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Direct versus Mediated Through-Space Magnetic Interactions: A First
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Abstract: The mechanism of the mag-
netic interaction in the pyridyl-verdazyl
radical:hydroquinone (pyvd:hq) molec-
ular co-crystal is important as it has
been suggested to originate by a
unique “mediated through-space” mag-
netic interaction. This interaction was
proposed to magnetically connect two
nonadjacent pyridyl-verdazyl radicals
within a p stack, where adjacent radi-
cals pile up in a head-over-tail orienta-
tion. The connection is made through a
third radical sitting between the previ-
ous two mediated radicals. Given the
relevance of this proposal, we decided
to reinvestigate the magnetic proper-
ties of this co-crystal by using our re-
cently proposed first-principles
“bottom-up” procedure. Based on
B3LYP/6-31+G(d) and CASSCFACHTUNGTRENNUNG(6,6)/
6-31+G(d) calculations (the results of
which are identical to those provided
by CASSCFACHTUNGTRENNUNG(10,10)/6-31+G(d) calcula-

tions), we have computed the micro-
scopic JAB values for all direct through-
space magnetic interactions between
nearby pyridyl-verdazyl radicals. The
magnetic interactions give rise to two
dominant values of similar strength:
�56 and �54 cm�1 at the B3LYP level,
which are calculated as �38 and
�31 cm�1 at the CASSCFACHTUNGTRENNUNG(6,6) and
CAS ACHTUNGTRENNUNG(10,10) levels (all other interac-
tions being smaller than j1 j cm�1). The
dominant interactions correspond to
the direct through-space interaction be-
tween two adjacent radicals of a p

stack. The crystal also exhibits a radi-
cal-mediated through-space interaction
of �0.31 cm�1 between two nonadja-

cent radicals of a p stack. The direct
through-space magnetic interactions
are two orders of magnitude larger
than the mediated through-space inter-
action. Thus, first-principles calcula-
tions do not support a mediated
through-space mechanism to explain
the magnetism of the pyvd:hq co-crys-
tal. The magnetic topology generated
by the two dominant antiferromagnetic
interactions in the pyvd:hq co-crystal
consists of one-dimensional (1D) alter-
nating chains (interacting very weakly
along the b and c axes). By using this
topology, the computed macroscopic
magnetic susceptibility curve reprodu-
ces the experimental one properly. This
first-principles bottom-up description
of the magnetism in the pyvd:hq co-
crystal differs in some fundamental as-
pects from that previously proposed in
the literature.
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Introduction

Purely organic molecular magnets are a class of intensely in-
vestigated molecule-based magnets.[1] Progress in the field
has been difficult due to the lack of a full understanding of
the factors that govern the mechanism according to which
the magnetic interactions propagate within a molecular
magnet. This gives rise to the absence of properly based
magneto-structural correlations (e.g., the McConnell-I[2a]

and -II[2b] mechanisms have been shown to fail in many

cases and lack a proper theoretical foundation)[2c,d] . There-
fore, any new data that provides relevant information about
the mechanism of the magnetic interaction in these systems
is of interest to design new materials that hopefully show
improved magnetic properties.

It is commonly assumed that magnetism in these purely
organic molecular magnets results from the through-space
interaction of nearby radicals, the origin of which can be at-
tributed to the direct overlap of the orbitals of these radi-
cals. Throughout this work, this mechanism will be referred

Abstract in Catalan: El mecanisme de la interacci� magn�tica
en el co-cristall molecular de piridil-verdazil:hidroquinona
(pyvd:hq) $s important ja que s’ha suggerit que el seu origen
$s degut fflnicament a una interacci� magn�tica assistida a
trav$s de l’espai (mediated through-space). Aquesta interacci�
s’encarregaria de connectar magn�ticament dos radicals de pi-
ridil-verdazil no adjacents dins d’un apilament p, on radicals
adjacents s’apilen en una orientaci� antiparal·lela (head-over-
tail). La connexi� t$ lloc via un tercer radical, situat entre els
dos radicals anteriors, que els assisteix. Donada la novetat i la
possible rellev,ncia de la proposta, s’ha decidit reinvestigar les
propietats magn�tiques d’aquest co-cristall usant un procedi-
ment bottom-up de primers principis que ha estat recentment
proposat. El valor de les JAB microsc.piques de totes les inte-
raccions directes a trav$s de l’espai entre radicals piridil-ver-
dazil ve/ns s’ha calculat a nivell B3LYP/6-31+G(d) i
CASSCF ACHTUNGTRENNUNG(6,6)/6-31+G(d). Aquestes interaccions magn�tiques
presenten dos valors dominants de magnitud similar: �56 i
�54 cm�1 a nivell B3LYP, que es converteixen en �38 i
�31 cm�1 a nivell CASSCFACHTUNGTRENNUNG(6,6) i CASSCFACHTUNGTRENNUNG(10,10) (la resta
d’interaccions tenen valors m$s petits que j1 j cm�1). Les dues
interaccions dominants corresponen a interaccions directes a
trav$s de l’espai entre dos radicals adjacents d’un apilament p.
El cristall tamb$ presenta una altra interacci� a trav$s de
l’espai entre dos radicals no adjacents d’un apilament p, assis-
tida per un tercer radical, de 0.31 cm�1. Les interaccions mag-
n�tiques directes a trav$s de l’espai s�n dos ordres de magni-
tud m$s grans que la interacci� assistida a trav$s de l’espai.
Aix; doncs, els c,lculs basats en primers principis no recolzen
el mecanisme assistit a trav$s de l’espai per explicar el magne-
tisme del co-cristall de pyvd:hq. La topologia magn�tica gene-
rada amb les dues interaccions antiferromagn�tiques domi-
nants en el co-cristall de pyvd:hq consisteix en cadenes 1D al-
ternades, que interaccionen molt d�bilment al llarg dels eixos
b i c. D’acord amb aquesta topologia, la corba calculada de la
susceptibilitat magn�tica macrosc.pica reprodueix correcta-
ment l’experimental. La descripci� del magnetisme en el co-
cristall de pyvd:hq usant un m�tode basat en c,lculs de pri-
mers principis bottom-up difereix, doncs, en alguns aspectes
fonamentals de la proposada en la literatura anteriorment.

Abstract in Spanish: El mecanismo de la interacci�n magn$ti-
ca en el co-cristal molecular de piridil-verdazil:hidroquinona
(pyvd:hq) es importante ya que se ha sugerido que su origen
se debe fflnicamente a una interacci�n magn$tica asistida a
trav$s del espacio. Esta interacci�n se encargar;a de conectar
magn$ticamente dos radicales de piridil-verdazil no adyacen-
tes de un mismo apilamiento p, dentro del cual radicales
adyacentes se apilan siguiendo una orientaci�n antiparalela
(cabeza-sobre-cola). La conexi�n tiene lugar via un tercer ra-
dical, situado entre los dos radicales anteriores, que actua de
asistente. Dada la novedad de este mecanismo y su possible
relevancia, se ha decidido reinvestigar las propiedades magn$-
ticas de este co-cristal usando un procedimento bottom-up de
primeros principios, recentmente propuesto. El valor de las
JAB microsc�picas de todas las interacciones directas a trav$s
del espacio entre radicales piridil-verdazil vecinos se ha calcu-
lado a niv$l B3LYP/6-31+G(d) y CASSCFACHTUNGTRENNUNG(6,6)/6-31+G(d)
(m$todo que proporciona resultados similares al de c=lculos
CASSCF ACHTUNGTRENNUNG(10,10)/6-31+G(d)). Estas interacciones magn$ticas
presentan dos valores dominantes de magnitud similar: �56 y
�54 cm�1 a nivel B3LYP, que se convierten en �38 y
�31 cm�1 a nivel CASSCFACHTUNGTRENNUNG(6,6) y CASSCF ACHTUNGTRENNUNG(10,10) (las dem=s
interacciones tienen valores inferiores a j1 j cm�1). Las dos in-
teracciones dominantes se corresponden a interacciones a
trav$s del espacio directas entre radicales contiguos de un
mismo apilamento p. El cristal tambi$n presenta otra interac-
ci�n a trav$s del espacio asistida per un tercer radical, entre
dos radicales no contiguos de un mismo apilamento p, cuyo
valor es 0.31 cm�1. Luego, las interacciones magn$ticas a
trav$s del espacio directas son dos ordenes de magnitud m=s
grandes que la interacci�n a trav$s del espacio asistida. En re-
sumen, c=lculos basados en primeros principios no justifican
el usar el mecanismo asistido a trav$s del espacio para expli-
car el magnetismo del co-cristal de pyvd:hq. La topologia
magn$tica generada por las dos interacciones antiferromagn$-
ticas dominantes en el co-cristal de pyvd:hq consiste en cade-
nas 1D alternadas, que interaccionan muy d$bilmente a lo
largo de los ejes b y c. La curva calculada a partir de esta to-
polog;a para la susceptibilidad magn$tica macrosc�pica re-
produce correctamente la curva experimental. Por lo tanto, la
descripci�n del magnetismo en el co-cristal de pyvd:hq obteni-
da usando un m$todo basado en c=lculos de primeros princi-
pios bottom-up, difiere en aspectos fundamentales de la pro-
puesta anteriormente en la literatura.
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to as the “direct through-space” mechanism. However, in a
recent study on the magnetism of the pyridyl-verdazyl:hy-
droquinone (pyvd:hq) molecular co-crystal[3] (see Figure 1
for chemical formula and spin distribution), the authors pro-
posed a new through-space mechanism of magnetic interac-
tion, where the orbitals of the radicals interact due to the
mediating action of another molecule (either a diamagnetic
molecule or the diamagnetic part of a radical[3]). This mech-
anism closely resembles the metal···ligand···metal superex-
change through-bond interactions, where two spin-contain-
ing metals are connected by means of the orbitals of a dia-
magnetic ligand. Therefore, it will be referred to as the
“mediated through-space” mechanism.

The reason to suggest a mediated through-space mecha-
nism is connected to the crystal packing of the spin-contain-
ing units in the pyvd:hq molecular co-crystal. The pyridyl-
verdazyl radicals pile up in stacks (identified later on as p

stacks) along the a axis. Within these p stacks, adjacent radi-
cals pack parallel to each other in a head-over-tail (verdazyl
ring over pyridyl ring) disposition. As a consequence, the
verdazyl ring of one radical is nearly perfectly aligned to the
pyridyl ring of its nearest neighbor within the stack (the
shortest distances being 3.415 and 3.523 P, see Figure 2a).
In such a disposition, the spin-containing regions of the radi-
cals (the verdazyl ring) cannot present short contacts be-
tween adjacent radicals. Therefore, the authors[3] (biased by
the McConnell-I mechanism[2a]) assumed that no magnetic
interactions between adjacent radicals of the same p stack
could exist, although such a hypothesis was not supported
by numerical calculations. According to such a hypothesis,
given the packing of the pyvd:hq crystal (Figure 2), no mag-
netic interaction should exist among the radicals in this crys-
tal, a fact that contradicts the experimentally observed anti-

ferromagnetic interactions. Therefore, based on BP86/
DZVP density functional calculations,[3] the authors pro-
posed that antiferromagnetic interactions could exist in trim-
ers of pyridyl-verdazyl radicals, their existence being attrib-
uted to the mediating action of the diamagnetic pyridyl ring
of the middle radical (see verdazyl···verdazyl distance of
6.82 P in Figure 2a). The experimental magnetic susceptibil-
ity c(T) curve was thus fitted to a 1D regular chain
model.[4,5] Each p stack of radicals was suggested to contain
two such chains that could give rise to a molecular spin-
ladder magnetic topology, if a weak interaction between
them were to exist.[3]

Given the interest and relevance of that proposal refer-
ring to through-space magnetism, we decided to perform a
detailed reinvestigation of the role of the direct and mediat-
ed through-space magnetic interactions in the pyvd:hq mo-
lecular co-crystal. Such analysis will be part of a full first-
principles bottom-up study of the magnetic properties of
this crystal. Such a procedure was designed to allow a sys-
tematic and unbiased study of the magnetic properties of a
crystal avoiding any assumptions on the nature of its mag-

Figure 1. Chemical formula of the pyridyl-verdazyl radical (a), and the
hydroquinone molecule (b), as well as the calculated spin density of the
pyridyl-verdazyl radical (c). Light shading indicates positive spin density,
and dark shading indicates negative spin density (isodensity surface of
0.001 au). Notice that although there is p spin density distribution on
both pyridyl and verdazyl rings, the main contribution is located on the
NNC2NN fragment of the verdazyl group.

Figure 2. a) Head-over-tail (verdazyl-over-pyridyl) and head-over-head
(verdazyl-over-verdazyl) p stacking of pyridyl-verdazyl radicals along the
a axis, with 3.415/3.523 and 6.820 P being the shortest inter-radical dis-
tances within a p stack, respectively. Shortest C�H···O hydrogen bonds
are also indicated. b) Molecular packing of pyridyl-verdazyl radicals and
hydroquinone molecules within a bc layer. Notice the two-dimensional
(bc plane) net of hydrogen bonds is explicitly shown as lines connecting
either two hydroquinone molecules or two pyridyl-verdazyl radicals
along the c axis (at 1.716 and 2.688 P, respectively) or a hydroquinone
molecule and a pyridyl-verdazyl radical along the b axis (at 1.763 P).
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netic interactions. The procedure systematically evaluates
the ferro- or antiferromagnetic nature of all unique micro-
scopic JAB magnetic interactions present in the crystal at the
B3LYP level. The B3LYP results are also supported by
CASSCFACHTUNGTRENNUNG(6,6) and CASSCFACHTUNGTRENNUNG(10,10) calculations. Then, the
magnetic topology of the magnetic interactions within the
crystal can be defined in terms of all non-negligible JAB pa-
rameters and their connectivity. The macroscopic magnetic
properties (e.g., the magnetic susceptibility (c) or the shape
of the cT versus T curve) are finally computed by using an
accurate numerical procedure, and are compared to the
available experimental data. This first-principles bottom-up
procedure has been previously shown to reproduce the
known experimental magnetic properties (magnetic suscept-
ibility curves, heat capacity, spin-gap and so forth) of a vari-
ety of purely organic and metal-containing molecular crys-
tals.[6–8]

The application of our first-principles bottom-up proce-
dure to study the magnetic properties of the pyvd:hq co-
crystal provided some surprising findings when we com-
pared our results with those reported in the literature.[3]

First of all, our results do not support the mediated through-
space mechanism as being responsible for the magnetism of
the pyvd:hq co-crystal. Instead, the magnetism is due to two
direct through-space interactions between adjacent radicals
of the same p stack. However, such mediated through-space
magnetic interactions should be taken into account in cases
where there are no direct through-space interactions. Sec-
ondly, no molecular spin-ladder magnetic topology is sup-
ported by our first-principles calculations. The magnetic top-
ology defined by the two dominant magnetic interactions
consists of 1D alternating chains (interacting very weakly
along the b and c axes). Finally, by using this topology, the
computed macroscopic magnetic susceptibility curve accu-
rately reproduces the experimental one above 20 K (below
this temperature, the presence of impurities masks the meas-
ured c(T) values).

Computational Details

The main steps and underlying physics behind the first-principles bottom-
up procedure that we used to study the magnetic properties of the
pyvd:hq molecular co-crystal are briefly described below. A detailed
mathematical and physical account of the procedure and its foundations
can be found in the literature.[6]

The basic idea behind our bottom-up procedure was to find a finite
model space that accurately describes the properties of the magnetic top-
ology of the crystal. This space was used to compute the matrix represen-
tation of the Heisenberg Hamiltonian [Eq. (1)], in which ŜA and ŜB are
the spin operators associated with radicals A and B, and ÎAB the identity
operator.

Ĥ ¼ �
XN

A, B

JABð2ŜA � ŜB þ 1=2ÎABÞ ð1Þ

The only variables in this Hamiltonian are the microscopic JAB parame-
ters defining the nature and size of the radical–radical magnetic interac-
tions present in our model space. It is worth mentioning here that the

Heisenberg Hamiltonian of Equation (1) and the more usual ĤAB=

�2�JABŜA·ŜB have the same energy differences between spin states, since
their energy spectra only differ by a shift in all individual energy values.
Consequently, both Hamiltonians provide the same computed macro-
scopic properties.[9] We use the Heisenberg Hamiltonian from Equa-
tion (1) for compatibility with our computer programs. Also note that the
microscopic JAB parameters in Equation (1) depend on the relative orien-
tation of the A,B radicals. They can be computed by using the appropri-
ate quantum-chemical methods (in our case, the B3LYP density function-
al first-principles method and the CASSCF ACHTUNGTRENNUNG(6,6) or CASSCF ACHTUNGTRENNUNG(10,10) ab
initio methods).

The values of the JAB parameters are also used to define the magnetic
topology of the crystal under study. Such topology is defined in terms of
the connectivity that the JAB magnetic-pair interactions establish between
the radicals constituting the crystal. The magnetic topology gives a very
useful pictorial representation of the magnetic pathways within the crys-
tal, and is very helpful to choose the finite space used to compute the
Heisenberg Hamiltonian matrix associated to Equation (1).

We found that the following four steps allowed us to carry out the above-
proposed first-principles bottom-up procedure in an unbiased form:

1) The first step consisted of a detailed analysis of the crystal packing to
identify all unique A–B radical–radical pairs whose inter-pair distance
was smaller than a given threshold value (above which the magnetic in-
teraction between radicals was expected to be negligible). This threshold
was deliberately chosen to select more pairs than the first nearest-neigh-
bors (the usual candidates in the literature). Such a selection procedure
of radical–radical pairs was therefore completely nonbiased.

2) For all A–B radical–radical pairs selected in step (1), we obtained the
value of the corresponding JAB magnetic-pair interaction by using quan-
tum-chemical methods.

3) By using the computed JAB magnetic-pair-interaction values, we then
defined the magnetic topology of the crystal in terms of how non-negligi-
ble JAB interactions propagated along the crystal axes. Two neighboring
A--B radical sites are connected whenever their magnetic interaction
presents a jJAB j value larger than a given threshold that in previous cal-
culations was estimated to be j0.05 j cm�1. Then, we searched for the
smallest (finite-sized) minimal magnetic model space that describes the
magnetic interactions of the whole crystal in a balanced way. The repeti-
tion of such a minimal model along the a,b,c crystallographic directions
should regenerate the magnetic topology of the whole crystal. The radical
centers constituting the minimal magnetic model defined a spin space
that was used to compute the matrix representation of the Heisenberg
Hamiltonian [Eq. (1)]. Notice that the only parameters required to com-
pute that matrix representation of the Heisenberg Hamiltonian are the
JAB parameters computed in step (2).

4) In the last step, the Heisenberg Hamiltonian matrix was diagonalized
to obtain the energy for all possible spin states. These energies were then
used to compute the magnetic susceptibility c(T) and/or heat capacity
Cp(T) by using adequate expressions obtained from a statistical mechan-
ics treatment.[6,9]

The minimal magnetic model space must be small enough to keep the
Heisenberg Hamiltonian matrix at a reasonable size (in our current im-
plementation N�16 spin-radical sites), but it must also be large enough
to contain all significant magnetic pathways detected within the crystal.
From our experience, the most important step in the above procedure
was the selection of a proper minimal magnetic model space. To validate
the selected minimal magnetic model space, we checked the convergence
of macroscopic properties (e.g., c(T)) as the model space is replicated
along the three crystallographic directions applying a regionally reduced
density matrix approach: if the minimal magnetic model space is properly
chosen, the computed c(T) values by using such extended models should
rapidly converge to the values obtained with the nonreplicated minimal
model space. All sets of results should also numerically reproduce the ex-
perimental c(T) data.

As indicated above, the values of the microscopic JAB pair interactions
were computed by using quantum-chemical methods. In the pyvd:hq mo-
lecular co-crystal, the pyridyl-verdazyl radicals are the only spin-contain-
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ing units. The role of the electronically closed-shell hydroquinone mole-
cules is to stabilize the crystal packing by means of two types of hydrogen
bonds established between: 1) hydroxy groups from two different hydro-
quinones along the c axis (at 1.716 P) and, 2) the nitrogen atom of the
pyridyl ring of a radical and the hydroxy group from a hydroquinone
molecule along the b axis (at 1.763 P) (see Figure 2b for a bc view). The
ground electronic state of the pyridyl-verdazyl radicals is a doublet, with
the spin mostly distributed on the verdazyl ring (Figure 1c and Table 1).

As the radicals are doublets, the value of JAB for each radical–radical pair
is obtained by subtracting the energy of the most stable open-shell singlet
and the triplet states. The open-shell singlet can only be properly descri-
bed at the density functional level[10] by using the broken-symmetry ap-
proximation.[11] Thus, keeping in mind that in computations we used the
Heisenberg Hamiltonian [Eq. (1)], equivalent to the most usual form
ĤAB=�2�JABŜA·ŜB, the JAB parameters in our B3LYP calculations were
computed as given in Equation (2), in which ES

BS and ET correspond to
the energy of the lowest energy broken-symmetry singlet and triplet
states, both computed at the geometry of the radical–radical pair found
in the crystal.

ES
BS�ET ¼ JAB ð2Þ

In both cases, we used the unrestricted formulation of the density func-
tional equations[12] (a 10�8 convergence criterion on the total energy and
10�10 on the integrals was used to ensure enough accuracy in the compu-
tation of the JAB parameters), and the basis set was a 6-31+G(d)[13] for
all atoms. In our CASSCF ACHTUNGTRENNUNG(6,6) calculations, the JAB parameters were ob-
tained by selecting the lowest energy singlet and triplet states provided
by a MCSCF calculation with a complete active space containing six elec-
trons in six orbitals. An equivalent procedure was used in our CASSCF-
ACHTUNGTRENNUNG(10,10) calculations (it is worth noting here that the occupations of the
fourteen natural orbitals closer to the SOMO obtained for the triplet in a
UB3LYP calculation are: 1.94, 1.93, 1.89, 1.89, 1.81, 1.79, 1.00, 1.00, 0.21,
0.19, 0.11, 0.11, 0.07, and 0.06 atomic units, numbers that explain our
choice of active spaces in the CASSCF calculations). All DFT and
CASSCF calculations performed in this study were carried out with the
Gaussian 03 and GAMESS packages,[14] respectively.

Results and Discussion

The pyridyl-verdazyl radical co-crystallizes with hydroqui-
none diamagnetic molecules (see Figure 2 for crystal pack-

ing). This crystal belongs to the P1̄ space group (triclinic),
with cell parameters (at 298 K) being a=6.820, b=10.450,
and c=10.738 P, a=85.930, b=80.161, and g=87.0298.[3]

Within each pyridyl-verdazyl radical, the pyridyl and verd-
ACHTUNGTRENNUNGazyl six-membered rings are almost planar and nearly co-
ACHTUNGTRENNUNGplanar to each other (torsion angle=2.48).

As mentioned before, the packing structure of this co-
crystal is characterized by the presence of p stacks of pyrid-
yl-verdazyl radicals piled up along the a axis in a head-over-
tail (that is, verdazyl ring over pyridyl ring) arrangement
(see Figure 2a, where the inset shows possible C�H···O hy-
drogen bonds at 3.420 and 3.492 P). Along the c axis (see
Figure 2a), p stacks are connected to other p stacks by C�
H···O hydrogen bonds at 2.688 P, forming ac planes. Along
the b axis (see Figure 2b), two ac planes of p stacks are sep-
arated by planes of hydroquinone molecules that are held
together by C�H···O hydrogen bonds between two hydro-
quinones at 1.716 P. Finally, hydroquinone molecules and
pyridyl-verdazyl radicals also establish C�H···O hydrogen
bonds at 1.763 P (Figure 2b).

The magnetic properties of the pyvd:hq co-crystal origi-
nate at the pyridyl-verdazyl radical. The spin density (Fig-
ure 1c and Table 1) is distributed on both pyridyl and verda-
zyl rings, although the main contribution is located on the
verdazyl ring (more specifically on the p system of the
NNC2NN fragment, see Figure 1). The four N atoms on the
verdazyl ring have positive spin density and the C2 atom
carries a negative spin density.[15] The crystal packing
(Figure 2) does not allow the existence of short contacts be-
tween the high-spin regions of the pyridyl-verdazyl radicals.
According to the McConnell-I mechanism,[2a] no magnetic
interactions should thus exist between adjacent radicals in
these p stacks, and also between stacks. Therefore, the crys-
tal should behave as a paramagnet.

In contrast to what we expect from the McConnell-I
model, the experimental magnetic properties indicate the
presence of antiferromagnetic interactions.[3] The experi-
mental magnetic susceptibility curve was fitted to a 1D regu-
lar chain model, based on the Heisenberg Hamiltonian
Ĥfitting=��JfittŜA·ŜB (notice that, in the original paper,[3]

there was an erratum concerning the Jfitt value, as we later
found from numerical simulations by using the fitting ex-
pression from reference [4], see Supporting Information Fig-
ure S1). The parameters that provided the least-squares
best-fit were Jfitt=�116 cm�1, q=�3 K, g=2.0025.[3,4] We
must stress here that Jfitt cannot be ascribed to any individu-
al radical–radical JAB magnetic interaction, but averages all
of them. Notice that in our computations (e.g., energies,
magnetic susceptibility, and so on), the Heisenberg Hamilto-
nian is expressed as in Equation (1), equivalent to ĤAB=

�2�JABŜA·ŜB, that differs from the fitting Hamiltonian by a
factor of two. Therefore, to compare any computed JAB

value to Jfitt, one should compare our computed JAB values
to Jfitt/2=�58 cm�1.

Hereafter, we present the results of our study in four sec-
tions, one for each of the steps involved in the first-princi-
ples bottom-up procedure.

Table 1. Unrestricted DFT-calculated spin population for pyridyl-verd-
ACHTUNGTRENNUNGazyl radical (pyvd). The atom numbering is as in Figure 1a.

Atom Spin population
verdazyl UB3LYP UBP86 (original paper ref. [3])

O1 �0.011 �0.011
N1 0.189 0.198
N2 0.402 0.343
N3 0.403 0.342
N4 0.199 0.204
C1 �0.039 �0.016
C2 �0.167 �0.067
C8 �0.011 �0.006
C9 �0.015 �0.008
pyridyl
N5 �0.020 �0.011
C3 0.025 0.008
C4 �0.010 �0.010
C5 0.022 0.008
C6 �0.024 �0.011
C7 0.012 0.007
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Step 1: identification of all unique radical–radical pairs
within the crystal : We first analyzed the crystal packing
(Figure 2) looking for all unique radical–radical pairs (here-
after identified as di) that could generate magnetic interac-
tions. As any direct through-space magnetic interaction is a
consequence of the direct overlap of the orbitals of the in-
teracting radicals, it decreases exponentially as the distance
between the radical centers increases. We therefore selected
all radical–radical pairs with inter-radical distances shorter
than 7.0 P. Such a cut-off value was large enough to include
all first-nearest neighbors around a given radical (d1–d5 in
Figure 3, see Table 2 for inter-radical distances) and the
most relevant second-nearest neighbors (d6–d9 in Figure 3)
(notice that the lines between radicals in Figure 3 do not
represent bonds but potential magnetic interactions, and
that the atoms connected are those with the shortest inter-
radical distance in Table 2). The nine d1–d9 radical–radical
candidates are distributed forming a plane of p stacks, along
the a and c axes (Figure 3a). Three pairs (d2, d4, and d8)
correspond to possible interactions within the same p stack
of radicals along the a axis, and the remaining pairs (d1, d3,
d5–d7, d9) connect radicals that belong to two adjacent p

stacks.
To allow a numerical evaluation of the interaction be-

tween consecutive ac planes, and despite the fact that the
inter-radical distance is larger than the 7.0 P cut-off value,
we included two additional dimers (d10 and d11, shown in
Figure 3b). Radical pair d10 is the radical–radical pair show-
ing the shortest inter-ac-plane
intermolecular distance, and
was selected to study the direct
interplane radical–radical mag-
netic interactions. Radical pair
d11 was selected to study the
possible magnetic interaction of
two pyridyl-verdazyl radicals
mediated by a closed-shell hy-
droquinone molecule.

Step 2: computation of the JAB

magnetic interactions : The value
of the JAB magnetic interaction
for each radical–radical pair,
J(di), was first computed at the
B3LYP/6-31+G(d) level, by
using for each pair of radicals
its crystal geometry. Table 2
contains the B3LYP/6-31+G(d)
value for each dimer di, together with the shortest distance
between radicals (second column), verdazyl–verdazyl rings
(third column), and C2 atoms (fourth column). Clearly,
there is no simple correlation between any of these distan-
ces and the magnitude of the corresponding magnetic inter-
action. There are only four non-negligible radical–radical in-
teractions: J(d2), J(d3), J(d4), and Jhq

mts ACHTUNGTRENNUNG(d11),[16] whose geo-
metries are depicted in Figure 4. Two magnetic interactions
connect two adjacent radicals of a given p stack in a head-

over-tail (verdazyl-over-pyridyl) disposition (J(d2) and
J(d4)=�54.43 and �55.97 cm�1, respectively), and dominate
over the remaining two J(di), corresponding to a small ferro-
magnetic interaction between stacks (J(d3)=++0.08 cm�1)
and an antiferromagnetic hydroquinone-mediated through-
space interaction between two ac planes of p stacks
(Jhq

mts ACHTUNGTRENNUNG(d11)=�0.44 cm�1). Notice that the direct interaction
between radicals packed in a head-over-head (verdazyl-
over-verdazyl) disposition in the p stack, J(d8), is smaller

Figure 3. a) Possible pyridyl-verdazyl radical pairs di (i=1–9) that might
interact magnetically within an ac layer. Any given radical might estab-
lish up to 12 magnetic interactions, since d1, d7, and d8 appear twice.
b) Schematic ab view of the possible d10 and d11 pairs of radicals cou-
pling any two-dimensional ac layers.

Table 2. Unrestricted DFT broken-symmetry UB3LYP/6-31+G(d) results for J(di) pair interaction of all
eleven candidates (d1–d11) for the pyvd:hq crystal. Shortest distances between radicals (second column),
verdazyl···verd ACHTUNGTRENNUNGazyl rings (third column) and C2···C2 atoms (fourth column) are given.

Dimers di Shortest inter-radical
contact

dist [P] Shortest vd···vd ring
contact

dist [P] dACHTUNGTRENNUNG(C2···C2) [P] J(di) [cm�1]

d1 O···C6 (vd···py) 3.354 O···C2 6.978 10.738 < j0.05 j
d2 C2···C3 (vd···py) 3.415 C2···C2, C3···C3 3.535 3.535 �54.43
d3 O···O (vd···vd) 3.479 O···O 3.479 9.871 +0.08
d4 C2···C3 (vd···py) 3.523 C2···C2, C3···C3 3.555 3.555 �55.97
d5 C6···C6 (py···py) 3.848 C2···C2 11.545 11.545 < j0.05 j
d6 O···O (vd···vd) 5.601 O···O 5.601 11.073 < j0.05 j
d7 O···C6 (vd···py) 6.157 O···C2 8.551 11.696 < j0.05 j
d8 C2···C2 (vd···vd) 6.820 vd···vd 6.820 6.820 < j0.05 j
d9 C6···C6 (py···py) 6.958 C2···C2 12.577 12.577 < j0.05 j
d10 N2···N3 (vd···vd) 8.107 N2···N3 8.107 10.450 < j0.05 j
d11 N2···N2 (vd···vd) 8.233 N2···N2 8.233 10.458 �0.44

Npy···Ohq 2.797
N2vd···Ohq 3.121
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than the j0.05 j cm�1 threshold. Therefore, our B3LYP/6-
31+G(d) calculations indicate that the antiferromagnetic in-
teractions within the pyvd:hq co-crystal are dominated by
direct through-space interactions, J(d2) and J(d4), and there
is no need to resort to mediated through-space interactions
to explain the magnetism of this crystal. For completeness,
we also computed the size of the mediated through-space in-
teractions within the p stacks (hereafter, Jpy

mts(d8)) at the
B3LYP/6-31+G(d) level. Such mediated interaction was
previously associated to the mediating action of the pyridyl
ring that sits between two nonadjacent pyridyl-verdazyl radi-
cals oriented in a head-over-head conformation.[3] Therefore,
consistently with such a proposal, we estimated its value by
using three adjacent radicals in the p stack and by substitut-
ing the verdazyl ring of the middle radical with a hydrogen
atom (we thus use a radical···pyridine···radical trimer). The
value obtained (Jpy

mts(d8)=�0.40 cm�1) was similar in magni-
tude to Jhq

mts ACHTUNGTRENNUNG(d11) mediated through-space interactions, but
two orders of magnitude smaller than J(d2) and J(d4) direct
through-space interactions.

The B3LYP/6-31+G(d) interpretation disagrees with that
reported by using a BP86 density functional and a DZVP
basis-set.[3] Therefore, we validated the quality of the com-
puted J(di) values. In a first test, we re-evaluated J(d2),
J(d4), and J(d8) at the CASSCF ACHTUNGTRENNUNG(6,6)/6-31+G(d) level. For
the three parameters, we obtained the following values (re-

spectively): �30.5, �38.1, and 0.0 cm�1. The value of the
largest component was recomputed at the CASSCFACHTUNGTRENNUNG(10,10)/
6-31+G(d) level, and we obtained a value for J(d4) of
37.9 cm-1, thus confirming the validity of the CASSCFACHTUNGTRENNUNG(6,6)/
6-31+G(d) results. Therefore, CASSCFACHTUNGTRENNUNG(6,6)/6-31+G(d) re-
sults confirm the strength of the J(d2) and J(d4) direct
through-space interactions computed at the B3LYP/6-31+
G(d) level (notice that the CASSCF method usually gives
values smaller than those with the B3LYP level). In a
second test, we evaluated the impact of computing the J(di)
interactions by using a trimer model, as done by other au-
thors,[3] instead of using radical–radical pairs. We therefore
tested whether there are cooperative effects among JAB

values not included in a radical–radical pair calculation.
This was done by re-evaluating the magnitude of J(d2) and
J(d4) magnetic interactions by using three radicals. Notice
that in a trimer model: 1) the mediated through-space (mts)
radical···radical···radical interaction Jrad

mts(d8) is necessarily
evaluated (see Figure 5a); 2) the radical···radical···radical in-
teraction Jrad

mts(d8) is different than the radical···pyridine···rad-
ical interaction Jpy

mts(d8) computed before (the former in-
cludes also the effect of the verdazyl radical fragment). The
values of the three parameters present in the trimer model
are computed from the energy differences between the
high-spin HS quartet (aaa) state and the low-spin LS dou-

Figure 4. Geometrical disposition of numerically non-negligible d2, d3,
d4, and d11 pairs of pyridyl-verdazyl radicals.

Figure 5. a) Geometrical disposition of the trimer model, where J(di) rad-
ical–radical interactions are shown. b) Schematic representation of three
pyridyl-verdazyl radicals, where lines between atoms represent micro-
scopic magnetic interactions instead of bonds. The solution of the corre-
sponding secular equation problem results in a high-spin HS quartet state
and three low-spin LS doublet states, namely LS1 (aba), LS2 (baa), and
LS3 (aab).
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blet states (LS1=aba, LS2=baa, LS3=aab), that fulfill
expressions (3)–(5)[17] by using a broken-symmetry[11] wave-
function (see Figure 5b for spin states).

EHS�ELS1 ¼ �Jðd2Þ�Jðd4Þ ð3Þ

EHS�ELS2 ¼ �Jðd4Þ�Jrad
mtsðd8Þ ð4Þ

EHS�ELS3 ¼ �Jðd2Þ�Jrad
mtsðd8Þ ð5Þ

The following results were obtained: J(d2)=�54.35,
J(d4)=�55.43, and Jrad

mts(d8)=�0.31 cm�1. The values of
J(d2) and J(d4) magnetic interactions are in very good
agreement with that computed by using a radical–radical
pair model (�54.43 and �55.97 cm�1, Table 2). Therefore, in
purely organic magnets the possible cooperative effects in-
cluded by the trimer model are too small to compensate for
the computational effort required to obtain the J(di) value
compared to its evaluation by using a radical–radical pair
model. Consequently, we can conclude that our model of ex-
change-interaction better describes the magnetism of the
pyvd:hq co-crystal. We believe that the reason is, besides
any possible deficiencies associated with the BP86 function-
al,[18] an oversimplistic use of expressions [Eq. (3)–(5)] to
obtain the value of the magnetic interaction between nonad-
jacent pyridyl-verdazyl radicals (only the first expression re-
lating the LS1 and HS states was used in the original
paper[3]).

We can now focus on the relative importance of the direct
versus mediated through-space interactions. The essential
point here is that the two non-negligible mediated through-
space magnetic interactions computed (Jrad

mts(d8)=�0.31 cm�1

and Jhq
mts ACHTUNGTRENNUNG(d11)=�0.44 cm�1) are two orders-of-magnitude

smaller than the dominant direct through-space interactions
(J(d2)=�54.43 cm�1 and J(d4)=�55.97 cm�1). We have
previously seen[6–8] (and also tested in this work, see below)
that the inclusion of Jmts(di) parameters that are much small-
er than the dominant interactions has a negligible effect on
the computed c(T) curves, that is, they do not affect the
macroscopic magnetic properties of the crystal. However,
one should take into account these mediated through-space
magnetic interactions in cases where there are no direct
through-space interactions.

The magnitude of a mediated radical···ligand···radical
magnetic interaction can be estimated by evaluating both
the weight of the appropriate excited configurations in the
trimer CASCI wavefunction (commonly known as charge-
transfer configurations[19]) and the mixing of the orbitals of
the ligand and radicals. In the pyridyl-verdazyl radical, the
SOMO and LUMO are centered on the verdazyl ring, and
only the second LUMO is centered on the pyridyl ring. In
our case, the large SOMO/second-LUMO energy difference
(DE=4.35 eV=35087.1 cm�1) suggests that such mixing (if
any) will be small. CASCI calculations[14b] on the radical
trimer shown in Figure 5a by using a (3,4) active space (that
includes the three unpaired electrons on each radical and
four orbitals, the three SOMO orbitals and the pyridyl-cen-

tered virtual orbital of the trimer) show a negligible weight
of the double-excitations (charge-transfer) from the SOMO
orbitals to this virtual orbital in the antiferromagnetic state.
Computations employing a larger (3,6) active space, includ-
ing two extra pyridyl-centered virtual orbitals, confirm this
result, that is to be expected due to the energetic inaccessi-
bility of the double-excited configurations. Thus, one can
safely conclude that the antiferromagnetic interactions in
the pyvd:hq molecular co-crystal must be understood in
terms of a direct through-space mechanism, involving d2
and d4 pairs of pyridyl-verdazyl radicals.

The values of J(d2) and J(d4) computed at the B3LYP
level can now be compared with the value of Jfitt obtained
by fitting the experimental magnetic susceptibility curve by
using a 1D regular-chain model,[4] once converted to the
same Hamiltonian. There is a very good agreement between
Jfitt/2=�58 cm�1, and J(d2)=�54.43 or J(d4)=�55.97 cm�1.
This is due to the fact that the model used in the fitting (a
1D regular chain) is very close to the magnetic topology ob-
tained in our computational study (a nearly regular 1D
chain, see below). In this model, the Jfitt/2 value represents
an average of the J(d2) or J(d4) values.

Step 3: definition of the magnetic topology and finite magnet-
ic models : The two dominant radical–radical interactions
(J(d2) and J(d4), see Table 2) connect the radicals of the
pyvd:hq co-crystal forming an almost regular 1D chain
along the a axis (within the p stacks of radicals). Adjacent
1D chains interact weakly along the b and c axes by means
of Jhq

mts ACHTUNGTRENNUNG(d11) and J(d3), respectively (Figure 6). Therefore,
the magnetic topology is basically a 1D (nearly regular) al-
ternating chain.

Once the magnetic topology has been defined, it is possi-
ble to select a set of finite models to study the convergence
of the macroscopic susceptibility c(T) data for the pyvd:hq

Figure 6. Schematic view of the magnetic topology of a given two-dimen-
sional ac layer consisting of antiferromagnetic alternating J(d2) and J(d4)
linear chains, which are weakly connected together by J(d3) ferromagnet-
ic interactions. Any two ac layers weakly interact along the b axis by
means of Jhq

mts ACHTUNGTRENNUNG(d11) antiferromagnetic interactions.
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co-crystal. All finite model spaces must be capable of repro-
ducing the antiferromagnetic spin state with S=0 (absence
of magnetic moment), which requires models with an even
number of radical centers. Besides, the number of J(di) in-
teractions and their connectivity must reproduce all signifi-
cant magnetic pathways detected within the infinite crystal
in a balanced way. We will first focus on the models re-
quired to describe an isolated 1D alternating chain and,
then, will address the effect of the small interchain J(d3)
and Jhq

mts ACHTUNGTRENNUNG(d11) interactions.
The smallest possible chain model including J(d2) and

J(d4) interactions and giving rise to a singlet state contains
four radical sites and three radical–radical interactions (4s
model in Figure 7a). However, the number of J(d4) and
J(d2) radical–radical interactions does not give the 1:1 ratio
observed in an infinite chain (it changes with the length n of
the finite chain as (n/2): ACHTUNGTRENNUNG((n/2)�1), that is, for n=4, 6, 8, 10,
12, 14, and 16, it takes the values 2, 1.5, 1.33, 1.25, 1.2, 1.17,
and 1.14, respectively). As a consequence, in order to obtain
a good accuracy in our simulations, we need alternating
chain models of larger lengths than if we were to use a 1D
regular chain. These alternating chain models will receive

the general name of ns models, where n is the length of the
finite chain.

The study of the chain–chain interactions will be done by
using (ns+ns)-type models, which include two interconnect-
ed ns chains. For instance, we tested two ways of doing such
an interconnection along the c axis as shown in Figure 7b,
and we named them ns+ns(1) and ns+ns(2) models.

Step 4: computation of the magnetic susceptibility from statis-
tical mechanics : We computed the matrix representation of
the Heisenberg Hamiltonian [Eq. (1)] by using ns and ns+
ns finite magnetic model spaces of increasing size. From the
energy spectrum, we numerically calculated the macroscopic
magnetic susceptibility curves for the crystal, as shown in
Figure 7.

We first analyzed the results for an isolated 1D alternat-
ing chain (Figure 7a). We used models of length ranging
from n=4 up to 16 radical sites, and tested the convergence
of the magnetic susceptibility curves c(T) as a function of
the size. We tested by comparing the results to the experi-
mental data (Figure 7, notice that the raw experimental data
(filled circles) is plotted as well as the data resulting from

Figure 7. Computed magnetic susceptibility c(T) values by using: a) 1D alternant chain ns models of increasing chain length from 4 to 16 (radical) spin
sites along the a axis (notice that a scaling factor of 1.17 is enough in order to reproduce the experimental data with a 12-spin-site minimal model 12s);
and b) Chain···chain (ns+ns) models along the c axis, which do overlap with the alternating chain models.
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applying the original fitting expression[4] (empty circles)).
Although none of the curves quantitatively reproduced the
experimental data, a good convergence among simulated
data was achieved with the model of n=12. This seems to
indicate that a 12-spin site linear alternating chain model
(12s) is the minimal magnetic model required to represent
the macroscopic magnetic behavior of the pyvd:hq crystal.
We fully reproduced the experimental curve after applying a
small linear scaling factor of 1.17 to all energy values of the
12s minimal model. This scaling factor corrects for the use
of high-temperature crystal structures instead of low-tem-
perature ones, and for systematic errors intrinsic to our
work strategy (use of the B3LYP methodology instead of
full ab initio methods, possible cooperative effects, and so
on). Notice we did not intend to reproduce raw experimen-
tal c(T) data at temperatures below 20 K since the presence
of impurities in the sample masks the correct experimental
c(T) values.

The effect on the c(T) curve of including J(d3) and
Jhq

mts ACHTUNGTRENNUNG(d11) interactions along the c and b axes, respectively,
was tested separately by using (ns+ns)-type models, where
the smallest model tested interconnects two n=4 chains.
Figure 7b shows the results obtained when J(d3) was taken
into account by using ns+ns models for n=4, 6, and 8. The
c(T) curves are nearly identical to those obtained with the
ns isolated chain models, that is, the effect of including J(d3)
on the computed c(T) curves is negligible. Similar results
were obtained when studying the effect of Jhq

mts ACHTUNGTRENNUNG(d11) by using
cyclic models (see Figure S3 in the Supporting Information).
We also performed simulations of c(T) by using a linear al-
ternating chain minimal model of 12 magnetic centers that
included the mediated through-space Jrad

mts(d8) magnetic in-
teraction of �0.31 cm�1 value (obtained with a trimer
model, see Figure 5a for Jrad

mts(d8) head-over-head (verdazyl-
over-verdazyl) disposition). Once again, no difference was
found (see Figure S4 in the Supporting Information).

All our findings indicated that the magnetism of the
pyvd:hq co-crystal can be described by a set of almost inde-
pendent 1D alternating chains, each of them containing two
similar antiferromagnetic pair interactions. These interac-
tions originate by means of the direct through-space interac-
tion of adjacent pyridyl-verdazyl radicals packed in a head-
over-tail relative orientation along the a axis. Our detailed
analysis highlighted the need to look very carefully not just
at crystal packing of radicals constituting the molecular
magnet but, more importantly, at its magnetic topology. In
this respect, although we could identify the magnetic path-
ways d2 and d4 as the dominant ones for the pyvd:hq co-
crystal, we still cannot rationalize the specific origin of the
relatively large exchange interaction in terms of any new
magneto-structural correlation nor ascribe it to any atom–
atom contact. This is due to the fact that the whole of the
pyridyl-verdazyl radical is involved in the magnetic coupling
process and not just the spin-carrying moiety of each pyrid-
yl-verdazyl radical : both pyridyl and verdazyl rings are not
isolated but electronically connected.

Conclusion

The application of a first-principles bottom-up procedure to
the pyvd:hq crystal indicates the presence of two dominant
antiferromagnetic interactions: J(d2)=�54.43 and J(d4)=
�55.97 cm�1, computed at the UB3LYP/6-31+G(d) level.
CASSCFACHTUNGTRENNUNG(6,6) and CASSCFACHTUNGTRENNUNG(10,10) calculations by using the
same basis-set support the validity of these results. All other
radical–radical magnetic interactions are computed to have
values smaller than j1.00 j cm�1.

The magnetic topology defined by these two interactions
is a 1D alternating chain. The magnetic susceptibility is ac-
curately reproduced, although it requires the use of a mini-
mal chain model of larger length (n=12) than when regular
chain models are used. The magnetic susceptibility curve is
fully reproduced after applying a linear scaling factor of 1.17
to all the energies of the minimal chain model of 12 magnet-
ic centers.

The J(d2) and J(d4) magnetic interactions are direct
through-space interactions, which result from the direct
overlap of the orbitals of the radicals. Contrarily to previous
suggestions and the McConnell-I predictions, these head-
over-tail magnetic interactions are not negligible. Our calcu-
lations show that, in all the cases evaluated in this crystal,
the mediated through-space interactions are smaller than
j1.00 j cm�1 and, thus, should only be accounted for when no
direct through-space interactions are present. CASCI calcu-
lations also indicate that they should be negligible in the
pyvd:hq case. Therefore, we do not need to resort to medi-
ated through-space interactions to explain the magnetism of
the pyvd:hq molecular co-crystal.
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