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The polymerization of solid C60 is studied theoretically within a semi-empirical quantum chemical frame-
work. Model systems consisting of two interacting C60molecules are used in order to model polymerization of
neutral C60, as well as of alkali metal doped C60. The geometries and electronic structures of the systems are
obtained from semiempirical, AM1, calculations. It is found that the charged systems have a substantially
lower energy barrier toward formation of C60 dimers, a result in agreement with experiment. This effect is
explained in terms of the occupation of bonding intermolecular orbitals as extra charge is added. The reduction
of the energy barrier in the case of photopolymerization is motivated in a similar way by promotion of
electrons from antibonding, or to bonding, orbitals in the excited state. Furthermore, optical absorption spectra
of the neutral and doubly charged C60 dimers are calculated from the spectroscopic parametrization of the
semiempirical intermediate neglect of differential overlap~INDO! Hamiltonian combined with single excited
configuration interaction. The absorption spectrum of the neutral dimer displays distinct peaks with energies
and oscillator strengths in qualitative agreement with experiment. Charging of the C60 dimer leads to charac-
teristic polarized transitions at low energies.@S0163-1829~96!01919-4#

I. INTRODUCTION

One fascinating group of compounds based on fullerenes
consists of the so called fulleride polymers. The existence of
such polymers was first realized by Raoet al.1 They discov-
ered that fcc C60 films irradiated with visible or ultraviolet
light transform to polymer segments with up to 20 covalently
bonded C60 molecules. They also speculated about the C60
molecules binding via@212# cycloaddition, although this
seemed to contradict x-ray diffraction results in Ref. 1. How-
ever, the@212#-cycloaddition hypothesis has later been con-
firmed by several authors, both theoretically2–5 and
experimentally.6 Subsequent to the discovery of photopoly-
merized fulleride polymers, it has been found that the same
type of polymer structure can be obtained from fcc C60
samples via at least two routes:~a! alkali metal doping com-
bined with slow cooling from approximately 500 K to room
temperature,7–10 and ~b! hydrostatic pressure treatment at 5
GPa and temperature 800 °C.11

The fullerides, i.e., the group of materials based on C60
molecules and to which the fulleride polymers belong, dis-
play a complicated behavior, with several phase transitions
within the temperature range between 0 K and 1000 K. For
instance, in the alkali fulleridesAC60 ~whereA5K, Rb, or
Cs!, at least five different phases are believed to exist:12 spin
density wave,7,13 two different fcc phases@fcc~I! ~Ref. 14!
and fcc rock salt structure15#, a ‘‘quenched’’ phase consisting
of (AC60)2 dimers,16,17 and the alkali fulleride polymer
phase.7–10 In addition, properties of the phases vary substan-
tially depending on the alkali metal used.13 Various measure-
ments indicate that the alkali fulleride polymer phase has
metallic properties.7,13,18However, in contrast to the intuitive
picture of fulleride polymers as quasi-one-dimensional mate-
rials, it is likely that the charge transport is hindered along
the chains19 and instead occurs perpendicular to the axes of
the fulleride polymer chains. It is thus clear that fullerides

and, as a particular example of this group of materials, ful-
leride polymers have many properties of fundamental theo-
retical interest.

In this work, we focus on the question why doped C60 in
the rocksalt structure tend to polymerize spontaneously,
while the undoped material has to be photoexcited or treated
at high pressure to polymerize. In order to answer this ques-
tion, we have studied the electronic structure and optical ab-
sorption of a model dimer system consisting of two C60mol-
ecules at variable interfullerene distance. Section II explains
the methodology used in this study and the results are pre-
sented and discussed in Sec. III.

II. METHODOLOGY

In order to model the polymerization, a system of two
C60 molecules at variable interfullerene distance was used,
as schematically displayed in Fig. 1. WhenR in Fig. 1 be-
comes small enough, the interfullerene bond is a@212# cy-
cloadduct. Photoinduced, as well as doping induced poly-
merization, was modeled by performing the calculations on a
neutral C60 pair @denoted~C60)2 in this study#, as well as on
C60 pairs with two and six additional electrons@denoted

FIG. 1. The C60 dimer used in this study as a model for the
C60 polymer.
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~C60!2
22 and ~C60)2

62 , respectively#. The ionic systems are
models forAC60 and A3C60, whereA is an alkali metal
atom. The intermolecular distanceR was decreased from
2.5 Å to the equilibrium bond length~approximately 1.5 Å,
as obtained in the geometry optimization calculations! in
steps of 0.10 Å. At each step, the geometry, electronic struc-
ture and total energy were obtained self-consistently within
the restricted Hartree-Fock method by use of the Austin
model 1 ~AM1! ~Ref. 20! Hamiltonian. All atomic coordi-
nates were left unconstrained during the geometry optimiza-
tion, except those describing the positions of the four atoms
in the @212# cycloadduct~C1, C18 , C2 , and C28 in Fig. 1!.
The coordinates of these four atoms were restricted to vary
only within the xz plane ~see Fig. 1! for the structures at
equilibrium bond lengths, and only along thex axis for the
other structures.

In order to monitor the change of individual molecular
orbitals as a function of the interfullerene distanceR, it was
necessary to study the molecular orbital symmetries. The
ideal C60 molecule belongs to the icosahedral symmetry
point groupI h . Two C60 molecules, bonded via@212# cy-
cloaddition, thus constitute a system withD2h symmetry. In
the present calculations, however, no symmetry restriction
was imposed upon the molecular geometries. Hence, the op-
timized geometries are not fully~although very closely!
D2h symmetrical, and the molecular orbitals obtained by the
geometry optimization calculations do not exactly corre-
spond to representations of theD2h point group. This fact
made it impossible to determine the symmetry of some mo-
lecular orbitals. However, most orbitals close to the highest
occupied molecular orbital~HOMO! and lowest unoccupied
molecular orbital~LUMO! could unambiguously be symme-

FIG. 2. Correlation diagram of occupied
(1) and virtual (h) molecular orbitals for the
~C60)2 model system, as obtained by the AM1
method.

FIG. 3. Same as Fig. 2, but for the~C60)2
22

model system.
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try classified by inspection of the graphical representations
of the orbitals. The symmetries thus obtained are the basis of
the correlation diagrams of molecular orbitals in Sec. III,
Figs. 2, 3, and 4.~The correlations in Figs. 2, 3, and 4 are
only indicated for those molecular orbitals, which are rel-
evant to this study.!

Optical absorption spectra of the different systems were
calculated using the INDO/1 spectroscopic parametrization21

of the semiempirical intermediate neglect of differential
overlap ~INDO! Hamiltonian,22 combined with single ex-
cited configuration interaction~SCI!. This method has previ-
ously been successfully applied to C60 ~Ref. 23!. The con-
figurations were generated from an active space consisting of
molecular orbitals number 121–360. For instance, for
~C60)2 , where the HOMO is molecular orbital number 240,
the active space consisted of 120 occupied and 120 virtual
orbitals. The oscillator strengths of the transitions from
ground state~i.e., the Hartree-Fock determinant! to the ex-
cited CI wave functions were calculated in the length gauge
as

f osc5
2me~ESE2EHF!

3\2 ZK HFU(
i51

Nel

r iUSEL Z2, ~1!

whereme is the electronic mass,\ is Planck’s constant,
uHF&, uSE&, EHF, andESE are the Hartree-Fock and single
excited CI wave functions and energies, respectively,Nel is
the number of electrons andr i is the position operator of
electron i . To simulate broadening, due to vibrations and
interaction with surrounding molecules, etc., each transition
was broadened using a Gaussian function with full width at
half maximum ~FWHM! equal to 0.2 eV. The resulting
Gaussian curves were finally added to obtain the total ab-
sorption spectrum.

III. RESULTS AND DISCUSSION

The bond lengths close to the@212# cycloadduct, as ob-
tained by geometry optimization of the three model systems

in this study, are summarized in Table I. Corresponding val-
ues from the experimental study in Ref. 10 are also listed.
The experimental bond lengths forAC60 (A5Rb or K! were
extracted from x-ray powder diffraction data and correspond
to the theoretical results for~C60)2

22 in the present study.
The experimental C1–C3 bond lengths of 1.50 and 1.51 Å,
respectively, agree very well with our calculated value 1.52
Å. For the interfullerene bond C1–C18 , the theoretical value
1.55 Å falls between the experimental values 1.44 Å and
1.65 Å and within estimated experimental errors. Finally,
the experimental value of the intra-Fullerene bond C1–C2 is
up to 0.30 Å larger than the theoretical result.

The spread in the experimental values for the C1–C18 and
C1–C2 bond lengths~see Table I! indicates that the counter-
ion has some influence on the geometries of the polyanions.
However, it is difficult to judge exactly how the counterions
affect the bond lengths. There is no obvious trend in the
limited data of Table I and we have no means of including
alkali metal atoms of different kinds within the AM1
method.

A striking feature of the theoretical results in Table I is
that the charge of the system has a very small effect on the
geometrical structure of the@212# adduct. This is a result of
the charge distribution, namely, a tendency of the excess
electrons to localize away from the intermolecular bonding
sites. This point will be discussed in more detail below.

The change in total energy as the interfullerene bond
lengths decrease is shown in Fig. 5 for all three model sys-
tems,~C60)2 , ~C60)2

22 , and~C60)2
62 . All curves have been

shifted to the same reference total energy atR52.5 Å, in
order to simplify comparison between the different systems.
The most striking feature of Fig. 5 is the large differences in
the height of the energy barriers between the neutral system
and the two charged model systems. The energy barrier of
~C60)2

22 is only approximately one fifth of that of the neutral
dimer. This result is in qualitative agreement with experi-
ments, which show that alkali metal doped C60 films poly-
merize spontaneously7, 10 below a certain transition tempera-

FIG. 4. Same as Fig. 2, but for the~C60)2
62

model system.
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ture, while pristine C60 only polymerize upon irradiation of
visible/UV radiation1 or when treated with high pressure.11

Experimentally the heat of transformation from the
RbC60 polymer phase to the rocksalt structure has been mea-
sured by differential scanning calorimetry to 32 J/g.14 With
the estimated rotational contribution subtracted, this value is
reduced to 25.4 J/g. Assuming that the number of inter-
fullerene bonds in the polymers in this measurement were
approximately the same as the number of RbC60 units ~i.e.,
the length of the polymers was much greater than two mono-
mers! this yields 0.21 eV/bond. This is less than one sixth of
1.44 eV, which is the calculated energy difference between
R52.5 and equilibrium bond length for~C60)2

22 ~see Fig.
5!.

In the case of phototransformed C60 polymers, Wang
et al.24 have measured the activation energyEa needed to
separate photogenerated C60 dimers and foundEa51.25 eV.
This value should be compared with the energy difference of
3.5 eV for ~C60)2 between the top of the energy barrier in
Fig. 5 and the energy at equilibrium bond length. Again, the
calculated value is too large as compared with experiment.

It is difficult to fully rationalize the discrepancy between
theory and experiment regarding the binding energy and the
height of the energy barrier. However, there are some factors
not accounted for in the present calculation, which might
influence the polymerization energetics to some extent. For

instance, surrounding molecules or polymer chains can affect
the dimerization by putting geometrical constraints on the
reaction. It should be noted that the polymers used in the
experimental studies above were obtained by polymerizing
crystalline C60, a process which introduces some strain in
the sample. In the case of doping induced polymerization,
the Coulomb potential of the positive counterions might also
have some influence on the dimer formation energies. From
the theoretical methodology point of view, it is clear that
calculations of total energies of C60 dimers are rather sensi-
tive to the choice of method. Values of the total energy dif-
ference between two separate C60molecules compared to the
bound ~C60)2 dimer have been obtained in the range from
20.60 eV to 2.1 eV~Refs. 2–5!, using molecular dynamics,
semiempirical methods, as well asab initio calculations. The
corresponding~semiempirical! value in the present study is
1.42 eV. Because of the reasons mentioned here, one should
be careful not to make any conclusions from the absolute
values of the energy barrier height or from the slight differ-
ence in energy barrier between~C60)2

22 and ~C60)2
62. It

should be stressed, however, that the discrepancy between
theory and experiment does not affect the conclusion that
~C60)2 has a substantially larger dimerization energy barrier
than the two charged model systems. This point is also clari-
fied in the discussion below.

The total energy calculations on~C60)2
62 suggest that

A3C60 polymerize spontaneously, just asAC60 ~see Fig. 5!.
However, to the best of our knowledge, this has never been
observed experimentally. It might be the case that the poly-
merization is hindered by the counterions inA3C60 or that
other geometrical constraints force the molecules to stay
apart. To ultimately answer this question, it would be neces-
sary to include at least counterions and preferably also in-
crease the number of C60 molecules in the model system.

Why does the dimerization energy barrier more or less
disappear upon doping? The answer can be found in Figs. 2,
3, and 4 which show the correlation of molecular orbitals for
~C60)2 , ~C60)2

22 , and ~C60)2
62 as a function of the inter-

Fullerene bond length. Study Fig. 2 which corresponds to
~C60)2 . At R52.5 Å, the spectrum is seen to approach the
molecular orbital spectrum of two separated C60 molecules,
e.g., the twelve orbitals in the lowest part of the unoccupied
spectrum are grouped six by six and correspond to the three-
fold degeneratet1u and thet1g levels of two C60 molecules.
Similarly, the ten topmost occupied molecular orbitals corre-
spond to the fivefold degeneratehu-levels in C60. The
HOMO at R52.5 Å is antibonding with respect to thexy

FIG. 5. Calculated total energies for~C60)2 (1), ~C60)2
22

(s), and~C60)2
62 (h). The curves have been shifted to zero total

energy atR52.5 Å.

TABLE I. Bond lengths ~in Å! at the @212# cycloadduct for the three model systems~C60)2 ,
~C60)2

22 , and~C60)2
62 . Notations of bonds refer to Fig. 1.

System Method C1–C2
a C1–C18

b C1–C3

~C60)2 AM1 ~This study! 1.61 1.55 1.52
~C60)2

22 AM1 ~This study! 1.60 1.55 1.52
RbC60 Experimentc 1.906 0.15 1.446 0.15 1.516 0.15
KC60 Experimentd 1.746 0.20 1.656 0.20 1.506 0.20
~C60)2

62 AM1 ~This study! 1.61 1.55 1.52

aSame as C182C28 .
bSame as C22C28 .
cWith Rb counterions. Experimental results obtained from Rietveld fits to powder x-ray diffraction spectra,
see Ref. 10.
dWith K counterions. Experimental results obtained from Rietveld fits to powder x-ray diffraction spectra, see
Ref. 10.
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plane~see Fig. 1! and ofB1u symmetry. The LUMO, how-
ever, which hasB3u symmetry, is bonding. As a conse-
quence, whenR is decreased from 2.5 Å, theB1u energy
increases and theB3u energy decreases. WhenR is small
enough, somewhere between 2.1 Å and 2.0 Å, the two lev-
els cross. This means that the HOMO of~C60)2 is antibond-
ing forR>2.1 Å, but bonding forR<2.0 Å. The behavior of
the total energy curve for~C60)2 in Fig. 5 reflects this be-
haviour of the HOMO in Fig. 2. Thus, there is a barrier in the
total energy, which peaks close to the crossing of the bond-
ing B3u and the antibondingB1u levels.~Note that the energy
separation between the HOMO and the LUMO is very large
as a result of the Hartree-Fock method.!

With the molecular orbital diagram in Fig. 2 the photopo-
lymerization can be explained as follows. When an undoped
C60 film in the fcc phase is exposed to visible/UV light, an
electron from theB1u level ~at R.2.5 Å! is promoted to
some of the unoccupied orbitals. This results in a depopula-
tion of the antibondingB1u level and thus a strengthening of
the intermolecular bond. Alternatively, electrons can be pro-
moted from molecular orbitals below the HOMO to the
bonding B3u level, resulting in a similar situation as for
doped C60. Excitations fromB1u to B3u are dipole forbidden
and do consequently not contribute to the photopolymeriza-
tion process.

A similar kind of reasoning as that used for~C60)2 can be
applied to the charged model systems in Figs. 3 and 4, with
the important difference compared to the neutral case that
both the bondingB3u and the antibondingB1u levels are
occupied. Thus,the energy variation of these molecular or-
bitals with changing R tend to cancel, which results in a
lower total energy barrier as compared to the neutral case.
The driving mechanism for polymerization is thus of slightly
different origin in the case of doping-induced polymeriza-
tion, as compared to photoinduced polymerization. When the
material is doped, the interfullerene bond is strengthened,
due to the occupation of the bondingB3u level; when the
material is photoexcited, the interfullerene bond is strength-
ened due to the deoccupation of the antibondingB1u level
and due to occupation of the bondingB3u level by electrons
from orbitals below the HOMO.

It is clear that variation of the total energy is not exclu-
sively accounted for by theB1u and B3u levels, since the
total energy curve varies even for the charged systems, espe-
cially for R close to equilibrium bond length. The explana-
tion for this is at least twofold. First, the Hartree-Fock total
energy is not simply the sum of molecular orbital energies,
but also includes Coulomb and exchange interaction between
electrons in different molecular orbitals. It is, therefore, dif-
ficult to exactly tell how much the total energy will be af-
fected by a certain change in energy of one molecular orbital.
Second, there are 478 electrons in 239 molecular orbitals
below the HOMO of~C60)2 , which all contribute to the total
energy. Small changes in many of these low-lying orbitals
can have a large influence on the total energy. For instance,
the rather large stabilization for all three model systems be-
low R51.9 Å must, to a large extent, be accounted for by
changes in low-lying orbitals. Nevertheless, it is likely that
the complementary behavior of theB1u andB3u levels is the
single most important factor that determines whether the
fullerenes will bind spontaneously or not.

The striking similarities in the geometrical structure
around the@212# cycloadduct for all three systems included
in this study~see Table I! can also be explained by inspec-
tion of the molecular orbitals. The major difference in the
correlation diagrams~Figs. 2–4! between the neutral system
and the two anionic systems is that, at equilibrium bond
length, theB1u orbital is unoccupied in the neutral case, but
occupied in the other two cases. Clearly, in order for the
geometry around the@212# cycloadduct to remain un-
changed upon occupation of theB1u orbital, it is expected
that this orbital is localized to other parts of the dimer. This
is indeed the case. Inspection of the molecular orbital coef-
ficients shows that theB1u orbital is nonbonding in the
C1–C18 , C1–C2 , and C1–C3 bonds.~Thus, the character of
theB1u level changes from antibonding atR52.5 Å to non-
bonding at equilibrium bond length.! This result connects
closely to a previous study of the C60 polyanion,

19 which
showed that the highest occupied band in this system is dis-
persionless for exactly the same reason as discussed here,
namely, the nonbonding character of these orbitals at the
sites of the intermolecular interaction unit.

We now turn to the calculations of optical absorption
spectra. In order to utilize symmetry to reduce the size of the
CI problem, all geometries used in the CI calculations were
restricted to theD2h point group, during the AM1 geometry
optimization. The active space used in the calculations of the
spectra, 120 occupied and 120 virtual orbitals in the case of
~C60)2 , was chosen on the basis of several test calculations
with different active spaces and the restriction that maximum
2000 configurations could be used for each irreducible rep-
resentation ofD2h . It turns out that mixing of configurations
with relatively high energies@where electrons are promoted
from ~to! molecular orbitals far from the HOMO~LUMO!# is
strong even for CI wave functions with energies closest to
the ground state. It is, therefore, essential to include such
configurations if a converged spectrum is desired, i.e., a
spectrum which is basically unaffected by further increase of
the active space. In fact, it is easy to be mislead by using a
minimal active space of, e.g., 28 occupied and 12 virtual
orbitals ~which corresponds to thegg , hg , hu , t1u , andt1g
levels closest to the HOMO-LUMO levels in the C60 mol-
ecule!. Such a minimal active space leads to a SCI optical
absorption spectrum, which resembles the experimental
spectrum quite closely. However, if the active space is
slightly increased, most of the resemblance is lost.25

Inclusion of doubly~and higher! excited configurations in
the CI would not affect the present SCI spectra in any sub-
stantial way. This could be concluded by comparing SCI
results with calculations performed within the random phase
approximation~RPA! ~Refs. 26 and 27!, using the same ac-
tive space.25 Doubly excited determinants are included in
RPA calulations,28 although in a different way than in CI.

Figure 6 displays the optical absorption of~C60)2 at equi-
librium bond length. The impulses indicate the energies and
oscillator strengths of the individual excitations. The indi-
vidual excitations have been broadened with a Gaussian dis-
tribution (FWHM50.2 eV! and the resulting curves have
been added at each energy to obtain the absorption spectrum.
There is a large amount of allowed transitions densely dis-
tributed above approximately 3 eV. A general feature of the
spectrum in Fig. 6 is the increase of the oscillator strength up
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to approximately 4.5 eV, where the oscillator strengths start
to decrease. There are assemblies of important transitions at
approximately 2.7 eV, 3.7–3.8 eV, 4.5–4.9 eV, and 5.9 eV,
which give rise to the four distinct peaks in the broadened
absorption spectrum. Qualitatively, the same behavior has
been observed experimentally29 in optical absorption mea-
surements of photopolymerized C60 films. In that case, four
main peaks were observed below 6 eV at 2.7, 3.7, 4.8, and
5.7 eV.

In order to get an impression of the character of the dif-
ferent transitions in the spectrum in Fig. 6, the CI wave func-
tions of the excited states involved in some of the most im-
portant transitions are listed in Table II. The wave functions
correspond to the transitions that are marked with arrows in
Fig. 6. As mentioned above, the mixing of different configu-
rations is very strong. This can be concluded from Table II
by noting that although there are only quite few configura-
tions listed for each transition, the coefficients are still rather

small. Using an analogy to the C60 Hückel molecular orbital
spectrum, it was argued in Ref. 29 that the experimentally
observed transition at 2.7 eV was due to the promotion of
electrons from theHOMO-1 levels ~boldface indicates that
HOMO-1 refers to a group of orbitals, namely, levels in the
polymer derived from the C60 gg and hg orbitals! to the
LUMO levels~derived from the C60 t1u orbitals! or from the
HOMO levels ~derived from the C60 hu orbitals! to the
LUMO 11 levels ~derived from the C60 t1g orbitals!. That
picture has to be slightly modified by the present results. The
transition at 2.749 eV contains configurations with electrons
promoted fromHOMO @molecular orbitals 231–240 for
~C60)2# to LUMO ~orbitals 241–246!, LUMO 11 ~orbitals
247–252!, as well as toLUMO 12 ~orbitals 253–262!. Simi-
larly, the experimentally observed transition at 3.7 eV was
pictured as promotion of electrons fromHOMO-1 to
LUMO 11. In contrast, the transitions at 3.695 eV and
3.821 eV in Table II are dominated by configurations in
which electrons are promoted fromHOMO to LUMO ,
LUMO 11, andLUMO 12.

The experimental spectra in Ref. 29 show that the posi-
tions of the four main peaks are largely unaffected by the
polymerization process, apart from a shift of 0.1 eV for the
three upper peaks, which appear at 3.6 eV, 4.7 eV, and 5.6
eV in the case of pristine solid C60. To make a comparison
with unpolymerized C60 within the present model, the theo-
retical spectrum of a single C60 molecule is shown in Fig. 7
and the corresponding CI wave functions are displayed in
Table III. The geometry of the C60 molecule was restricted
to D2h symmetry and was obtained by the AM1 method. An
active space of 60 occupied and 60 virtual molecular orbitals
was used in the calculation. Further increase of the active
space does not substantially change the spectrum.23 The
spectrum in Fig. 7 agrees excellently with optical absorption
measurements of C60 in solution.

30 The theoretical spectrum

FIG. 6. Optical absorption spectrum, as obtained by the INDO/1
SCI method applied to~C60)2 at equilibrium interfullerene bond
length (R51.548 Å!. The active space contained 120 occupied and
120 virtual molecular orbitals. The energies and oscillator strengths
of individual transitions are indicated by the impulses. The spec-
trum has been broadened using Gaussian functions, with
FWHM50.2 eV.

TABLE II. Selected transitions~marked with arrows in Fig. 6! from the INDO/1 SCI results for
D2h-symmetric neutral dimer~C60)2 at equilibrium interfullerene bond length (R51.548 Å!. The active
space included molecular orbitals 121–360. Only configurations that contribute more than 5%~i.e., with
squared CI coefficients greater than 0.05) are listed. ‘‘Final state’’ denotes the state to which the transition
takes place.~State 1 is the ground state.!

Final state Energy~eV! Osc. strengtha CCI

30 2.749 0.034 (z) 20.311u234→248&10.273u235→250&
20.261u238→254&20.240u240→245&
10.330u231→259&10.326u232→257&

119 3.695 0.642 (z) 10.295u238→246&20.249u239→261&
10.285u240→252&

144 3.821 0.542 (x) 10.519u234→244&20.445u235→243&
20.233u239→253&

321 4.478 2.366 (z) 10.237u228→243&10.244u230→258&
354 4.623 1.647 (y) No single configuration contributes more than 5%
366 4.660 2.030 (x) 10.273u224→252&10.273u226→254&
410 4.776 1.350 (y) 20.231u225→247&10.225u228→249&
442 4.878 0.710 (x) 20.248u217→247&20.225u224→252&

20.271u235→255&10.334u238→259&
860 5.894 0.168 (y) 10.327u220→270&10.325u221→273&

ax, y, and z indicate the polarization direction of the transition in the coordinate system of Fig. 1.

53 13 155FORMATION OF C60 DIMERS: A THEORETICAL STUDY OF . . .



in Fig. 7 also agrees qualitatively with experimental mea-
surements on solid pristine C60 ~Ref. 29! in the sense that it
displays major peaks a few tenths of electron volts below
4, 5, and 6 eV and the oscillator strength is largest for the
transitions at 4.757 eV. However, the peaks at 3.923 eV,
4.757 eV, and 5.903 eV appear at slightly too high energies.
Furthermore, the major peaks are down shifted by approxi-
mately 0.1 eV, in the calculated spectrum of~C60)2 ~Fig. 6!,
as compared to the calculated spectrum of C60 ~Fig. 7!. This
is in contrast to the slight upshift, which is observed experi-
mentally for C60 in the polymer phase, as compared to C60 in
the pristine solid phase.29 It should also be noted that the
peak at 5.273 eV has no counterpart in the experimental
spectrum of solid C60 and that the experimentally observed
peak at 2.7 eV is not obtained in the SCI calculation. Instead
there is a weak threefold degenerate transition at 3.213 eV.
These discrepancies must obviously be accounted for by ef-
fects that are not included in the present model. It is likely
that, e.g., screening of the Coulomb interaction will modify
the absorption spectra, an effect which has been observed in
similar studies of conjugated polymers.31 It must be stressed,
however, that the general agreement between theory and ex-
periment is good and the present calculation is probably a
quite accurate description of the processes involved in the
polymerization. In particular, it is convincing that, in spite of
the strong mixing of different configurations and the large
number of transitions in the case of~C60)2 , the main peaks
appear at the correct energies with qualitatively the correct
oscillator strengths. Note that many of the~C60)2 transitions
in Fig. 6 contain contributions not only from the correspond-
ing C60 peaks, but also mix with other types of configura-
tions. For instance, using the nomenclature described above,
the transitions between 4.478 eV and 4.878 eV in Table II
contain many configurations with electrons promoted from
HOMO-1 to LUMO 11. The corresponding transitions at
4.756 eV and 4.757 eV in Table III lack this type of configu-
rations.

The optical absorption spectrum and corresponding CI
wave functions for~C60)2

22 are shown in Fig. 8 and Table
IV. In the energy range above 3 eV, the absorption spectra of
~C60)2

22 and ~C60)2 are qualitatively the same. The peaks
are less distinct for the charged system and a notable struc-
ture within the peaks emerge. From the eigenenergy spec-
trum of the molecular orbitals at equilibrium bond lengths,
displayed on the left hand side of Figs. 2 and 3, it is evident
that transitions, which are dominated by electron excitations
that do not involve the HOMO and LUMO levels, are basi-

cally unaffected by the extra charges in~C60)2
22 . However,

as discussed above, the extra charges have a major effect on
the HOMO and the LUMO. Consequently, peaks induced by
the extra charges appear in the optical absorption spectrum,
which are dominated by configurations in the CI wave func-
tion where electrons have been promoted from the HOMO
and/or to the LUMO levels. These peaks appear at 0.60 eV,
and at approximately 1 eV and 1.5 eV. It should be noted
that the peak at 0.60 eV is completely dominated by the CI
configuration, where an electron has been promoted from the
HOMO to the LUMO. The symmetries of the HOMO and
the LUMO (B1u and Ag , respectively! imply a transition
polarized in thez direction, i.e., the direction of the polymer.
Thus, the symmetries of the HOMO and the LUMO of the
doped C60 polymer are manifested in the optical absorption
spectrum, as a distinct peak at low energy with polarization
in the direction of the polymer. Although it is possible that
there are transitions at similar energies in doped, but unpo-
lymerized C60, these transition are not likely to be polarized
in the z direction, since the HOMO change irreducible rep-
resentation atR52.1 Å, due to the crossing discussed above.
In fact, optical transitions in unpolymerized solid C60 are not
expected to be polarized at all, since the C60 molecules have
been observed to be in rapid rotational motion at room
temperature.32

It has been observed that polymerized KC60 is transparent
to visible light.9 The absorption spectrum in Fig. 8 is in
excellent agreement with this observation. Visible light falls
in the energy range 1.6–3.1 eV, where the absorption is very
limited in the calculated spectrum.

IV. SUMMARY AND CONCLUSIONS

Three different C60 dimer systems, with zero, two, and six
electrons added, have been studied theoretically in order to
model photoinduced and doping-induced polymerization of
C60. In agreement with experiment, the energy barrier in the
dimer formation process is large for neutral~C60)2 , and dis-
appear almost totally in~C60)2

22 and ~C60)2
62 . This effect

is explained by the character of the HOMO and the LUMO
in ~C60)2 . At large interfullerene distances, the HOMO in
~C60)2 is antibonding and, therefore, tends to increase the
energy of the system as the interfullerene bond length de-
creases. However, occupation of the LUMO of~C60)2 ,
which is a bonding molecular orbital at large interfullerene
distances, tends to compenstate this energy increase, leading

FIG. 8. Same as Fig. 6, but for~C60)2
22 with R51.546 Å. The

active space contained 121 occupied and 119 virtual molecular or-
bitals.

FIG. 7. Same as Fig. 6, but for C60. The active space contained
60 occupied and 60 virtual molecular orbitals.
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to substantial reduction of the energy barrier for dimer for-
mation in ~C60)2

22 and ~C60)2
62 . Photopolymerization is

explained by deoccupation of the antibonding HOMO and
occupation of the bonding LUMO by electrons from below
the HOMO, thus leading to a reduction of the energy barrier.

The theoretically calculated heats of transformation and
activation energies for the dimerizations in the present study
are systematically too large, as compared to experiments.
This discrepancy is difficult to fully explain. The theoretical
values are probably improved if strain and Coulomb effects

of surrounding molecules and ions are accounted for. It
should also be noted that the absoulute values of the dimer
binding energies are sensitive to the method used, which is
seen by comparison with other theoretical studies.

Calculations of optical absorption spectra for C60, using
the SCI method, show general agreement with optical ab-
sorption measurements on pristine solid C60. Formation of
dimers results in strong mixing of configurations, which
leads to a large number of transitions above 3 eV. However,
the distribution of transitions is such that four distinct peaks

TABLE III. Selected transitions from the INDO/1 SCI results forD2h-symmetric neutral C60. The active
space included molecular orbitals 61–180. Only configurations that contribute more than 5%~i.e., with
squared CI coefficients greater than 0.05) are listed. ‘‘Final state’’ denotes the state to which the transition
takes place.~State 1 is the ground state.!

Final state Energy~eV! Osc. strength CCI

11 3.213 0.003 (z) 20.369u116→132&20.296u117→126&
20.227u117→132&20.298u118→124&
20.298u119→125&10.309u120→133&
20.300u120→134&

12 3.213 0.003 (x) 10.347u116→124&10.435u117→130&
10.298u118→126&20.414u119→133&
20.298u120→125&

13 3.213 0.003 (y) 20.382u116→131&10.305u117→125&
20.417u118→134&20.298u119→126&
10.298u120→124&

29 3.922 0.531 (x) 20.485u116→124&10.225u117→130&
20.424u118→126&10.428u120→125&

30 3.923 0.529 (z) 10.252u116→126&20.415u117→126&
20.426u118→124&20.425u119→125&

31 3.923 0.529 (y) 10.233u116→125&10.425u117→125&
20.427u119→126&10.426u120→124&

74 4.756 3.783 (z) 10.305u111→122&10.250u111→129&
20.306u113→121&10.350u114→123&
10.266u116→132&20.224u120→133&

75 4.757 3.782 (x) 20.306u111→123&10.305u112→121&
20.250u112→128&20.323u115→122&
10.311u117→130&20.299u119→133&

76 4.757 3.783 (y) 20.305u112→122&20.305u113→123&
20.250u113→127&20.282u115→121&
20.273u116→131&20.302u118→134&

95 5.273 0.443 (x) 10.707u107→127&10.360u108→128&
20.381u110→129&

96 5.273 0.447 (y) 10.702u108→129&10.354u109→127&
20.398u110→128&

97 5.273 0.444 (z) 10.365u107→129&10.706u109→128&
20.379u110→127&

113 5.903 0.343 (z) 10.376u90→123&10.347u93→121&
20.351u94→122&10.249u98→124&
20.250u100→125&10.265u102→126&

114 5.903 0.344 (x) 20.314u90→122&10.252u91→122&
10.351u92→121&20.349u94→123&
20.250u98→126&10.249u99→125&
10.230u102→124&

115 5.903 0.340 (y) 20.398u91→121&10.344u92→122&
10.350u93→123&10.251u99→124&
10.248u100→126&20.283u101→125&
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appear at 2.7 eV, 3.8 eV, 4.6 eV, and 5.9 eV, with maximum
oscillator strength at the 4.6 eV peak, which conforms well
to optical absorption experiments on photopolymerized
C60.

The optical absorption spectrum of~C60)2
22 contains a

peak at 0.60 eV, not seen in the~C60)2 spectrum, which is
completely dominated by the promotion of an electron from
the HOMO to the LUMO of the dianion. This peak is well
separated from other major transitions and absorb light
which is polarized in the direction of the polymer. The ab-

sorption is small in the energy range of visible light, which is
in full agreement with experimental observations.
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22 (D2h symmetry! with R51.546 Å. The transitions in the

table are indicated with arrows in Fig. 8.

Final state Energy~eV! Osc. strength CCI

4 0.600 1.463 (z) 20.980u241→242&
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10.107u241→264&
48 3.285 0.424 (z) 10.231u233→265&10.268u234→263&
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10.294u238→247&20.288u239→251&
10.375u240→248&

59 3.564 0.759 (z) 20.332u220→242&20.225u235→252&
10.267u235→265&10.331u238→264&
20.291u239→251&10.237u240→248&

166 4.681 2.811 (x) No single configuration contributes more than 5%.
172 4.741 1.335 (y) 10.294u216→248&20.286u220→247&

10.239u225→250&10.308u227→253&
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