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Magnetism in Compressed Fullerenes

The Origin of the Magnetic Moments in
Compressed Crystals of Polymeric Cgy**

Jordi Ribas-Ariiio and Juan J. Novoa*

Makarova et al."! reported that the rhombohedral phases of
polymeric Cq (rh-Cq) exhibit the typical properties of
ferromagnets (magnetization hysteresis loops, saturation
magnetization) up to 500 K, and this is a remarkable and
puzzling performance for a purely organic molecular magnet
(the previous highest critical temperature at atmospheric
pressure was 36 K, which increased to 65 K on applying a
pressure of 16 kilobars®). These findings were later con-
firmed by Wood et al.! on pristine Cy, at 9 GPa and 800 K.
The origin of magnetism in rh-C, still lacks a solid explan-
ation based on evidence, although the original authors
suggested some possibilities. Here, on the basis of results
from quantum-mechanical calculations, it is shown that under
pressure the lowest energy state for a pair of 242 covalently
linked Cq molecules is a triplet T, state with only one
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interfragment C—C bond, in which the C4 molecules are
doublets. Once formed at high pressure/temperature, the T,
state is stable at ambient pressure, and radical centers can be
found in the solid. When enough activated bonds are present
in the solid, it can exhibit macroscopic magnetic properties.

At room temperature, the nonmagnetic rh-Cq phases
form stacks of hexagonal planes (Figure 1).*7 In each plane

Figure 1. Structure of the planes of rhombohedral polymeric Cg.

the C4, molecules are joined to six neighboring C4, molecules
by two C—C single bonds with a length of 1.68 A. Each pair
of bonds results from a [2+2] cycloaddition involving one
[6,6] bond (at the junction of two hexagons) in each Cq,
molecule.® ' No precise structural information is available
on the structure of rh-Cg, samples under pressure and at high
temperature, although all evidence supports preservation of
the Cg, units and the presence of a layered structure.["

The origin of the magnetic interactions!"!! in compressed
rh-Cg, is puzzling. Experimental data excluded that magnet-
ism is due to O, adsorbed on the samples or the presence of
small amounts of impurities."*!?) Recent experimental data*
also ruled out that the magnetic properties could be due to
radical fragments formed by rupture of Cq, molecules under
the external pressure (the experiments showed that the
formation of magnetic rh-Cq, phases does not damage the
Cq molecules). Therefore, we are left with what was
considered by Palacio™® to be “the most basic and obvious
question”: where do the magnetic moments in compressed rh-
Cy come from? Some proposals were put forward by the
original authors,!"* without giving any solid evidence for their
validity. This prompted us to carry out a systematic explora-
tion, using quantum-chemical methods, of the changes under-
gone by C4—Cg bonds when they are compressed, by
searching for stable open-shell states.

Our main line of approach was that, at the macroscopic
level, compression decreases the macroscopic volume, which,
at the microscopic level, translates into a shortening of the
intermolecular C4—Cy, bonds. Therefore, the possible struc-
tural and electronic changes induced by the external pressure
in these bonds can be investigated by studying the shape of
the potential energy curve of the Cy—Cg, bonds in the short-
distance region. In a first approach, we can explore the
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changes in the simplest model representing Cy4—Cgy, bonds of
the rh-Cq, planes, namely, the unsubstituted Cy—C4, dimer.
These calculations were performed with the B3LYP density
functional,' as implemented in a parallel version of
GAMESS."

The existence of magnetic interactions requires the
presence of thermally accessible open-shell states. Therefore,
we explored the shape of the potential energy curves for the
most stable singlet (S,), triplet (T,), and quintet (Q,) states
(the geometry of the dimer was fully optimized at each point;
in the S, T, and Q; states the two C—C interfragment bonds
are forced to be equal). To lower the computational cost we
explored the curves in two steps: a full search was performed
for a “half-ball” model of the C¢—Cg, dimer; then, selective
calculations on the whole Cy—Cy, dimer were carried out on
the physically relevant regions of the curves. The half-ball
model is a Cy,H,;—C;,H; dimer obtained by removing one
hemisphere from each ball of the Cy—Cy dimer along the
equator and adding C—H bonds to equatorial C atoms where
C—C bonds were present before the cut. It is designed to
mimic the electronic structure in the [6,6] C atoms participat-
ing in the [2+2] cycloaddition (the optimum geometry of both
dimers exhibit the same distribution of double and single
bonds around the [6,6] C atoms, and the distances are similar
(see Supporting Information). Both dimers were oriented as
in the rh-Cg, planes, the preferred orientation for the [242]
cycloaddition of two Cg, molecules.!'*!7)

Figure 2 shows the shape of the lowest energy singlet (S,),
triplet (T;), and quintet (Q;) potential energy curves calcu-
lated for the Cy,H,—C;Hy, dimer by using the B3LYP
functional and the 3-21G basis set. The curves range from a
longest C—C interfragment distance of 4 A to a distance of
1.1 A, for which the interaction energy is on the order of
300 kcalmol ™. The compression of two isolated half-balls in
their singlet S, ground state leads to formation of a doubly
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Figure 2. Potential energy curves for the C;,H,;—C3,H, dimer in the
singlet Sy (circles), triplet T, (squares), triplet T, (triangles), and quin-
tet Q, states (crosses). Inset: Sy and T, curves for the Cq, dimer in the
region of Sy-T, crossing, calculated at the B3LYP/3-21G and BLYP/
plane wave levels (broken and solid lines, respectively). The energy E
is given in kcalmol™', and the C—C interfragment distance r in ang-
stroms.
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C—C covalently linked C;,H,,—C;,H,, dimer after overcoming
an activation barrier of about 40 kcalmol ™! (the structure of
the Cy,H,—C5,H,, dimer and the activation barrier are similar
to those found for compression of two Cg, molecules™®™),
Each half of the Cy,H,;—-Cy,H;, dimer (Figure 3) has the

Q;

L.

Figure 3. Optimum geometry of the S,, T, T,, and Q, states of the
Cs,H10-Cs2Hy0 and Cy—Cyo dimers. The spin distribution of some states
is also shown (the 0.045 a.u. surface, a region of high spin distribu-
tion).

electronic structure of an isolated C;H,,(singlet), with
alternating single and double bonds, with the exception of
the [6,6] bonds involved in the [2+42] cycloaddition. When
higher pressure is applied, the C;,H,;—C;,H,, dimer is forced
to climb the repulsive wall of the S, curve, where it crosses the
curve of the triplet T, state, but not the T, or Q, curves.

The lowest energy triplet (T;) and quintet (Q,) states are
obtained by taking the S, state and converting C=C double
bonds to C—C bonds without destroying the topology of the
balls (T, dissociates into a C;,H,(triplet) and a C3,H;((sing-
let) fragment, while Q; dissociates into two Cy,H;(triplet)
fragments). The T, and Q, curves are nearly parallel to the S
curve at interfragment distances larger than the minimum,
and their minimums lie at similar C—C interfragment
distances (1.586, 1.586, and 1.587 A, for the So, Ty, and Q,
states, respectively). This is an indication of similar electronic
structures of the C3,H;((singlet) and C;,H, (triplet) fragments
in the region of the [6,6] bonds involved in the [2+2]
cycloaddition. As the S,, T;,, and Q; curves never cross
(Figure 2) the T, and Q; states cannot be responsible for the
existence of magnetic interactions in compressed pristine Cg,
crystals.
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The state responsible for the presence of magnetic
interactions in the half-ball dimers is the T, triplet state. It
is obtained when one of the two interfragment C—C bonds
present in the S, state is broken and its two electrons are
placed in a triplet disposition, one in each fragment (each
C;,H,, fragment of the T, state is a doublet). The T, triplet has
a minimum at an interfragment C—C bond length of 1.590 A
(see Figure 2). There are two minimum-energy conforma-
tions: one in which the four [6,6] atoms involved in the [2 + 2]
cycloaddition (C,—C,) are in a trans disposition (C1-C2-C3-C4
ca. 180°), and another in which they are in a gauche
arrangement (C;-C2-C3-C4 ca. 60°). In both minima the T,
state is less stable than the S, T;, or Q; minima (Figure 2).
The transition from T, to S,, T}, or Q, is forbidden by the
Frank-Condon principle, since the T, state has a rotational
maximum for the C1-C2-C3-C4 dihedral angle where the S,
T,, and Q,; have minima (C1-C2-C3-C4 0°). Consequently,
overlap of the vibrational functions of T, with these of S, T,
or Q, is negligible. The T, state becomes the ground state
when the interfragment C—C distance is shorter than 1.3 A a
fact that can be interpreted by stating that the energy required
to compress the two fragments of the dimer is smaller when
they are linked by one C—C bond than when they are linked
by two. The T, and T, curves dissociate into the same
fragments, that is, C;,H, (singlet) and a C;,H, (triplet).

Having determined the shape of the half-dimer curves, we
then calculated the required points in the S, and T, curves of
the C¢—Cy dimer to show the presence of a minimum in these
curves and T,—S, curve crossing (the minimum obtained by
full optimization; the crossing by single-point B3LYP/STO-
3G optimization at three points, followed by a B3LYP/3-21G
calculation of the energy). The optimum geometry and spin
density for the S;, T}, and T, states of the Cy—Cyy dimer are
shown in Figure 3. The B3LYP/3-21G Cy—Cy Sy and T, curves
are shown in the inset of Figure 2. We found that 1) the S, and
T, curves have a minimum, 2) the optimum geometries of the
Cg—Cg dimers (Figure 3) are similar to those calculated for
the half-ball model (in the S, state the optimum interfragment
C—C distance is 1.611 A in the half-ball dimer and 1.633 A in
the C¢—Cyo dimer), 3) the T, and S, curves cross around 1.3 A,
and 4) the electronic structures of the T, states of the Cg—Cg
and half-ball dimers are similar (Figure 3). We also found that
the T, state has two minima, for C1-C2-C3-C4 angles around
60° and 180° (the trans is 3.5 kcalmol ' more stable than the
gauche conformation). The existence of T,—S, curve crossing
was also found in DFT calculations with plane-wave basis®!
on these Cy—Cq, curves around the crossing region (see inset
in Figure 2). Consequently, the magnetically active species in
the C¢—Cq, dimers are Cq, molecules covalently connected by
one C—C interfragment bond, in which each C4, molecule is a
doublet coupled in a ferromagnetic fashion.

The previous results can now be used to understand the
generation of magnetic interactions in compressed polymeric
rh-Cq, phases. As the structure of these phases is not currently
known, we will only perform a qualitative analysis with the
help of Figure 4. After an initial pressure is applied to pristine
Cyo, Co—Cs bonds are formed in the S, state (light arrows in
Figure 4). All electrons are paired, so these bonds are
diamagnetic. When higher pressure is applied to the solid,
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Figure 4. Graphical representation of the electronic and structural
changes which take place when two Cg, molecules in their ground
state are compressed (follow the arrows). The molecules initially are
on the diamagnetic S, surface (dark arrows). When enough pressure is
applied they reach the ST, crossing point. There, some dimers cross
to the ferromagnetic T, state (light arrows). When the pressure
decreases, these ferromagnetic dimers go back to the Sy-T, crossing
point. Some remain on the ferromagnetic T, surface and reach the T,
minimum. These bonds are magnetically active.

the Cg—Cy¢, bonds are forced into the repulsive wall. At some
point, the S; and T, curves cross, and thus some of the bonds
can cross to the T, state and become magnetically active (dark
arrows in Figure 4). Increasing the temperature makes it
easier to reach the crossing point at lower pressures (by
populating the appropriate excited vibrational states). When
the pressure and temperature of the T, activated bonds is
released they go down the T, curve. A percentage of them will
remain in the T, state after passing through the S—T, crossing
point, and thus remain magnetically active, until they reach
the T, minimum. The percentage of molecules in the T, state
versus the S, state is small, a fact that agrees with the small
density of magnetic moments in these solids. The molecules
can remain in the T, state because jumping to the T, or S,
states by emission of a photon is vibrationally forbidden (the
latter is also spin-forbidden).

If enough bonds remain in the T, state, they allow the
presence of continuous paths of T, magnetically active bonds,
and macroscopic magnetic behavior is observed. We calcu-
lated the nature of the magnetic coupling for two adjacent
Cg—Cso bonds in a Cg—Cy—Cy, trimer in which the two end Cg,
fragments are doublet radicals, and the central one is a
diradical). The ground state is a quintet or a singlet, depend-
ing on the orto, meta, or para position of the lateral fragments,
that is, adjacent T, bonds can couple ferro- or antiferromag-
netically.”! Studies are underway to evaluate the probability
of each type of coupling and the magnitude of the magnetic
interaction.

In summary, ab initio calculations on Cg—Cg, dimers
indicate that the magnetically active species in compressed rh-
Cyp solids are Cg, molecules participating in Cg,—Cg, bonds that
are in their T, state. In this T, state the Cg molecules are
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doublets covalently connected by one C—C interfragment
bond. When enough C4—Cg4, bonds are in this T, state, the
magnetic interaction can propagate through the solid. Adja-
cent T, bonds can couple ferro- or antiferromagnetically,
depending on their relative positions.
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