Stability, electronic structure and reactivity of the polymerized fullerite forms
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A study of band structure, stability and electron density distribution from selected crystal
orbitals of polymerized § forms was carried out. Linear chain, tetragonal and hexagonal layers,
and three-dimensional polymer with a simple cubic lattice were calculated using an empirical tight-
binding method. The hopping parameters were chosen to fit a theoretical X-ray emission spectrum
of Cgp to the experimental one. Our results indicate that all calculated polymers are semiconductors
with the smallest energy gap for hexagonal structure. Though the molegys Ginked by strong
covalent bonds, the crystal orbitals characterized by the electron density localization on an
individual carbon cage are separated in the electronic structure of polymers. The suggestions about
reactivity of the one-dimensional and two-dimensional tetragonal polymers were made from the
analyses of crystal orbitals accompanied with the highest occupied (HO) and lowest unoccupied
(LU) bands. The polymerizedgsgforms were found to be less stable than an icosahedral fullerene

molecule.

Introduction

At ambient conditions solid 4 is a molecular crystal, in which the molecules are
orientationally disordered while their centers of mass form a regular face-centered-cubic (fcc)
lattice. At higher temperature and pressure the fullerieipolymerized forming the various
crystal structures depending upon the synthetic conditions [1-5]. Treatment of the fullerite in the
pressure range below@Pa and at temperatures about 750 K results in the formation of linear Cg
chains along the (110) direction of the original fcc lattice leading to an orthorhombic phase.
Increasing the temperature provides an additional intermolecular bonding in either (111) or (100)
planes, and the synthesis of a rhombohedral or a tetragonal phase. These phases have a two-
dimensional structure with the interlayer distance of 9.8 A [2, 3]. Above about 8 GPa very hard,
three-dimensional polymeric structures are formed [6].

Studies by IR-, NMR and Raman spectroscopy showed the lowering in symmetry of the

fullerene molecules and the presencepfintermolecular bonds in the polymerizeghGtructures.



The molecules g are linked with each other by [2+2] cycloaddition mechanism forming a four-
membered ring between the neighbors [7-9]. Strong covalent bonding between the cages and, as a
consequence, the reduction of number of n-electrons in Cgg Change the electronic properties of the
fullerite. So, the bands in the photoemission spectrum of polymerigefilr® are shifted toward
the Fermi level [10] decreasing the energy gap relative to that for the fullerite. At present, the
techniques of producing the polymeric phase in the pure form and the quantities, sufficient for an
experimental research of their electronic properties, are still developing. In this connection a study
of the electronic structure of polymers by quantum chemistry is very important for prediction of
their possible properties and applications.

From tight-binding calculation a lineaghain has been found to be semiconductive with
a finite band gap of 1.148 eV and almost pure o-type intermolecular bonding [11]. Assuming the
weak van der Waals interlayer interaction in the rhombohedral and tetragonal polymers a theoretical
prediction on stability and conducting properties of these phases have been made by the result of
tight-binding calculation of a single layer [12]. Different number of intermolecular covalent bonds
in the tetragonal and rhombohedral structures was found to cause the distinction of band gap values,
which were estimated to be 1.2 and 1.0 eV respectively. The investigation of the electronic structure
of the three-dimensional rhombohedrah @olymer has been carried out in [13] using the local-
density approximation (LDA). The phase was found to be indirect semiconductor with band gap of
0.35 eV. Although the LDA generally underestimates the energy gap, the difference between the
rhombohedral and fccgg about 0.7 eV, correlates well with the result of tight-binding calculations
[12].

The goal of present contribution is to study the electronic band structure, stability and
chemical bonding of thegdgsolids within the framework of a uniform quantum-chemical approach.
All polymers known to date: one-dimensional, two-dimensional tetragonal, two-dimensional
hexagonal and three-dimensional cubic structures are considered. The polymers are calculated using
an empirical tight-binding method, which was specially parameterized to reproduce correctly the

electronic density of states (DOS) in the valence band of fullereges@ Go.

Computational details

Using an empirical tight-binding approach to study of electronic structure of any compound
it is necessary to choose matrix elements for correct description of the interelectronic interactions.
As the fullerite is an allotropic form of carbon, the parameters obtained by fitting the band structure
of bulk graphite were used as the initial ones [14]. These parameters were checked against the X-
ray fluorescence spectrafailerites Cgp and C7o [15].



An X-ray emission arises as a result of electron transitions from valence shell of a
compound to core-located vacancies. Since these transitions are governed by the dipole selection
rules, CKa spectrum corresponds essentially to the density of states of carbon 2p electrons. The
theoretical CKx spectra of g and Go were plotted by the results of tight-binding calculations of
the fullerenes molecules. A comparison between the experimental spectrum of fullerite and the
theoretical spectrum of free molecule is possible because of the weakness of intermolecular
interactions in the solids, as evident from the insignificant band dispersion in the fullgrii&)C
The intensity of a separate spectral line was calculated as a sum of squared modules of the
coefficients with which 2p-atomic orbitals (AO) contribute in the molecular orbital (MO). For each
occupied MO the calculated contribution is represented as a line, which position on the energy scale
within the Koopmans’ theorem gives the one-clectron energy of corresponding MO. The resulting
spectral profile was obtained by broadening the vertical lines by a 0.3-eV full-width-at-half-
maximum Gaussian function.

Comparison between the experimental cCKpectra of fullerites §& and Go and the
theoretical spectra of molecules calculated with the parameters set [14] is shown in Fig. 1(a, b). The
theoretical spectral profiles do not correlate with the experimental ones in the one-electron energy
region bellow 0. The reasons of such discrepancy were found from the analysis of calculation
results to be inadequate interaction of thelectrons and the underestimating of s- and p-states
hybridization of in the cage fullerene molecules. The hopping parameigrand \%,, which are
responsible for these interactions, were fitted to the best agreement between the theoretical and
experimental X-ray spectra ofegé The spectrum of § molecule, calculated with a set of
parameters & -3.65 eV, = 3.65 eV, Uy, = -3.63 eV, Yy = 4.50 eV, Vs = 5.38 eV, Ypr = -

3.04 eV, reasonably reproduces the number of main spectral features, their relative intensities and
energy separations in the experimental spectrum (Fig. 1(c)). Using the new parameter set we
calculated the CH spectrum of & molecule. Quite well agreement between experimental and
theoretical spectra for this compound (Fig. 1(d)) confirms the ability of chosen parameters to
correctly describe the electron interactions in fullerenes molecules. These parameters would be
expected to take into account the specificity of cage carbon structures such as spatial peculiarities
and electronic states of atoms.

The total energy of the carbon systems was calculated as:

Etot = Eps + Erep, (1)

whereEys is the sum of electronic eigenvalues over all occupied electronic statBggisda short-

ranged repulsive energy. The electronic eigenvalues are obtained by solving the empirical tight-



binding Hamiltonian, the off-diagonal elements of that;,Wsys, Vpps, and pr were scaled with

interatomic separation as a functions(r). The repulsive energf., was calculated using the

=3 1500 ) @

whereg(rj) is a pairwise potential between atomendj, andf is a functional expressed as a 4th-

expressions given in [17]:

order polynomial. The pairwise potentilr) and scaling functios(r) are parametrically expressed
by [18]:

o(r) =@ 0d, /1) expmd- (r /d,)™ +(dy /d.)™ ) @3)
S(r) = (o /1) Eexpln o (r /)™ + (ry /1)) (4)

The change of Y, and 4, values required of the re-parameterization of these functions.
The parameters were chosen by fitting the dependence of cohesive energy versus nearest-neighbor
interatomic separation for graphite and diamond [18]. The resulting parameters for the functions
@#(r) ands(r) and the polynomial coefficients are given in Table 1. Using these parameters gave the
bond lengths of 1.542 and 1.446 A in diamond and graphite at equilibrium. These values
satisfactorily correlate with the experimental ones 1.546 and 1.420 A respectively.

Electronic DOS was calculated by a histogram method, in which an energy interval is split
into the cells with width of AE, and number of states N; is computed in each of the cells. The
integration over the irreducible wedge of the Brillouin zone was done usikg@iits and 0.1-eV

Gaussian broadening.

Results and discussion

One-dimensional, two-dimensional tetragonal and hexagonal polymerg afeCdepicted
in Fig. 2. The neighboring fullerene cages are linked by the four-membered rings from carbon
atoms at a fusion between two hexagons of a molecule. Egcholecule in the polymeric chain is
connected to two neighbors and belongs to symmetry point dbgyplin the tetragonal and
hexagonal layers each individual molecule having 4 or 6 neighbors belongs to the symmetry point
groupDyy, or D3q respectively. Three-dimensional cubic polymer was constructed by the attachment
of two Gso molecules in perpendicular direction to the tetragonal layer. The atomic coordinates in
the distorted carbon cages were obtained from the results of geometry optimization of a linear
trimer (Cg)3 by quantum-chemical semiempirical PM3 method [19]. A unit cell of the polymeric

chain is the central g fragment of the trimer. The geometry of this fragment has the most deviation



from an icosahedral one near the four-membered rings. Conserving this deviation near each linking
ring the atomic coordinates for other polymers were generated according to the point group
symmetry of Cgo cage in a unit cell. An intramolecular bond length of 1.55 A taken also from [19] is

characteristic for the carbon compounds ingprehybridization.

Linear Cgg chain

Molecular orbitals of the icosahedrajGnay be divided into two types: radipdorbitals
directed towards the center of the carbon cage and tangewtibltals aligned with the local
normal of the cage surface. According to the results of calculation using various quantum-chemical
methods, the highest occupied MO (HOMO) of fullerene is a fivefold degenerated orbital, with h
symmetry and the lowest unoccupied MO (LUMO) is a threefold orbital witstymmetry. These
MOs are p-type orbitals. Distortion of the fullerene molecule during polymerization changes its
electronic structure. The energy levels of icosahedgala@d the G, fragment isolated from the
linear chain are compared in Fig. 3. A deviation from the icosahedral structure causes the splitting
of the degenerated MOs and, therefore, the energetic broadening of p- and t-orbital blocks. The
splitting depends on the extent of molecular distortion.

The covalent bonding of theggcages in the polymeric chain results in the dispersion of
energy levels (Fig. 3(c)). The characteristic peculiarity of the polymer valence band is the presence
of two groups, A and B, of crystal orbitals (CO) accompanied with the bands having very little
dispersion. The pattern of electron density distribution for one of such COs is depicted in Fig. 4.
Electronic density from this p-type orbital is mainly localized on twelve hexagons of carbon cage,
while on the atoms providing the intermolecular bonding it is practically equal to zero. The number
of similar localized COs may be suggested to depend on the extegd cdde distortion and the
crystal structure of a polymer.

According to the band structure calculation, the linegrcBain is a semiconductor. A direct
band gap at the I' point is about 2.180 eV; therefore, the polymer chain formation narrows the
icosahedral gg HOMO-LUMO gap by 0.921 eV. The HO and LU bands @f €hain are not
degenerate. Width of the LU band is about 0.125 eV indicating a small value of the transfer integral
of p-electrons along the polymer chain. As the LU band is separated from higher states by 0.131 eV,
the electron doping of the one-dimensiong @lymer will make a single-band conducting system.
Analysis of the electron density distribution from the COs accompanied with the HO and LU bands
(Fig. 5) can predict the reactivity ofs&polymer. The atomic size is proportional to the sum of
squared coefficients with which carbon AOs participate in the CO formation. The higher electron
density on atoms 1, 2 for the HO and 3, 4 for the LU crystal orbitals will result in the further
attachment of gz molecules to the double bonds with formation of the two-dimensional tetragonal

polymer.



Two-dimensional tetragonal polymer

The calculated band structure of the two-dimensional tetragonal polymer near the Fermi
level is shown along the symmetric directions of the square Brillouin zone (Fig. 6). The top of the
valence band is found to be at the center of the Brillouin zone and the bottom of the conduction
band is at the M point. The fundamental energy gap between these band extremes is 1.852 eV. The
LU band in the tetragonal polymer is separated from higher states as that in the polymer chain,
though its dispersion increases up to 0.286 eV indicating the stronger intramolecular overlapping of
p-electrons. Two blocks of COs (A and B) characterized by the localization of electron density on
the individual Gy cages are positioned in the energy interval from 2 to 0 eV. Increasing the
neighboring molecules in the tetragonal polymer reduces the total number of localized orbitals in
the valence band near the Fermi level compared to the liggah&n.

Structure of the frontier COs is schematically shown in Fig. 7. Both orbitals are
characterized by the higher electron density on the central double bonds gf feaginent.
Therefore, we expect the attachment of the additional fullerene molecules to the tetragonal structure
alongz direction in the chosen coordinate system (Fig. 6.) with the formation of three-dimensional
cubic polymer. Low electronic density on atoms 3 and 4 explains the small dispersion along the XM

direction for the highest branch of the valence band.

Cubic polymer

The consideration of the three-dimensional cubic polymer after the two-dimensional
tetragonal is caused by the increasing of a coordination number within the same point group
symmetry of the g fragment. In the cubic polymer the,drage beindD,, symmetric have the
greatest number of neighbors. The band structure calculation shows that the cubic polymer has a
direct energy gap of 2.235 eV at M point of the Brillouin zone (Fig. 8). Increasing the neighbors up
to six in the polymer extends the energy gap by 0.05 and 0.38 eV in comparison with the one-
dimensional and two-dimensional tetragonal structure, respectively.

The formation of covalent bonds along the additional direction enhances the intramolecular
overlapping of p-electrons and, therefore, their energy broadening. As a consequence the energy
dispersion of the LU band increases up to 0.956 eV and, furthermore, all the unoccupied states form
one continuous conduction band. Electronic structure of the cubic polymer is characterized by the
further narrowing of the energy interval in which the higher occupied bands are positioned. Among
these bands only two small-dispersed bands (A and B) are selected. The fifth and sixth neighbors in
the cubic polymer are attached to the bonds shared by the central hexagons, that remains in the
structure of the g fragment only 8 slightly deformed hexagons. Thelectronic density is

localized on these small sections (Fig. 9), while in the one-dimensional and two-dimensional



tetragonal polymers the p-electrons are distributed on the areas composed of 6 adjacent hexagons.
Spatial separation of the p-electrons in the cubic polymer reduces their intermolecular interaction

that results in the narrowing of the higher occupied bands distribution.

Two-dimensional hexagonal polymer

Among considered polymeric structures the two-dimensional hexagonal polymer is the most
intriguing because of the high-symmetry,@agment is strongly distorted around the molecular
equator due to the formation of 12 covalent bonds. The band structure of the hexagonal polymer is
shown in Fig.10. The polymer has indirect 0.577 eV gap between the extremes at K and T points.
This value is minimal in the series of calculateg @lymers. The LU and HO bands are twofold-
degenerated in the center of the Brillouin zone. The bands of the polymer show considerable
dispersion along all symmetry directions. Only one small-dispersed band near O eV can be selected.
The electronic density from the CO corresponding to this band is localized on the areas composed
of 4 adjacent hexagons from the top and bottom parts ofghea@ment (Fig. 11). Thp-electrons
of the COs accompanied with the HO and LU bands were found to localize on the tops of the
slightly deformed pentagons. TheoyGragments in the hexagonal layer are closely packed that
makes it possible to the intermolecular interactionpadlectrons through the small tetragonal
cavities. It is the reason of the large dispersion of the HO and LU bands aldrig theection of

the Brillouin zone.

Analysis of electronic density of states

The calculated electronic DOS for the icosahedigl @olecule and the polymerizedC
structures are compared in Fig. 12. The electron distribution near the Fermi level is the most
interesting. The feature A in the DOS afp@olecule originates from the HOMO of symmetry
and the feature B corresponds to two lower energy orbitals hayiagchg symmetry. From the
icosahedral molecule to the hexagonal polymer the intensity of these features is gradually
decreased. The feature A is considerably broadening, while the width and intensity of the feature B
are less varying. The two-dimensional hexagonal polymer is characterized by the most noticeable
changes of these features, thatue to the largest change of p-system of the icosahedral Cgo When a
hexagonal layer is formed. This considerable change is also the cause of the smallest energy gap
between the bands, which density forms the feature A and B, and the deeper occupied bands. The
feature A and B in the electronic DOS are associated with the bands from the blocks A and B,

therefore, the decreasing of their intensities reflects the reduction of the number of localized



orbitals. The localization of electron density from the higher occupied COs on the individual C
cage of the cubic polymer gives the intense feature near the Fermi level.

The population analyses have shown that the intermolecular bonds igothely@ners are
almost pures-bonding. The orbitals providing thebonding between carbon cages are positioned
in the depth of valence band about of 8-9 eV below the Fermi level. The examples of such type COs
in the one-dimensional and hexagonal polymers are given in Fig. 13. Two orbitals, which are
differed by a sign of the AOs overlapping in the four-membered ring, are divided in the electronic
structure of the linear g chain. As evident from Fig. 13(a), radially directed AOs formgtitgpe
orbital. In the electronic structure of the tetragonal polymer there are COs providing the c-bonding
between molecules or simultaneously along the both crystallographic directions (x, y) or along a
particular one. The intermolecularbonding COs of the hexagonal polymer can be as pure p-type
orbitals (Fig. 13(b)) so a combination of radial and tangential AOs (Fig. 13(c)). Through the former
orbital, the AOs of the atoms composing the four-membered rings have the positive overlapping
between molecules and negative overlapping on the other directions. The latter CO being

completely bonding is energy deeper orbital.

Energy of the polymeric structures

The calculated HO-LU band gap and energigs Epns, andE, for the polymerized fullerite
forms are compared with those for fregy @Golecule in Table 2. The total energy of each of the
considered polymeric structure is higher than that of the fullerene molecule. With increasing the
neighbors in a polymer its total energy increases, except that for the three-dimensionally
polymerized Go. Analysis of theEps andEe, values shows that the less stability of the hexagonal
polymer compared to the cubic one is caused by the stronger short-range repulsion in the former
structure. Actually, the more closely packing of thg €ages in the hexagonal layer than in any
plane of the cubic structure leads to the additional interactions, in particular, the intermolecular p-
electron overlapping. The change of the total energy with the polymerization correlates with the

change of the HO-LU band gap: than the band gap is smaller that the polymer is less stable.

Conclusion

The tight-binding method was parameterized to correct reproducing the 2p-electron density
distribution in the valence band of the fulleritgy@nd Go. The determined parameters can be used
later for the electronic structure calculation of various cage carbon compounds. Using new
parametric scheme a systemic study of electronic band structure of four polymerized phages of C
which are known to day, was carried out. For the tetragonal and rhombohedral phases only one



layer was calculated assuming the insignificant influence of van der Waals interactions between
layers on the electronic energy bands and crystal orbitals.

Polymerization of fullerene & results in the narrowing of HOMO-LUMO gap that is
caused by the splitting of degenerated MOs of the icosahegfalug to its distortion and the
formation of intermolecular bonds. All considered polymers were found to be semiconductive with
the smallest band gap for the two-dimensional hexagonal polymer and the largest one for the cubic
polymer. A change of the band gap with the number of neighbors and the type of their connection in
the polymer correlates with the calculated total energy values. The polymerized fullerite forms were
found to be less stable than frego@olecules. Among the polymers the lineay €Chain is
characterized by the greatest energy stability.

Near theFermi level the p-type crystal orbitals, which electronic density is localized on
individual Gy cages, were revealed for all calculated polymers. The number of such orbitals
decreases when the number of neighbors and the exters Wa@nent distortion increase. The
bonding between & molecules was found to provide by the crystal orbitals located about of 8-9 eV
below the Fermi level. Furthermore, due to the small-size cavities in the hexagonal layer,
intermolecular interactions are also provided by the highest p-orbitals. The analyses of the frontier
orbitals in the polymeric chain and the tetragonal structure showed the further attachment of

fullerene molecules should result in the formation of the tetragonal and cubic polymer, respectively.
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Figure captions

Fig. 1. Comparison of the theoretical @kspectra (profile 1) of § and G, calculated with the old

(a, b) and new (c, d) parametric set with the experimental X-ray spectra (profile 2) of the fullerite
Cso (a, €) and & (b, d).

Fig. 2. The fragments of linearggchain (a), two-dimensional tetragonal (b) and hexagonal (c)
polymers.

Fig. 3. Energy levels of the icosahedral,@olecule (a), the distortedsgrage from the linear

polymer (b), and the band structure of the lingyg®lymer (c). The small-dispersed occupied

bands are marked by A and B.

Fig. 4. Schematic structure of the crystal orbital (a) corresponding to the small-dispersed band of
the linear G chain, the electron density from such type orbital are mainly localized on dashed
hexagons (b).

Fig. 5. Schematic representation of the frontier occupied (a) and unoccupied (b) orbitals of the
linear Gso chain. A circle size correlates with the 2p-AO participation in the construction of a given
MO.

Fig. 6. Calculated band structure of the tetragonal polymer. The small-dispersed bands near the
Fermi level are marked by A and B. Also is shown the Brillouin zone corresponding tgythe C
monolayer.

Fig. 7. Schematic representation of the frontier occupied (a) and unoccupied (b) orbitals of the
tetragonal G polymer. A circle size correlates with the 2p-AO participation in the construction of a
given MO.

Fig. 8. Calculated band structure of the three-dimensiosap@ymer. The first Brillouin zone of

the simple cubic lattice is also shown.

Fig. 9. Schematic representation of the crystal orbitals accompanied by the band, which are marked
by A and B in the Fig. 8. The hexagons, on which the electron density is localized, are dashed.
Fig. 10.Calculated band structure of the hexagonglpBlymer around the Fermi level. The two-
dimensional Brillouin zone is also shown.

Fig. 11.Schematic representation of crystal orbital accompanied by the small-dispersed band from
the electronic structure of the hexagonal polymer. The electronic density from this orbital is
localized on the dashed hexagons.

Fig. 12.Calculated electronic density of states for icosahedyainGlecule (a), linear & chain (b),
two-dimensional tetrahedral (c) and hexagonal (d) polymers, three-dimensigpalyoner (e).

Fig. 13.The examples of the crystal orbitals providowponding between neighboringdZages in

the liner polymer (a) and the hexagonal layer (b, c).



Table 1. Parameters for the functiosg), ¢(r) and coefficients of the polynomigk).

n Ne re (A) ro (A)

2.0 6.5 2.18 1.536

¢, €V) |m Me de (A) do (A)
4.165 4203 | 8.185 2.105 1.640

Co C1 C2 Cs3 Ca

-2.590 0.572 | -1.78%10° |2.35%10° |-1.24%10’




Table 2. Energetic characteristics of icosahedrg @olecule and the polymerized fullerite forms:
the calculated HO-LU band gaRg), total E:ot), electronic Eps) and repulsivelep) energy.

Structure Eg(eV) | ErwepeViatom) | EpfeV/atom) | Eix(eV/atom)
icosahedral Cgg 3.101 12.175 -28.265 -16.090
linear chain 2.180 11.607 -27.612 -16.005
tetragonal layer 1.852 11.171 -27.093 -15.922
hexagonal layer 0.577 11.468 -27.119 -15.651
cubic 2.235 10.842 -26.707 -15.865




