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Magnetic ordering in Cgy polymers with partially broken intermolecular bonds
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The possibility of formation of radical centers in a hexagong] @lymeric layer, without damage to the
fullerene cages, is shown. The geometry optimization gf tBmers and tetramers using the semiempirical
AM1 method has revealed that linking of molecules through a single bond is preferred for multiplet states of
system. The density of unpaired electrons is mainly localized in the vicinity of the single bonds producing
narrow energy bands near the Fermi level of hexagonglp@lymers. The magnetic state of the polymer
depends on the number and location of single bonds in a polymeric layer.
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[. INTRODUCTION tural strain should considerably reduce the dissociation en-

Ferromagnetic behavior of the rhombohedralg, C €9y ©Of the intermolecular bond compared with that of the
polymef was one of the unexpected discoveries in the fieldntramolecular one, thus we believe that the defects appear-
of research of fullerenes under high pressure. The sampled in the polymerized g, layers under the extreme synthe-
synthesized at temperatures and pressures close to the c&is conditions are neither vacancies nor coalescence, but
ditions of G, collapse, showed a history dependent magneti¢ather broken interfullerene bonds.
behavior (hysteresis up to 500 K. The magnetic carbon  The purpose of the present work is the quantum-chemical
samples were prepared at three pressures? B53 and modeling of the structures of polymerizegCwhich give
9 GP4 at temperatures approximately 100 K lower than thatthe origin of spin moments and the conditions for their or-
which causes § cage damage. It had been assumed thadering. We have constructed several models representing
magnetic ordering in the rhombohedral polymer is caused bynolecular clusters of polymerizedsg in which some of the
the defects developed in the polymeric network under exmolecules are linked through a single bogahe intermo-
treme synthetic conditions. Transmission electron microstecular C—C bong Thus we have modeled an effect of high
copy shows that the radical centers are formed in the polytemperature of synthesis. The geometry of model structures
meric state before collapse, without damage to the fullerenwas optimized in singlet and multiplet states to find the con-
cagest This is confirmed by the Raman and x-ray ditions that stabilize single bond formation.
measurements.

For the explanation of the origi_n of magnetism, various Il. DETAILS OF CALCULATIONS
models have been offered. Thus it was showmat occur-
rence of atomic vacancies ing&molecules comprising the ~ We took one trimer and two tetramer structurégg. 1)
hexagonal polymerized layer results in the appearance of lGsomprising covalently bonded g& molecules, where we
calized electronic spins. Carbon radicals could be introducetiroke one or two of the interfullerene bonds in the four
by negative Gaussian curvatfirarising from fullerene coa- membered rings arising frorf2+2] cycloaddition. In the
lescence. The Stone-Wales transformationsgfnlecules initial structures, the distance between atonisaAd B, C’
were found to result in opened cage structures acquiring and D, previously participating in the formation of intermo-
magnetic moment of several Bohr magnetéri@nally, in  lecular bonds, was taken as 2.4 A: this spacing prevents co-
Ref. 8, it was shown that the state responsible for the pressalent bonding. The breakage of one of the two intermolecu-
ence of magnetic interactions in thggQ@imer is the triplet lar bonds in structure | gives rise to two unpaired electrons.
state obtained when one of the two interfragment C—C bondAntiparallel and parallel alignment of the electron spins re-
is broken under the influence of applied pressure. Moreovesults in the singlet and triplet states of the system, respec-
total energy calculations have shown that the triplet state ofively. For the structures Il and Ill, the spin state arises from
the species remains magnetically active after load renfovalthe spin of the four localized electrons. These four spins can

Based on the experimental dathand in opposition to the be coupled either as singlet, triplet, or quintet states. The
previous modefs” we propose an alternative mechanism ofgeometry of the molecular clusters so constructed was opti-
formation of radical centers in g polymers where the ap- mized with the unrestricted Hartree-Fock self-consistent field
pearance of magnetic moments is due to a partial breaking shethod using semiempirical AM1 parametrizafidomvithin
intermolecular bonds. We propose that this kind of structurathe GAMESS package! The geometry was relaxed without
modification is the most plausible under the synthesis condiany symmetry constraints to the gradient value of
tions used, and our arguments are the following. The angle$0* Ha/Bohr.
in four-membered rings bridging the molecules in the poly- The optimized geometry of clusters was then used for the
mer are equal to 9¢,i.e., far from the tetrahedral value construction of hexagonal layers of polymerizegh @nd the
characteristic obp*-hybridized carbon. The resulting struc- calculation of band electronic structure of polymeric layers
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FIG. 1. Molecular clusters of polymerizedg&Zwith broken
bonds between Aand B atoms and Cand D' atoms.(a) Trimer
Ceo (structure ) with two singly bonded molecule) tetramer G
(structure 1) incorporates three adjacent molecules involved in
single bonding, ancc) tetramer G (structure 11) links two pairs of
singly bonded molecules.

was carried out using an empirical tight-bindingB)
method? with first neighbor interactions. The hopping pa-
rameters of the empirical TB Hamiltonian were specially
chosen to reproduce the main features of the x-ray emission
spectra of fullerenes &g and G, (Ref. 13 and had the

TABLE I. Total energy(in a.u) of clusters of Fig. 1 optimized
by the AM1 method.

Singlet Triplet Quintet
state state state
Structure | —843.68 —-843.74
Structure |l -1124.96 -1125.02 -1125.02
Structure IlI -1124.96 -1125.01 -1125.01
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(b)

FIG. 2. Schematic representation of electronic density distribu-
tion for the two highest occupied molecular orbitals gf @imer in
triplet state.

following values: Es=-3.650 eV, E,=-3.650 eV, Vg,

3.630 eV, Vg,=—4.5eV, V,,,=-5.38 eV, and Vy,,
3.04 eV. This set of hopping parameters provides correct

mr-electronic density distribution in the valence bands of
fullerenes and energy separationefand o-electronic sub-
systems.

FIG. 3. Fragments of hexagonal polymerizegy Gyers I-lIl.

Unit cells are highlighted.
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FIG. 4. Band structure of polymerizedsgayers:(a) hexagonal layer with standard intermolecular bondiig+{d) model layers 1, I,
and lll, respectively. The flattened upper occupied bands in the electronic structure of layers I-Ill are highlighted.
[ll. RESULTS AND DISCUSSIONS 9 eV below the highest occupied MBIOMO) of the poly-

meric structure. The formation of a single intermolecular
bond results in a slight increase in energy of these orbitals,

The geometry optimization of structures I-I1l in singlet While the 7-electrons of atoms Aand B occupy the upper

state resulted in reformation of the four-membered rings bel€VelS. Figure 2 schematically shows the electron density dis-

tween molecules. Antiparallel alignment of unpaired elec-fiPution for the two upper levels of thegg trimer in the

trons allows overlapping of electron clouds to produce a co-mg:ﬁlt S(Ei?é?fibiltee%trgcg:r ?ﬁgzgycsugbﬁm% tht(;sée s'}ﬁolz IS
valent bond between atoms’ fand B, C' and D. Thus Y g€, g g

inki fC lecules th h inale bond is unfavor intermolecular bond, and has a tendency to localize at and
INKINg of Lo Molecules through a single bond IS untavor ., ,nq the atoms with dangling bonds. Spin alignment in the
able for a system in singlet state in agreement with othe

. ; 1415 ) friplet state of the @ trimer causes repulsion between the
previous  theoretical studié!® However, for multiplet nnaireq electrons of atoms'And B and stabilizing single
states of structures I-lll the single bonds are preserved. Thl?onding. The optimized distance for théBX pair is 2.39 A,

optimized length of the single bond AECD) is equal to  cjose to the spacing in the initial configuration of the trimer.
1.55 A, i.e., close to the distance in diamond. Comparison of The analysis of the electronic structure of,Getramers
total energies of clustedable ) demonstrates the energetic possessing two single bonfSigs. 4b) and Xc)] has shown
stability of high spin states. The different arrangement ofthat in the triplet state the electron spins are aligned for at-
single bonds in structures Il and Il has practically no effectoms A' and B but antialigned for the @' pair. The anti-
on the energy of the system. Moreover, the results of calcualignment causes a reduction of the distance between atoms
lation point to the absence of a barrier for the transition ofC’ and D' down to 2.31 A, which is, however, still far from
Ceo tetramers from the triplet state to the quintet one. the value for the covalent bond. Steric limitation in the tet-
To answer the question what kind of interactions result inramer network probably stops the atoms approaching. The
stabilizing of structures with a single bond and in the tripletgeometry optimization of structures Il and Ill in the quintet
state, we have considered the changes in the electronic strustate gives the same spacif®j39 A) between atoms Cand
ture of a trimer(structure ) with transition from the standard D’ and A’ and B. The distance between the centers of ad-
[2+2] cycloaddition to a single intermolecular bond. The jacent G, molecules in the considered structures varies from
molecular orbitalyMOs) responsible for the intermolecular 9.13 to 9.40 A and has a maximal value when the mol-
o-bonding between fullerenes are situated approximatelgcules are singly bonded.

A. Electronic structure of clusters
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B. Electronic structure of polymerized layers

Some insight into the properties of the material can be
obtained by comparing electrical and magnetic properties of
polymerized fullerenes. Conductivity of ferromagnetic
samples was shown to be intermediate between the semicon
ducting behavior of the usual rhombohedral polymerized
phase and the metallic behavior of the postfullerene phase
where G, cages are almost completely destroyé@iTo re-
veal characteristic features of the electronic structure ggf C
polymers possessing single intermolecular bonds we calcu-
lated the hexagonal layer with the standard interfullerene
bonds and hexagonal layers constructed from the molecular
Cgo Clusters considered above. The fragments of model lay-
ers are shown in Fig. 3. The models differ in proportion and
location of single bonds. The unit cell of layer | consists of
three molecules, two of them linked through a single bond.
The unit cells of layers Il and Ill contain four molecules.
Three adjacent molecules in layer Il are connected via single
bonds; the fourth molecule is linked via four-membered
rings. Layer Il is constructed from pairs of singly bonded
Cso- The distance between adjacent molecules in the poly-
meric layers is 9.1 A, i.e., close to the experimentally deter-
mined value®

Tight binding calculations of the hexagonal polymerized
layer with standard bonding predict a semiconductor band
structure with an indirect gap of 0.98 e\Fig. 4(a@)]. This
value is significantly larger than the fundamental energy gap
of 0.35 eV obtained for the rhombohedralsgCpolymer
within local density approximatio(LDA).1” Taking into ac-
count the tendency of the LDA method to underestimate the
width of the forbidden gap, we suppose the TB values should
be somewhat closer to the experimental ones. In any case
these results provide a qualitative picture of changes in the
electronic structure of polymerizedg&with breaking of a
certain proportion of the intermolecular bonds.

Band structures of the polymerizeds{dayers are com-

FIG. 5. Schematic representation of the upper occupied crystarl)aer Im F'Q- 4|' The rupt:,lre cl)f the four me:nb_ered rng, Iea\{-
orbital in the center of Brillouin zone of layen), layer Il (b), and ing only a single intermolecular bond, results in a decrease in

layer (c). Fragments corresponding to the unit cells of polymerizedth® fundamental energy gap to 0.64, 0.45, and 0.57 eV, re-
layers are shown. spectively, for the layers I, Il, and lll. Furthermore, relative

to the polymer with standard bonding, the layers I-lll are
characterized by lower energy dispersion of the crystal orbit-
Quantum-chemical calculations predict localization ofals(COsg. Significant narrowing of the upper occupied COs

radicals in carbon caged systems with the development adnd their separation from other branches of the valence band
defects, for example, vacancies ingGRefs. 5 and Y or  evoke a special interest. One band with a width of 0.08 eV is
negative curvature of graphitic surfat®/e have proposed a situated below the Fermi level in layer[Fig. 4(b)], while
way for electron spins localization in the polymerizegyC two occupied narrow bands are formed in the electronic
systems without any structural change of fullerene mol-sstructure of the layers Il, ll[JFigs. 4c) and 4d)]. Obviously,
ecules. Carbon radicals are stabilized by the specific geonthe number of such bandsr bands of this typeis defined
etry of the atom which was previously involved in the inter- by the number of single bonds in the unit cell of the poly-
fullerene bond. The distance between this trivalent atom ancherized layer. Electronic density assigned to the two upper
its neighbors exceeds 1.43 A that, being larger than theccupied MOs of the g trimer in the triplet state was found
“double” fullerene bond, considerably reduces the efficiencyto be localized in the vicinity of the atoms which previously
of m-electron overlap. The spin density pegoGvas esti-  participated in the interfullerene bonding. With this result in
mated by summing spin populations of atoms composing &iew, the narrow upper bands of the polymerizeg @yers
fullerene molecule. The value obtained is equal to 0.5 forare occupied byr-electrons originating from dangling inter-
singly bonded G, and close to zero for cages with standardmolecular bonds.
intermolecular bonds. It supports the localization of unpaired Figure 5 represents a schematic structure of the upper
electrons. occupied CO of layers I-Ill in the center of the Brillouin
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zone. The Gy cages constituting the unit cell of the layer are IV. CONCLUSION
shown. For each atom the size of the sphere is proportional

to the value of valence electroh den;ity. Electrons fro.m th%hase of polymerized & were detected for the samples syn-
upper CO of layer | are mainly distributed over singly yhegized at conditions close to the stability limit of the poly-
bonded cages with the greatest localization around the atomge, The further enhancement of pressure and temperature
with broken intermolecular bondfFig. Ya]. The double  regyits in the collapse of & cages. We suggest the partial
level occupancy results in identical electron density for bothyjsruption of interfullerene bonds is responsible for radical
Ceo cages. A similar picture is characteristic of the upper CQOcenter formation. The g molecules in a hexagonal layer are
structure of layers Il and Il[Figs. §b) and %c)]. Predomi-  normally linked through a four-membered ring. The high
nant electron accumulation on atoms$ And D' (see atom temperatures of synthesis can result in the breaking of one
notation in Fig. 1 is due to the occurrence of two single side of the ring between molecules that produces two un-
bonds in the unit cells of the polymers. The second narrowpaired electrons on the adjacent molecules. This process will
CO gives localization of electron density mainly at the atomamost likely have a random character and the fast quenching
B’ and C belonging to adjacent fullerenes. We believe thatof the sample should preserve the metastable state of the
the localized electrons are responsible for the ferromagnetipolymer. Spin flip of an unpaired electron creates a local
ordering in the G, polymers. The large spacing of electron magnetic moment that stabilizes the single interfullerene
spins in the models considered here considerably diminishdsonds. The number and arrangement of single bonds in a
the efficiency of direct exchange. An indirect exchange coupolymerized layer can have a strong impact on the energy
pling requires a special medium providing the correlationgap and magnetic moment of the sample. We have revealed a
between spin moments. The unpaired electrons are part ¢éndency for the energy gap to decrease in hexagonal layers
the m-system of the g, cage which, due its to high polariz- with increasing of numbers of single intermolecular bonds.
ability, could flip a close neighboring spin. The ability of{C Furthermore, we propose that, under extreme synthetic con-
to act as a magnetic coupling unit between radical centerditions, some of the molecules comprising the hexagonal
has been evaluatéand the G, diradical was shown to be layer can transform into structures with single intermolecular
a magnetic coupler, whose ferro- or antiferromagnetic behavsonds. Such a transformation can be responsible not only for
ior can be tailored depending on the relative position inthe magnetic properties of the sample, as we have shown for
which the radical centers are attached to thg dradical. certain fragments, but also for electrical properties.

The unusual magnetic properties of the rhombohedral
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