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Energetics of polymerized fullerites
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A comparative calorimetry study has been made on three types of single phase C60 polymers, i.e., dimers,
one-, and two-dimensional polymers. These polymers revert to monomers with an endothermic reaction upon
heating to 300 °C, indicating that the monomer form is the least stable phase. By estimating the endothermic
heat, it was found that the polymeric forms become energetically unstable as the number of intermolecular
bonds increases, in contradiction to the currently available calculation. The present results suggest that mo-
lecular deformation plays a crucial role in the energetics of C60 polymers.@S0163-1829~98!01948-1#
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The families of polymeric fullerenes both neutral a
doped have been expanding since their discovery in 191

Recently discovered single-bonded doped polymers w
one-~1D! ~Ref. 2! and two-dimensional~2D! networks3 re-
vealed that a number of alkali metals or a valence of the60
molecule is a crucial parameter for the nature of intermole
lar bonds and networks.4

In the case of undoped polymers, on the other hand,
intermolecular bonds are always@212# cycloaddition, while
various polymer networks can be obtained by changing t
synthesis conditions. After the discovery of the 2D rhomb
hedral polymer,5 three types of polymers have bee
identified.6 Subsequently, the synthesis conditions on
pressure-temperature plane have been clarified,7 followed by
an improvement of crystallinity in the 1D polymer.8,9 Mean-
while, a mechanochemical reaction succeeded in produ
C60 dumbbell dimers.10 A variety of neutral polymers mean
that pure solid carbon has several metastable phases
fullerenes. This phenomenon is another unique aspec
solid-state fullerenes, reflecting the flexible character
sp2/sp3 carbon. Moreover, the conversions occurring
moderate temperatures suggest that these polymeric ph
compete in a small energy scale. However, the energy
ferences between the monomeric fcc phase and the p
meric phases have not been determined. Even the rela
energy between the monomer and dimer has not conve
yet both experimentally and theoretically, as summarized
Núñez-Regueiro.11

Here we report an experimental study on the energetic
three types of polymerized fullerites: dimer, 1D, and 2
rhombohedral polymers. Since the polymeric phases are
bilized by the formation of intermolecular bonds, the en
getical stability should depend on the structure of polyme
forms. All the polymers were found to be depolymerized
heating, so that the thermal analysis provides useful infor
tion on the relative stability of the polymers and the mon
mer. To investigate the thermal properties of fullerene po
mers, high-pressure synthesis is the most useful me
since this technique yields single phase materials in la
quantities by controlling the synthesis conditions. A co
parative calorimetry study on three kinds of polymeric C60’s
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revealed that all the polymers were energetically stable c
pared to the monomer form and that the stabilization ene
is more than one order of magnitude smaller than the ene
difference between C60 and graphite. Moreover, the stabil
zation energy decreases with the increase in the numbe
intermolecular bonds per molecule. This result is agains
simple expectation that the polymeric forms are stabilized
the formation of intermolecular bonds.

High-pressure synthesis of 1D and 2D polymers was c
ried out using a cubic anvil high-pressure apparatus as
scribed in a previous paper.5 2D rhombohedral polymers
were synthesized at 5 GPa and 700 °C following the es
lished conditions.5,6 A new synthesis condition for 1D poly
mers was recently discovered independently by Agafon
et al.8 and Moretet al.9 They found that pressurization at
GPa and 300 °C with a liquid pressure transmitting medi
produces a better quality 1D polymer than that by Nu´ñez-
Regueiroet al.6 with different lattice parameters. We pre
surized C60 at 2 GPa and 300 °C using the same apparatu
in the case of a 2D polymer. The powder x-ray-diffractio
pattern for our samples was similar to that produced
Agafonovet al.8 but the peaks were broader. This is possib
due to lower hydrostaticity in our setup, since we used so
pressure medium pyrophillyte while they used a liquid m
dium.

As for the dimers, a new route for selective synthesis
dimers using the high-pressure technique has been dis
ered by our group using an organic compound ET2C60 as a
starting material, where ET denote
bis~ethylenedithio!tetrathiafulvalene.12 Details of this synthe-
sis procedure are described elsewhere.13 Spectroscopic and
chromatographic studies revealed that this dimer is a@2
12# cycloadduct of C60, which is identical to the mecha
nochemically synthesized dimer.10

Figure 1 shows the infrared absorption spectra for dim
1D, and 2D polymers, dispersed in KBr pellets. Earl
works proved that infrared spectroscopy is a useful mean
detect and identify C60 polymer phases.14,15 The spectral dif-
ference of these materials clearly shows differences in
local structure of C60. The spectra for dimers and 2D poly
mers are similar to those reported in the literature,5,13–15
16 374 ©1998 The American Physical Society
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PRB 58 16 375ENERGETICS OF POLYMERIZED FULLERITES . . .
while 1D polymers exhibit considerably different spec
from earlier observations,14 presumably due to the improve
ment of the crystallinity.

The mass production of dimeric and polymeric materi
by the high-pressure technique enables a comparative s
of the thermal properties of these systems. A differen
scanning calorimetry~DSC! measurement was made o
10–15 mg powder samples each using a Mettler-Tol
TA8000 calorimeter. Figure 2 shows DSC data for a C60
dimer, 1D polymer, and 2D rhombohedral polymers in t
heating process at a heating rate of 10 °C/min. We foun
large endothermic peak in the heating process, but no si
was observed in the cooling scan, indicating that an irrev
ible transition occurred in the heating process. The s
stances obtained after the DSC measurements were all m
mer C60 as confirmed by infrared and x-ray-diffractio

FIG. 1. Infrared absorption spectra for C60 dimer, 1D ortho-
rhombic, and 2D rhombohedral polymers, synthesized by h
pressure technique.

FIG. 2. Differential scanning calorimetry data for the dimer, 1
polymer, and 2D rhombohedral polymer in the heating proces
which the heating rate was 10 °C/min. The thick solid lines
experimental data and thin lines display the background assu
when calculating the enthalpy changeDH. All these materials re-
vert to monomer C60 after the DSC measurement.
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measurements. These data clearly showed that all polym
forms of C60 revert to monomers upon heating to 300 °
This conversion takes place as an endothermic reaction
dicating that all the polymeric forms are energetically sta
compared to the monomer.

The transition temperatureTD , defined as the peak tem
perature of the DSC curve, changes between 250 K and
K, depending on the polymeric phases and heating r
Wanget al. reportedTD for mechanochemically synthesize
dimers at 162 °C for 1 °C/min scan.10 The difference inTD’s
between their results and the present results indicates tha
depolymerization process is controlled by kinetics. In t
following we concentrate on the enthalpy changeDH. The
DH values are calculated by integrating the peaks in Fig
assuming the background line shown as a thin solid line. T
DSC measurement was made on three samples for
phase and the sample dependence ofDH turned out to be
within 20%. As for the heating rate, we tested 10 °C/min a
5 °C/min scans. Although theTD was about 10 °C lower for
the slower scan, the difference inDH was within sample
dependence. TheDH value derived here is interpreted as t
energy difference between the energy minima of the relev
stable phases rather than the barrier height for the dep
merization process discussed by several authors.16,17

Since the volume change associated with the bond bre
ing is extremely small, the enthalpy changeDH directly cor-
responds to the change of internal energy:DH52E, where
E is the energy of the polymeric C60 measured from that o
the monomeric fcc phase at the transformation temperat
Figure 3 summarizes the relation betweenE and the number
of @212# bonds per C60. Here the dimer, one-, and two
dimensional polymers contain one, two, and six intermole
lar 212 bonds per molecule. The negativeE values mean
that the polymeric phases are more stable than the mo
meric phase.

The vertical axis in Fig. 3 is shown in units of J/g an
eV/C60, for the left and right side, respectively. It is note
that the energy differences between monomers and dim
are about 0.69 eV/C60 or 0.011 eV/C atom. It is interesting t

-
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FIG. 3. The relative energy of the C60 dimer, 1D orthorhombic,
and 2D rhombohedral polymers measured from the energy of
nomeric fcc C60, plotted as a function of the number of@212#
intermolecular bonds per C60 molecule.
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compare this scale with the energy differences betw
graphite, diamond, and fcc C60. Figure 4 displays a sche
matic energy diagram of several crystalline phases of p
carbon. The energies of diamond and C60 measured from the
most stable graphite are known to be 0.020 eV~Ref. 18! and
0.42 eV/C atom,19 respectively. The observed relative ener
between polymeric and monomeric C60 is almost two orders
of magnitude smaller than the latter value, and sligh
smaller than the former. The formation of various so
phases in a considerably small energy range is one of
most peculiar aspects of such polymerized fullerites as
bon allotrope.

Another indication shown in Fig. 3 is that the energy
the polymeric phases becomes higher when the numbe
@212# bonds increases. Since the polymeric phases are
bilized by the formation of intermolecular bonds, the po
mers are expected to be more stable in energy as the nu
of the bonds increases. The unexpected trend in Fig.
explained as follows: In the polymeric forms, one shou
consider both the energy gain due to the bond formation
energy loss due to the molecular deformation. Since
former contribution dominates, the polymeric forms beco
lower in energy than the monomer phase. However, the
termolecular bond causes a significant deformation of the60
cage. The deformation energy is able to be absorbed by
intramolecular relaxation in the dimer case. As the num
of intermolecular bonds increases, the molecular deforma
increases significantly and the stabilization by bond form
tion is less effective than that of the dimer case. This de
mation energy cancels the energy gain by bond formation
that the energy of polymers increases with the numbe
@212# bonds. This scenario may explain the trend shown
Fig. 3.

Since the polymeric fullerenes are nothing but pure c
bon solids, the calculation of the relative energies of po
meric C60’s is a challenging issue for large-scale firs
principles calculations. We first focus on the energy
dimers. Although a number of theoretical calculations ofE
have been made for dimers,11,20 even the energy differenc
between the monomer and the dimer phases has not
verged yet. TheE value for dimers obtained in this stud
was 280 J/g, which is converted to20.57 eV/C60, and
could be a good test for these calculations.

FIG. 4. Schematic energy diagram of various solid carb
phases.
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Regarding the infinite polymers, Xu and Scuseria ma
the first calculation on the 1D and 2D tetragonal and
rhombohedral phase,21 and showed that the polymeric pha
is stabilized with increasing the number of the intermolecu
bonds, in contradiction to the present experimental res
This result suggests that the above calculation does not p
erly take the molecular deformation into account. Anoth
possible reason for the disagreement is that Xu and Scus
neglected the interchain or interlayer interaction. More
cently, Okada and Saito made calculations on the 2D rho
bohedral phase, taking such interactions into account,
obtained a total energy comparable to the monomer
phase.22

The energies estimated by the theoretical calculations
responds to the internal energy atT50 K, while experimen-
tal values are obtained at finite temperatures. Hence, in o
to make a quantitative comparison with the present res
and theoretical calculations, we have to take the tempera
dependence of the internal energy into account. Accordin
Sundqvist et al., the temperature dependences of t
specific-heat capacity for monomeric and polymeric pha
are very similar to each other except for near the molecu
rotation transition at 260 K.23 The temperature-depende
part of the internal energy difference between the monom
and the polymer solids is dominated by the enthalpy cha
at the rotation transition, which is 9.1 J/g.24 Since the energy
of the monomeric phase atT50 K is overestimated, the ab
solute value ofE at T50 K should be subtracted by 9.1 J/

It is noted that when we squeeze pure C60 solids, we usu-
ally obtain the polymers rather than the dimer, which is
more stable substance. This result suggests that the pres
induced polymerization is not controlled by energetics.
recent calculation showed that the intermolecular deform
tion plays a crucial role in the mechanism of pressu
induced polymerization.25 Dynamical aspect of polymeriza
tion is an interesting issue.

In summary, a calorimetry study was made on the dim
1D, and 2D polymer forms of C60. All these polymeric
forms of C60 revert to the monomer phase upon heating
an endothermic reaction. From the latent heat, we found
the three polymerized C60’s are more stable than the fc
monomer phase and that the stabilization energy beco
smaller as the number of intermolecular bonds increa
This result suggests that the molecular deformation is
large that the energy gain by the formation of the interm
lecular bonds is canceled by the deformation energy. T
variety of polymeric phases of C60 that exist within a very
narrow energy range~0.01 eV/atom! is another unique aspec
of carbon solids, in which thesp3 andsp2 states are excep
tionally close to each other in energy.

The authors wish to thank S. Saito, S. Okada, and
Ozaki for their valuable discussions. A. Izuoka and T. Su
awara are greatly appreciated for their contribution in
high-pressure synthesis of the C60 dimer. T. Uchida is appre-
ciated for his help in high-pressure synthesis. This work
been supported by a grant from the Japan Society for
Promotion of Science~RFTF96P00104, MPCR-363/96
03262!, the Ministry of Education, Science, Sports, and C
ture.

n



.
.

.

K

.
F.
as

,

-

hy

re

-
o

Y.

T.

M.

s.

-

.

, P.
, T.

Re-

PRB 58 16 377ENERGETICS OF POLYMERIZED FULLERITES . . .
1A. M. Rao, P. Zhou, K.-A. Wang, G. T. Hager, J. M. Holden, Y
Wang, W.-T. Lee, X.-X. Bi, P. C. Eklund, D. S. Cornett, M. A
Duncan, and I. J. Amster, Science259, 955 ~1993!.

2~a! K. Prassides, K. Vavekis, K. Kordatos, K. Tanigaki, G. M
Bendele, and M P. W. Stephens, J. Am. Chem. Soc.119, 834
~1997!; ~b! G. M. Bendele, P. W. Stephens, K. Prassides,
Vavekis, K. Kordatos, and K. Tanigaki, Phys. Rev. Lett.80, 736
~1998!.
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6M. Núñez-Regueiro, L. Marques, J.-L. Hodeau, O. Be´thoux, and
M. Perroux, Phys. Rev. Lett.74, 278 ~1995!.

7L. Marques, J.-L. Hodeau, M. Nu´ñez-Regueiro, and M. Perroux
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