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Complesso UniVersitario Monte S. Angelo, Via Cintia, I-80126 Napoli, Italy, and Department of

Chemistry and Center for Nanoscale Science and Technology, Mail Stop 60, Rice UniVersity,
Houston, Texas 77005-1892

Received July 12, 2001

Abstract: The structure and magnetic properties of one-dimensional chains of representative nitroxides
have been studied by a density functional model employing periodic boundary conditions. The optimized
geometries are in better agreement with experiments than those obtained from optimizations of model
dimeric systems. The spin populations and isotropic hyperfine couplings compare well with the values
measured by polarized neutron and electron spin resonance experiments. Magnetic couplings computed
by the broken symmetry approach reproduce the ferro- or antiferromagnetic behavior of different nitroxides
derived from experiments. These results point out the reliability of the computational model and the significant
tuning of all the magnetic properties by intermolecular hydrogen bridges.

Introduction

The study of the magnetic properties of purely organic
materials is attracting an increasing interest, because of its
important implications both for fundamental research and for
technological applications.1-3

Presently, two different classes of organic ferromagnets have
been designed. The first class includes conjugated polymers,
whose magnetic coupling is ruled by through-bond interactions.
In these materials, the radical center can be either a backbone
constituent (backbone-type)4 or a side substituent (pendant-type)
of the polymer.5-7 Alternatively, molecular crystals of stable
radicals can be used:8-13 in this case the magnetic coupling is
transmitted via weak intermolecular interactions.14

Due to their stability,15 nitroxides are probably the most used
radical centers in both types of organic ferromagnets.8,16 In the

past few years considerable efforts have thus been devoted to
design and produce nitroxide-based ferromagnetic materials by
finding the chemical modifications that can best tune the
magnetic coupling.17 Theoretical studies can be of big help in
elucidating the relationship between structure and magnetic
properties,18,19 especially if they permit the analysis of the
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magnetic centers in condensed phases.18,20 The equilibrium
between ferromagnetic and antiferromagnetic coupling is very
delicate: it strongly depends on the balance among many
different types of interactions (both intra- and intermolecular),
and on the molecular arrangement in the crystal. Neglecting all
the long-range effects due to the crystal field can thus be very
dangerous and, for some systems, can prevent obtaining
meaningful results.

This is indeed the case for some nitroxide crystals, where
the molecules are connected by a hydrogen-bond network
(involving the NO moiety). The latter is believed to play a
fundamental role in the transmission of magnetic coupling.9,10,14

Each nitroxide group is hydrogen-bonded, and thus all the
magnetic orbitals are perfectly equivalent. This feature cannot
be reproduced if a single dimer is taken into account: in this
case only one of the NO moieties is hydrogen-bonded, breaking
the symmetry and introducing a bias into the description of the
magnetic features of the nitroxide, even if the experimental
geometry (with two equivalent nitroxide molecules) is used in
the calculations.

Proper use of the periodic boundary conditions (hereafter
PBC) is thus of overwhelming importance20 in the study of such
species. Furthermore, several works have shown that compu-
tational models based on the density functional theory (DFT)
are particularly suitable for the analysis of the structure and
magnetic properties of open shell species.18,21In this contribution
we resort to a new PBC/DFT approach, which enables geometry
optimizations with large Gaussian basis sets and yields interest-
ing results when applied to several different chemical systems,
from nanotubes to biopolymers.22,23This method is applied here
to the study of three nitroxide derivatives: 2,2,6,6-tetramethyl-
piperidin-1-oxyl (hereafter Tempo) and its 4-hydroxy (hereafter
HO-Tempo) and 4-hydroxyimino (hereafter HON-Tempo) de-
rivatives. Both HO-Tempo and HON-Tempo are six-membered
cyclic nitroxides with a para electron-withdrawing group, and
both of them exhibit intermolecular OH-ON hydrogen bonds
in the solid state. Despite their similarity, the molecular crystals
of these two nixtroxides exhibit opposite magnetic features: HO-
Tempo is antiferromagnetic,12,13 whereas HON-Tempo is fer-
romagnetic.10,11 A theoretical analysis can contribute to the
explanation of such a difference, providing useful insights about

the different effects governing the magnetic features of nitroxide
molecular crystals.

Furthermore, the comparison between the results obtained for
HO-Tempo and Tempo (that cannot form intermolecular
hydrogen bonds in the crystal) can assess the role of hydrogen-
bond networks in determining the transmission of magnetic
interactions in crystals.

2. Theoretical Background

2.1. Magnetic Coupling Exchange Constant.The Heisen-
berg-Dirac-VanVleck (HDV)24 spin Hamiltonian is usually
used for describing the magnetic interaction between paramag-
netic centers. When considering only the interactions between
nearest neighbors, it reduces to

where the symbol〈i,j〉 indicates that the summation runs just
over the neighbor centers,Ŝi andŜj are the total spin operators
for magnetic centersi and j, andJij is the so-called magnetic
coupling constant between them, related to the energy difference
between the eigenstates of the HDV Hamiltonian which are pure
spin eigenfunctions. For example, in the case of two particles
with S ) 1/2,

whereS andT stay for singlet and triplet, respectively.
In many cases, including the periodic systems we are

examining, finding the eigenfunctions of the HDV Hamiltonian
is not straightforward or even possible. A common approach
to such cases relies on the use of a simplified version of the
HDV Hamiltonian, the Ising Hamiltonian25-27 (HI), where total
spin operators are substituted by theirz-components. Equation
1 thus reduces to:

The eigenfunctions ofHI are not always eigenfunctions ofŜ2,
but, sinceHI commutes withSz, Ms is still a good quantum
number. The Ising Hamiltonian can thus be easily connected
to all the unrestricted formalisms based on a single-determinant
approach (either Hartree-Fock or Kohn-Sham-Slater). In
these cases,J can always be obtained from the energy of the
states with maximum and minimumMs, the so-called ferro-
magnetic (FM) and antiferromagnetic (AFM) states, respec-
tively.

In an unrestricted single determinant approach, only the
ferromagnetic state can always be a spin eigenfunction (when
neglecting spin contaminations). Following Noodleman,28 the
antiferromagnetic state can instead be described by a broken
symmetry (BS) determinant. For two particles withS) 1/2, the
BS state is built by imposing a localization of the spin on each
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magnetic center and a global antiparallel alignment between the
spins of the (two) interacting centers.28,29

Using the broken symmetry approach and a recently devel-
oped quite general formalism,30 J can be calculated according
to eq 4

where

andEBS, ET are the energies of the broken symmetry (ψBS) and
of the triplet state, respectively.

When dealing with infinite polymers, it is necessary to take
into account that each magnetic center can have more than one
nearest neighbor: assuming additivity of two-body inter-
actions,21 eq 5 becomes

wherez, is the number of nearest neigbors of each nitroxide.
Since in the systems we studiedz) 2, and the BS states always
have〈ψBS| Ŝ2|ψBS〉 extremely close to 1, the magnetic coupling
is simply

We have calculated the energy of the triplet state by using a
cell containing two nitroxides and imposing a triplet spin
multiplicity. Then EBS has been calculated by using the same
doubled cell, starting from the triplet wave function, with its
highest occupied (HOMO) and lowest unoccupied (LUMO)
molecular orbitals mixed.

Finally, it is worth highlighting that in the systems under study
the magnetic coupling is expected to be strongly anisotropic. It
is then possible to compare computational results calculated by
the Ising Hamiltonian with experimental data fitted according
to the Heisenberg Hamiltonian.

3. Computational Details

All calculations were performed with the help of a development
version of the Gaussian program.31 The implementation of PBC/DFT
in the above program is described in ref 22 and is extended in the
present work to open-shell systems. On the ground of previous
experience, most computations have been performed by using the PBE

density functional,32 whose accuracy is well documented for a wide
variety of systems including hydrogen bonds.23,33

Geometry optimizations of periodic systems were carried out by a
new redundant internal coordinate algorithm,34 which optimizes simul-
taneously atomic positions and lattice dimensions.35 The molecular
crystals formed by TEMPO derivatives have large translational vectors
and substantial band gaps, and therefore 8k points were sufficient to
converge energy and forces with very high accuracy. Geometry
optimizations have been performed with the 6-31G(d) basis set36 on
repeating cells containing one nitroxide molecule. The effects of the
basis set size and of the specific functional form have then been
investigated by single-point calculations with the 6-31+G(d,p) basis
set,36 and with the BLYP37 and PBE038 functionals. In the last case,
the Hartree-Fock exchange contribution was computed within the
region that includes the central cell and its first neighbors. A more
detailed description of the hybrid functional results as well as a
benchmark comparison of different methods will be given in ref 39.

The isotropic hyperfine coupling constant (hcc) of each nucleus (N)
has been obtained by using the following formula40,41

whereFs(rN) is the electronic spin density at the nucleus. In eq 2µe is
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(EBS - ET)
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b2 ) 1
2
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J ) EBS - ET (7)

Table 1. Selected Geometrical Parameters Calculated at the
PBE/6-31G(d) Level for HO-Tempo in Different Molecular
Environments Are Compared with the Available Experimental
Results

expa 1D chain dimerb dimerc monomer

N1-O1 1.291 1.293 1.293 1.290 1.290
C2-N1 1.498 1.509 1.508 1.508 1.508
C3-C2 1.526 1.544 1.545 1.543 1.543
C4-C3 1.517 1.533 1.532 1.533 1.531
C4-O2 1.422 1.423 1.430 1.428 1.431
O2-H2 0.89 0.995 0.981 0.994 0.981
C6-N1-C3 125.4 124.7 124.2 124.1 124.0
N1-C2-C3 110.1 110.0 109.4 110.5 110.3
C2-C3-C4 113.1 113.6 114.1 114.2 114.2
O2-C4-C3 112.3 112.5 111.9 111.7 111.9
τ 15.8 16.7 18.1 22.1 22.5
O1-N1-C2-C3 -167.5 -165.5 -162.6 -171.2 -170.5
N1-C2-C3-C4 44.6 45.6 46.2 46.2 45.4
O2-C4-C3-C2 173.3 174.4 177.3 177.4 177.2
H1-O2-C4-C3 61.1 61.3 60.0 61.5 61.2
O1-H1′ 1.99 1.823 1.80
O1-O2′ 2.82 2.79 2.79
O1-H1′-O2′ 163.0 174.1
N1-O1-H1′ 124.0 115.6 113.7
N1-O1-O2′ 116 109.6 112.5
O1-O2′-C4 120 120.0 110.2
N1-O1-H1′-O2′ 0.0 -0.9

a Reference 42.b H-bond acceptor.c H-bond donor.d Energy (in au):
dimer in 1D chain (PBC/PBE/6-31G(d) optimization)) -1116.47044;
insulated dimer (PBE/6-31G(d) optimization)) -1116.45487; insulated
monomer (PBE/6-31G(d) optimization)) -558.21904.

AN ) 8
3

πgngeµnµeFs(rN) (8)

Analysis of Magnetic Behavior of Molecular Crystals A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 1, 2002 115



work it has been taken equal to 2.0) andµn, gn are the nuclear magneton
and nuclearg factors, respectively. All our results are given in MHz.
To convert them to Gauss one has to divide by 2.8025.

4. Results

In the crystals of HO-Tempo and HON-Tempo each hydroxyl/
hydroxymino group is hydrogen-bonded to the NO group of an
adjacent molecule forming an 1D infinite chain. Nitroxides
belonging to different 1D chains can further interact through
CH3-ON or CH3-CH3 contacts.42-44 However, since these van
der Waals interactions are expected to be rather weak (C-O
and C-C distances in the range 3.3-3.7 Å), the hydrogen bond
interaction is likely to dominate the transmission of the magnetic
coupling in the crystals. We then focus our attention on the
latter interaction, and all the PBC results refer to one-
dimensional hydrogen-bonded chains neglecting all interchain
contacts.

4.1. Structures.Inspection of Tables 1 and 2 shows that the
geometries of HO-Tempo and HON-Tempo optimized at the
PBC/PBE/6-31G(d) level (see Figure 1) are in good agreement
with experimental X-ray structures.42-44 The calculated bond
lengths show maximum errors of∼1% with respect to the
experimental values and the agreement between experimental
and calculated bond angles is even better. The ring conforma-
tions and the piramidality of the NO moieties optimized by the

PBC method are similar to their experimental counterparts for
both nitroxides. This is a remarkable result, since the magnetic
properties of nitroxides strongly depend on the degree of
pyramidalization of the nitrogen atom, that can be measured
by the angle between the NO bond and the C2NC6 plane (τ).

Tables 1-2 collect also the results of the PBE/6-31G(d)
geometry optimization performed on the “insulated” H-bonded
dimers and on the monomers. It is worth noting that the results
of the PBC optimizations are usually closer to the crystal-
lographic structure, with bonds and dihedral angles matching
the best. The few exceptions are found in HON-Tempo; the
value of the NO bond length optimized for the monomer is, for
example, closer than the PBC one to the value predicted by
X-ray experiments. However, the experimental value of 1.28
Å seems to be uncertain in itself, because the NO group is
involved in an intermolecular hydrogen bond. Overall, the main
drawback of the dimer optimizations is that the two nitroxides
are no more equivalent. Moreover, while the relative orientation
of the two HO-Tempo molecules is very similar to that found
in the crystals (coaxial NO bond), for HON-Tempo the crystal
symmetry is completely broken (see Figure 2).

4.2. Spin Populations.Since the singly occupied molecular
orbital (SOMO) is strongly concentrated on the nitroxide moiety,
the spin populations of N and O atoms are large and positive
(spin delocalization (SD) or direct contribution). In agreement
with previous experimental and theoretical studies,18 this effect
accounts for∼90% of the total spin population, which is almost
equally shared between nitrogen and oxygen (vide infra). The
much lower spin populatios of the remaining atoms originate

(40) Weltner, W.Magnetic Atoms and Molecules; Dover: New York; 1989.
(41) McConnel, H. M.; Chesnut, D. B.J. Chem. Phys.1958, 28, 107.
(42) Berliner, L. J.Acta Crystallogr.1970; B26, 1198.
(43) Lajzérowicz-Bonneteau J.Acta Crystallogr.1968, B24, 196.
(44) Bordeaux, D.; Lajze´rowicz J.Acta Crystallogr.1977, B33, 1837.

Table 2. Selected Geometrical Parameters Calculated at the
PBE/6-31G(d) Level for HON-Tempo in Different Molecular
Environments Are Compared with the Available Experimental
Results

expa 1D chain dimera dimerb monomer

N1-O1 1.28 1.295 1.295 1.289 1.289
C2-N1 1.49 1.510 1.507 1.511 1.511
C3-C2 1.53 1.550 1.551 1.550 1.552
C4-C3 1.50 1.503 1.502 1.502 1.500
C4-C5 1.57 1.500 1.500 1.500 1.502
C4-N2 1.28 1.297 1.295 1.297 1.294
N2-O2 1.38 1.398 1.419 1.397 1.419
O2-H2 1.000 0.979 1.001 0.979
C6-N1-C3 125 125.5 124.7 124.2 124.3
N1-C2-C3 111 109.8 109.2 110.1 110.1
C2-C3-C4 111 110.2 110.8 110.8 111.5
C5-C4-C3 116 113.8 114.2 114.1 114.1
N2-C4-C3 133 127.4 127.9 127.4 127.9
O2-N2-C4 111 112.6 111.8 113.1 111.8
τ 26.2 21.7 18.32 23.5 23.3
O1-N1-C2-C6 -151.2 -155.9 -159.5 -153.9 -154.1
O1-N1-C2-C3 168.9 169.6 160.8 169.0 169.1
N1-C2-C3-C4 42.5 45.2 46.2 45.1 45.1
N2-C4-C3-C2 128.5 110.5 116.3 115.7 116.3
O2-N2-C4-C3 3.4 3.3 1.55 1.74 1.48
H1-O2-N2-C4 -174.4 178.6 179.8 178.8
O1-H1′ 1.714 1.75
O1-O2′ 2.74 2.71 2.75
N1-O1-H1′ 117.8
O1-H1′-O2′ 176.0
N1-O1-O2′ 130 119.3 98.3
N1-O1-H1′-O2′ 173.4 2.72
O1-H1′-O2′-N2′ 85.1 -14.8

a Reference 44.b H-bond acceptor.c H-bond donor.d Energy (in au):
dimer in 1D chain (PBC/PBE/6-31G(d) optimization)) -1224.57725;
dimer in 1D chain (PBC/PBE/6-31+G(d,p) single point)) -1224.67601;
dimer in 1D chain (PBC/BLYP/6-31G(d) single point)) -1224.54776;
insulated dimer (PBE/6-31G(d) optimization)) -1224.56443; insulated
monomer (PBE/6-31G(d) optimization)) -612.27342.

Figure 1. Atom labeling and optimized geometry (PBC PBE/6-31G(d)
calculations) of dimers belonging to infinite 1D chains for Tempo (a), HO-
Tempo (b), and HON-Tempo (c).
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from spin polarization (SP). As a matter of fact, the unpaired
electron (by convention withR spin) interacts differently with
the two electrons of a spin-paired bond, because the exchange
interaction is operative only between electrons with parallel
spins. This induces an enhancement ofR-spin density in theσ
orbitals of atoms on which the SOMO is localized and a
corresponding increase ofâ-spin density in theσ orbitals of
atoms to which they are directly bonded. This leads, in turn, to
accumulation ofâ-spin density in theπ orbitals of these atoms,
and so on. As a consequence the carbon atoms of the ring exhibit
the damped oscillatory pattern typical of spin polarized chains.
C2 and C6 atoms have negative Mulliken spin populations, as
is also the case for C4 (much smaller absolute value). C3 and
C5 atoms have instead a positive Mulliken spin population.
Methyl substituents have positive spin populations, in agreement
with the spin alternation rule. However the spin population of
axial methyls is four times larger than that of equatorial methyls,
in agreement with neutron diffraction studies on HO-Tempo,
that predict a ratio of 7 for the spin populations of axial and
equatorial methyls.45 This result clearly shows that the spin
population of axial methyls has also a direct contribution to
the spin density (see Figure 3). One of the axial methyl
hydrogens contributes to the SOMO, and thus has a nonnegli-
gible positive spin population. This can explain why deuterium-
NMR experiments on HON-Tempo predict for the axial methyl
hydrogens a positive spin population (see also Table 4).10 Due
to the rapid methyl rotation, experiments record an average of
the hyperfine coupling constants of methyl hydrogens. All the
equatorial hydrogens have a negative spin population, and
experiments give a negative average hcc for those atoms. As

mentioned above, one of the axial hydrogens has a quite large
positive hcc, partially balanced by the small negative contribu-
tions of the remaining two hydrogens. Experiments predict
indeed a positive hcc, but with a smaller absolute value than
the “equatorial” one.

Preliminary PBC/PBE0 calculations39 yield spin populations
very similar to those obtained by the PBE model, but for
providing slightly larger spin polarization contributions. This
leads to a general better agreement with experiments, mostly
for what concerns the carbon atom of the nitroxide ring.

Inspection of Table 3 shows that in the crystal the spin density
distribution of the nitroxide (mostly of the NO moiety) is
remarkably different from that of the insulated radical.

As a matter of fact, PBE/6-31G(d) calculations performed
on the monomer give a Mulliken spin population of 0.440 on
the nitrogen and of 0.497 on the oxygen. On the contrary, in
the solid state the unpaired electron is more localized on the
nitrogen atom than on the oxygen atom of the NO moiety: the
Mulliken spin population (PBC PBE/6-31G(d) calculations) of
nitrogen is indeed 0.495, whereas that of the oxygen is 0.420.
Neutron diffraction experiments give similar indications. In the
HO-Tempo crystals, the nitrogen atom has indeed a spin
population of 0.544 and the oxygen atom of 0.354.45 On the
other hand, neutron diffraction experiments on di(HO-Tempo)-
suberate (where two nitroxides are grafted on a suberic acid
moiety) show that the spin population is nearly equally

Figure 2. Geometries of HO-Tempo (a) and HON-Tempo dimers optimized
at the PBE/6-31G(d) level.

Figure 3. SOMO of HO-Tempo according to unrestricted PBE/6-31G(d)
calculations.

Table 3. Mulliken Spin Populations on the Nitroxide Moiety for
HO-Tempo and HON-Tempo Issuing from PBE/6-31G(d)
Computations

expa 1D chain dimerb dimerc monomer

HO-Tempo N1 0.544 0.495 0.489 0.443 0.440
O1 0.354 0.420 0.424 0.494 0.497

HON-Tempo N1 0.500 0.504 0.440 0.439
O1 0.417 0.409 0.497 0.498

a Reference 45.b H-bond acceptor.c H-bond donor.d Results for 1D
Tempo: N1) 0.457 O1) 0.483. Monomer (same geometry as 1D) N1)
0.448 O1) 0.496

Table 4. Hyperfine Coupling Constants (in MHz) of Hydrogen
Atoms in HO-Tempo and HON-Tempo

expa 1D chain dimerb dimerc monomer

HO-Tempo H1 -4.48 -4.14 -0.030 -4.02-0.030 -0.026
HCH2 -2.24 -0.86 -0.79 -0.98 -0.88

HON-Tempo H1 -2.93 -4.37 -0.08 -4.54 -0.07
HCH2 -1.43 -1.12 -1.10 -1.04 -1.03
Heq -1.56 -0.92 -0.92 -1.00 -1.00
Hax 0.85 1.01 1.10 0.80 0.84

a Reference 47.b H-bond acceptor.c H-bond donor.e Reference 10.
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partitioned between oxygen and nitrogen atoms, with a slightly
larger contribution of oxygen.46-48

In HO-tempo and HON-Tempo each NO moiety is involved
in intermolecular hydrogen bonds, at variance with di(HO-
Tempo)suberate. The presence of a hydrogen bond makes the
ionic resonance structure of the NO moiety relatively favored
over the covalent one (see Figure 4), increasing the nitrogen
spin population and decreasing the oxygen one. As a matter of
fact, in the dimers of HO-Tempo and of HON-Tempo the
H-bond acceptor NO group exhibits a spin distribution similar
to that found in the crystal. To better understand the role of
environmental effects (other than hydrogen bonds) in tuning
the NO spin density, we performed PBC PBE/6-31G(d) calcula-
tions on a one-dimensional chain of Tempo, frozen in the same
geometry optimized for HO-Tempo at the same level of theory.
Despite the absence of hydrogen-bond interactions (in Tempo
the OH group is substituted by a hydrogen atom), when inserted
in the crystal Tempo also exhibits a spin density distribution
slightly different from that of the insulated molecule. The NO
group in the crystal has a head-to-tail arrangement that favors
the ionic resonance structure sketched in Figure 4. This effect
can probably give account of the small shift of spin density
from oxygen to nitrogen in the crystal. Test calculations
perfomed on different arrangment of a H2NO dimer (not
exhibiting hydrogen bonds) support this picture.

Finally, it is worth noting that the Mulliken spin populations
of the HO-Tempo and HON-Tempo monomers are very similar
to those predicted by the natural bond orbitals method,48 (on
the basis of the PBE/6-31G(d) wave function) confirming the
reliability of the population analysis we used.

4.3. Magnetic Coupling.PBC calculations predict that HO-
Tempo crystal is sligthly antiferromagnetic, in agreement with
the experiments. The absolute value of the magnetic coupling
constant computed in this work is underestimated with respect
to the experimental value (-0.96 and-2.9 cm-1, respectively).
This discrepancy could be due to a slight overestimation of the
hydrogen-bond strength in PBC calculation on HO-Tempo,
leading to an overestimation ofσ-spin polarization and to a
consequent reduction of the antiferromagnetic coupling (vide
infra). The small differences between the experimental and the
calculated geometry do not significantly affectJ instead. PBC
PBE/6-31G(d) calculations performed by using the experimental
geometry of HO-Tempo crystals provide indeed forJ a value
of -1.02 cm-1.

Our calculations confirm the importance of hydrogen-bond
chains (OH-ON hydrogen bond in the compound studied) in
transmitting magnetic interactions. PBC calculations on Tempo

(by using the same procedure outlined above) predict that the
magnetic coupling is extremely small (∼0.04 cm-1), suggesting
that an effective magnetic coupling requires an intermolecular
hydrogen bond, whereas direct through space interactions
between the NO moieties are negligible.

PBC calculations predict instead that HON-Tempo exhibits
a ferromagnetic behavior, in agreement with the experimental
results. TheJ value issuing from PBC PBE/6-31G(d) calcula-
tions is in fair agreement with the experimental result.J value
quite close to the experimentally determined one (0.26 vs 0.44
cm-1).

To check whether our results depend on the functional and
the basis set used in the PBC calculations we have calculated
the magnetic coupling for HON-Tempo both at the BLYP/6-
31G(d) and at the PBE/6-31+G(d,p) levels, using the PBE/6-
31G(d) geometries. The results are very similar to those obtained
at the PBE/6-31G(d) level: HON-Tempo is ferromagnetic and
J is ∼0.20 cm-1.

TheJ values calculated by the PBE0/6-31G(d) computational
model39 are in qualitative agreement with those obtained at the
PBE level; HON-Tempo PBE0 and PBE calculations predict
the same value forJ. HO-Tempo is predicted to be antiferro-
magnetic also by the PBE0 model, but the absolute value ofJ
is significantly reduced.

4.4. Effects Determining the Different Magnetic Behavior
of Nitroxides. It is now interesting to determine the reasons
for the different behavior of HO-Tempo and HON-Tempo. As
a first step, it is instructive to compare the results obtained at
the unrestricted level and at the restricted open-shell level.
Restricted open- shell calculations can indeed give useful
insights on the weights of the direct contribution to the spin
density, since they do not take the spin polarization contribution
into account. Direct SOMO-SOMO overlap gives an antifer-
romagnetic contribution to the magnetic coupling. So it can be
expected that an increase of the SD contribution to the (very
small) spin population of the hydrogen atom involved in the
intermolecular hydrogen bond (H1) stabilizes antiferromagnetic
states. The results in Tables 5 and 6 show indeed that the SD
contribution to the H1 spin population is slightly larger for HO-
Tempo, already at the monomer stage. In other words, H1
contributes more to the SOMO orbital in HO-Tempo than in
HON-Tempo. Calculations performed for the triplet electronic
state of a dimer can instead provide useful insights on the nature
of the intermolecular magnetic interactions. Our calculations
predict that the direct SOMO-SOMO interaction is more
important for HO-Tempo than for HON-Tempo, explaining the
antiferromagnetic behavior of the former compound.

The large reduction of theJ value predicted by PBE0
calculations confirms this picture. Due to the presence of some

(45) Bordeaux, D.; Boucherle, J. X.; Delley, B.; Gillon, B.; Ressouche, E.;
Schweizer, J.Z. Naturfosch.1993, 48a, 117.

(46) Brown, P. J.; Capiomont, A.; Gillon, B.; Schweizer J.Mol. Phys.1983,
48, 753.

(47) Alonso, A.; Nascimento, O. R.; Tabak, M.NuoVo Cim. D 1987, 9, 227.
(48) (a) Foster, J. P., Weinhold, F.J. Am. Chem. Soc.1980, 102, 7211. (b)

Reed, A.; Weinhold, F.J. Chem. Phys.1983, 78, 4066. (c) Glendening, E.
D.; Weinhold, F.J. Comput. Chem.1998, 19, 593.

Figure 4. The two most important resonance structures of the nitroxide
moiety.

Table 5. Experimental Magnetic Couplings J (in cm-1) Are
Compared with the Results of PBC Calculations at Different Levels
of Theory

PBEa PBE0a,b BLYPa

6-31G(d) 6-31+G(d,p) 6-31G(d) 6-31G(d) exp

HON-Tempo +0.26 +0.16 +0.26 +0.24 +0.44c

HO-Tempo -0.92 -0.11 -2.8d

Tempo +0.04

a PBC PBE/6-31G(d) geometry.b Reference 39.c Reference 11.d Ref-
erence 12.
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Hartree-Fock exchange, hybrid functionals usually provide a
larger spin polarization compared to the corresponding con-
ventional functionals. Due to the alternation of spin polarization
in the nitroxide, this effect would lead to a negative spin density
on H1, counterbalancing part of the direct positive contribution
on this atom and decreasing the antiferromagnetic ordering of
HO-Tempo crystals.

Unrestricted calculations performed on the HON-Tempo
monomer show a strongR-spin population on the NO moiety
and a slight accumulation ofâ-spin population on H1. In this
compound the O2-N2 π* bond gives a nonnegligible contribu-
tion to the SOMO, with a quite substantial direct contribution
to the N and O spin populations. As we have already seen, the
direct contribution is instead negligible for H1. The sum of these
two factors results in a negative spin population on H1. Since,
as we have seen, direct contributions are less important for
HON-Tempo also in the intermolecular coupling, in this
compound alternated spin-polarized networks become possible,
which explain its ferromagnetic behavior.

5. Discussion and Concluding Remarks

To the best of our knowledge, this is one of the first studies
in which periodic geometry optimizations have been applied to
the analysis of the magnetic behavior of molecular crystals. The
optimized geometries are in good agreement with X-ray
experiments, supporting the reliability of the adopted methodol-
ogy. Moreover, our assumption of considering only one-
dimensional H-bonded chains, neglecting interchain contacts
appears to be correct and should not affect the reliability of our
conclusions.

As expected, geometry optimizations of isolated dimers yield
geometries quite different from the experimental ones. Further-
more, even using the experimental geometries would bias the
determination of the magnetic properties, since in a hydrogen-
bond dimer the NO moieties are no longer equivalent. In the
systems we studied, the use of a method capable of taking into
account the periodic nature of the crystal seems thus necessary.

The spin populations and the hyperfine coupling constants
calculated at the PBC PBE/6-31G(d) level are also in agreement
with the available experimental results, showing that a direct
comparison is becoming possible between calculations and
experiments performed in the solid state. The presence of the
crystalline environment affects the magnetic properties of the
NO moiety in two ways. The formation of intermolecular
hydrogen bonds is the most important factor. Long-range dipolar

interactions have a small but noticeable influence on the
distribution of the spin density in the NO moiety. In the cases
under study, the arrangement of NO dipole should favor ionic
resonance structures, increasing the spin population of the
nitrogen atom.

Our calculations give a description of the magnetic properties
of different nitroxides in agreement with experiments: HO-
Tempo crystal is predicted to be antiferromagnetic, and HON-
Tempo, crystal ferromagnetic. In the former compound the
hydrogen atom involved in the hydrogen bond gives a nonva-
nishing contribution to the SOMO of the nitroxide. Furthermore,
in HO-Tempo the transmission of the magnetic coupling through
the H-bond has a larger direct contribution than in HON-Tempo.
This is probably due to the fact that the NO and the O1′-H1′
bonds form an angle closer to 90° in HO-Tempo than in HON-
Tempo (see Figure 1), causing a larger overlap between the
O1′-H1′ orbitals and the NOπ system (and thus the SOMO)
of the other nitroxide (belonging to the hydrogen-bonded pair).
In HO-Tempo the magnetic coupling is thus due mainly to a
direct SOMO-SOMO interaction, mediated by the HO group
involved in the hydrogen bond. This gives account of the
antiferomagnetic behavior of this crystal.

On the other hand, in HON-Tempo, the H1 atom does not
contribute to the nitroxide SOMO, while O2 and N2 atoms
receive a non negligible “direct” positive contribution to the
spin density. As a consequence, H1 has a negative spin density,
due to a spin polarization mechanism. Moreover, the hydrogen
bond does not imply a significant coupling between the SOMOs
of the two nitroxides, partly due to the different geometry of
the hydrogen bond and to the vanishing contibution of H1 to
the nitroxides’s SOMO. All of these effects explain the weak
ferromagnetism of HON-Tempo.

Shortly, we can say that in the case of hydrogen-bonded
molecular crystals the magnetic behavior is due the subtle
balance between two different factors: (i) the hydrogen-bond
geometry, influencing the overlap between the SOMO on the
NO moiety and the orbitals of the polar substituent (OH, NOH...)
on its nearest neighbor; (ii) the relative weight of the polar
substituent atoms in the SOMO of the nitroxide. The smaller
the hydrogen atom contribution and the larger the electronega-
tive atom (oxygen, nitrogen) contribution to the SOMO, the
more likely is a ferromagnetic ordering.

From a methodological point of view, test calculations show
that the magnetic coupling (J) has a negligible dependence on
the density functional (PBE or BLYP) and the basis set
employed in PBC calculations. The inclusion of some Hartree-
Fock exchange (as in the PBE0 model) increases spin polariza-
tion, possibly modifying the magnetic properties of the nitroxide.
However, it cannot change the antiferromagnetic behavior of
the compounds under study.

We believe that our results show that PBC-DFT computations
give a reliable description of the geometry and of the magnetic
properties of nitroxide molecular crystals. They can complement
experimental studies in determining the effects influencing the
ferromagnetic behavior and in designing new organomagnets.
From this point of view, the ability to carry out geometry
optimizations seems quite important. Even when the experi-
mental structure of the molecular crystals is available, the
position of hydrogen atoms is not always well defined. This

Table 6. Mulliken Spin Populations of Selected Atoms in
HO-Tempo and HON-Tempoa

dimer dimer RO monomer monomer RO

HO-Tempo N1 0.490 0.440 0.446 0.403
O1 0.425 0.414 0.498 0.486
O2′ 0.016 0.014 <0.001 < 0.001
H1′ 0.011 0.015 ∼0.0 < 0.001

HON-Tempo N1 0.492 0.442 0.444 0.401
O1 0.424 0.412 0.497 0.484
N2′ 0.003 0.003 0.004 0.002
O2′ 0.018 0.016 0.001 0.001
H1′ 0.003 0.008 ∼0.0 ∼0.0

a Dimer results refer to triplet electronic states.
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drawback can be nonnegligible when the hydrogen atoms are
critical for the transmission of the magnetic coupling as in the
present case. Furthermore, the possibility of checking the
consequences of chemical modifications on the geometry and
on the electronic structure of a given nitroxide is extremely
useful in designing new magnetic materials.
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