid at low temperatures, we pres-
ent only the curve computed below 3 K using the 3D mini-
mal magnetic models (la,lc), and (la,lc),” (Figure 5b) with
the 114 K and 10 K J,5 values. In all cases the curve is simi-
lar, presenting a maximum at approximately 0.12 K, a value
that can be taken as the estimate for the computed ordering
temperature. This estimate agrees very well with the experi-
mental value of 0.20 K (obtained by ac susceptibility meas-
urements in 0.18-1.0 K range).

Conclusion

By means of our first principles, bottom-up methodology we
have been able to reproduce the experimental macroscopic
data for the p-(MeS)PhNN crystal: dimensionality of the
magnetic topology, shape of the magnetic susceptibility and
heat capacity curves, and range of the critical temperature.
These results have been obtained by using a systematic pro-
cedure that makes no a priori assumptions. This procedure
also preserves the relationship between the macroscopic
magnetic properties and the microscopic parameters that de-
scribe the magnetic interaction between adjacent radicals,
thus connecting the macroscopic properties with the crystal
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teractions (along the b axis) are
found to be ferromagnetic, but
are  numerically  negligible
(+0.02cm™). At 114K, the
magnetic topology is that of a
3D ferromagnet: in-plane J,p
interactions are +0.11 and +0.07 cm™' (the antiferromag-
netic interaction at 298 K is now negligible, —0.02 cm™") and
the only non-negligible interplane J,p interaction is
+0.07cm™!. At 10K, the magnetic topology is also a 3D
ferromagnet, with in-plane J,p interactions +0.22 and
+0.07 cm™!, while the interplane J,5 interaction becomes
+0.08 cm L. Thus, the low-temperature magnetic topology is
clearly that of a bulk ferromagnet.

Using the J, values, we computed the matrix representa-
tion of the Heisenberg Hamiltonian in a finite space suffi-
cient to represent the properties of the infinite crystal. From
the energy spectrum of the Hamiltonian computed in this
finite space we simulated the macroscopic magnetic suscep-
tibility and heat capacity for p-(MeS)PhNN. The computed
xT(T) values reproduce qualitatively the shape of the exper-
imental curve in the whole range of temperatures when the
3D minimal model obtained from the 114 K magnetic topol-
ogy is used. However, the experimental y7(7) curve is only
quantitatively reproduced using the magnetic topology at
10 K. The heat capacity C,(T) curve shows a peak around
the experimental value (0.12K, the experimental value
being 0.20 K).

All of these results indicate the importance of performing
ab initio computations as part of a bottom-up strategy to an-
alyze the magnetic properties of molecular crystals. Our re-
sults show that this strategy is particularly important in com-
plex crystal structures, in which either a complicated inter-
play between ferromagnetic and antiferromagnetic interac-
tions can exist, or in which the nature of the interactions
cannot be clearly envisaged. We also found that it is essen-
tial to perform the analysis of the magnetic properties of
purely organic crystals by using low-temperature crystal
structures, even in the absence of crystallographic phase
transitions. In this work we have thus shown that for a safe
prediction/rationalization of the magnetic properties of mo-
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lecular crystals one should use crystal structures determined
at low-temperature, as close as possible to the transition
temperature.
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