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Energetics of polymerized fullerites
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A comparative calorimetry study has been made on three types of single phasely@ners, 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 gfgolymers.[S0163-182@8)01948-1

The families of polymeric fullerenes both neutral andrevealed that all the polymers were energetically stable com-
doped have been expanding since their discovery in $993pared to the monomer form and that the stabilization energy
Recently discovered single-bonded doped polymers witlis more than one order of magnitude smaller than the energy
one{1D) (Ref. 2 and two-dimensional2D) networks re-  difference between & and graphite. Moreover, the stabili-
vealed that a number of alkali metals or a valence of the C zation energy decreases with the increase in the number of
molecule is a crucial parameter for the nature of intermolecuintermolecular bonds per molecule. This result is against a

lar bonds and networks. simple expectation that the polymeric forms are stabilized by
In the case of undoped polymers, on the other hand, ththe formation of intermolecular bonds.
intermolecular bonds are alwaly3+ 2] cycloaddition, while High-pressure synthesis of 1D and 2D polymers was car-

various polymer networks can be obtained by changing theiried out using a cubic anvil high-pressure apparatus as de-
synthesis conditions. After the discovery of the 2D rhombo-scribed in a previous paper2D rhombohedral polymers
hedral polymeP, three types of polymers have been were synthesized at 5 GPa and 700 °C following the estab-
identified® Subsequently, the synthesis conditions on thdished conditions:® A new synthesis condition for 1D poly-
pressure-temperature plane have been clariffelowed by ~ mers was recently discovered independently by Agafonov
an improvement of crystallinity in the 1D polym&f.Mean- et al® and Moretet al® They found that pressurization at 1
while, a mechanochemical reaction succeeded in producinGPa and 300 °C with a liquid pressure transmitting medium
Ceo dumbbell dimers? A variety of neutral polymers means produces a better quality 1D polymer than that bynii:
that pure solid carbon has several metastable phases ndRegueiroet al® with different lattice parameters. We pres-
fullerenes. This phenomenon is another unique aspect afurized Ggat 2 GPa and 300 °C using the same apparatus as
solid-state fullerenes, reflecting the flexible character ofin the case of a 2D polymer. The powder x-ray-diffraction
sp?/sp® carbon. Moreover, the conversions occurring atpattern for our samples was similar to that produced by
moderate temperatures suggest that these polymeric phastgafonovet al® but the peaks were broader. This is possibly
compete in a small energy scale. However, the energy difdue to lower hydrostaticity in our setup, since we used solid
ferences between the monomeric fcc phase and the polypressure medium pyrophillyte while they used a liquid me-
meric phases have not been determined. Even the relativdium.
energy between the monomer and dimer has not converged As for the dimers, a new route for selective synthesis of
yet both experimentally and theoretically, as summarized bylimers using the high-pressure technique has been discov-
NUnez-Regueird? ered by our group using an organic compound, &} as a
Here we report an experimental study on the energetics cftarting material, where ET denotes
three types of polymerized fullerites: dimer, 1D, and 2D bis(ethylenedithigtetrathiafulvalené? Details of this synthe-
rhombohedral polymers. Since the polymeric phases are stais procedure are described elsewHér8pectroscopic and
bilized by the formation of intermolecular bonds, the ener-chromatographic studies revealed that this dimer if2a
getical stability should depend on the structure of polymeric+ 2] cycloadduct of Gy, which is identical to the mecha-
forms. All the polymers were found to be depolymerized bynochemically synthesized dim&t.
heating, so that the thermal analysis provides useful informa- Figure 1 shows the infrared absorption spectra for dimer,
tion on the relative stability of the polymers and the mono-1D, and 2D polymers, dispersed in KBr pellets. Earlier
mer. To investigate the thermal properties of fullerene polyworks proved that infrared spectroscopy is a useful means to
mers, high-pressure synthesis is the most useful methodetect and identify g polymer phase¥*® The spectral dif-
since this technigue yields single phase materials in largéerence of these materials clearly shows differences in the
quantities by controlling the synthesis conditions. A com-local structure of g,. The spectra for dimers and 2D poly-
parative calorimetry study on three kinds of polymerig€ mers are similar to those reported in the literaful&;*®
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FIG. 3. The relative energy of theggdimer, 1D orthorhombic,
and 2D rhombohedral polymers measured from the energy of mo-
FIG. 1. Infrared absorption spectra forCdimer, 1D ortho- ~ homeric fcc G, plotted as a function of the number p2+ 2]
rhombic, and 2D rhombohedral polymers, synthesized by highintermolecular bonds perggmolecule.
pressure technique.

Wave number (cm™)

measurements. These data clearly showed that all polymeric
while 1D polymers exhibit considerably different spectraforms of G, revert to monomers upon heating to 300 °C.
from earlier observation¥, presumably due to the improve- This conversion takes place as an endothermic reaction, in-
ment of the crystallinity. dicating that all the polymeric forms are energetically stable

The mass production of dimeric and polymeric materialscompared to the monomer.

by the high-pressure technique enables a comparative study The transition temperaturg, , defined as the peak tem-
of thel thermal _properties of these systems. A differentialperature of the DSC curve, changes between 250 K and 290
scanning calorimetry(DSC) measurement was made on K, depending on the polymeric phases and heating rate.

10-15 mg powder samples each using a Mettler-Toledqy,, ; ;
X . get al. reportedTp for mechanochemically synthesized
TABOOQ calorimeter. Figure 2 shows DSC data for & C yimers at 162 °C for 1 °C/min scdfiThe difference infp's

gg‘;ﬁ;{ 13()%‘2;’212{ ’aar?gaﬁg r?;{?%?q%d%l /r?]?rl]y”\}sgsfétrtlzebetween their results and the present results indicates that the
gp g ' Fpolymerization process is controlled by kinetics. In the

large endothermic peak in the heating process, but no sign?

was observed in the cooling scan, indicating that an irrevers—OIIOWIng we concentrate on the enthalpy changd. The

ible transition occurred in the heating process. The sub®H values are calculated by integrating the peaks in Fig. 2,

stances obtained after the DSC measurements were all mon@sSuUming the background line shown as a thin solid line. The
mer G, as confirmed by infrared and x-ray-diffraction DSC measurement was made on three samples for each

phase and the sample dependence\bff turned out to be
, , , , within 20%. As for the heating rate, we tested 10 °C/min and

5 °C/min scans. Although th&; was about 10 °C lower for
m the slower scan, the difference ikH was within sample
| - dependence. Th&H value derived here is interpreted as the
energy difference between the energy minima of the relevant
M stable phases rather than the barrier height for the depoly-

merization process discussed by several autifars.

Since the volume change associated with the bond break-
dimer ing is extremely small, the enthalpy chaniyel directly cor-
responds to the change of internal enerfyii = — E, where
E is the energy of the polymericggmeasured from that of
0.5 Wig the monomeric fcc phase at the transformation temperature.
Figure 3 summarizes the relation betwdemand the number
of [2+2] bonds per g,. Here the dimer, one-, and two-
dimensional polymers contain one, two, and six intermolecu-
lar 2+2 bonds per molecule. The negatifzevalues mean

FIG. 2. Differential scanning calorimetry data for the dimer, 1D that the polymeric phases are more stable than the mono-
polymer, and 2D rhombohedral polymer in the heating process ofn€ric phase.
which the heating rate was 10 °C/min. The thick solid lines are ~ The vertical axis in Fig. 3 is shown in units of J/g and
experimental data and thin lines display the background assume@V/Cso, for the left and right side, respectively. It is noted
when calculating the enthalpy changél. All these materials re- that the energy differences between monomers and dimers
vert to monomer g, after the DSC measurement. are about 0.69 eV/g or 0.011 eV/C atom. It is interesting to
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Ceo monomer Regarding the infinite polymers, Xu and Scuseria made

the first calculation on the 1D and 2D tetragonal and 2D

——————— <«—2D-polymer rhombohedral phasé,and showed that the polymeric phase

1D-polymer is stabilized with increasing the number of the intermolecular

‘L ] bonds, in contradiction to the present experimental result.

dimer This result suggests that the above calculation does not prop-

erly take the molecular deformation into account. Another
I~ possible reason for the disagreement is that Xu and Scuseria

neglected the interchain or interlayer interaction. More re-

~— Diamond cently, Okada and Saito made calculations on the 2D rhom-
bohedral phase, taking such interactions into account, and

obtained a total energy comparable to the monomer fcc

phase??
\L —————— <« Graphite The energies estimated by the theoretical calculations cor-
responds to the internal energyTat 0 K, while experimen-

FIG. 4. Schematic energy diagram of various solid carbontal values are obtained at finite temperatures. Hence, in order
phases. to make a quantitative comparison with the present results
and theoretical calculations, we have to take the temperature
Iaependence of the internal energy into account. According to

gundqvist etal, the temperature dependences of the
Specific-heat capacity for monomeric and polymeric phases
are very similar to each other except for near the molecular

0.42 eV/C atont® respectively. The observed relative energy0tation transition at 260 R? The temperature-dependent
between polymeric and monomeriggds almost two orders part of the internal energy difference between the monomer

of magnitude smaller than the latter value, and slightly@nd the polymer solids is dominated by the enthalpy change
smaller than the former. The formation of various solidat the rotation transition, which is 9.1 JfySince the energy
phases in a considerably small energy range is one of thef the monomeric phase at=0 K is overestimated, the ab-
most peculiar aspects of such polymerized fullerites as casolute value oE at T=0 K should be subtracted by 9.1 J/g.
bon allotrope. It is noted that when we squeeze purg €olids, we usu-
Another indication shown in Fig. 3 is that the energy of ally obtain the polymers rather than the dimer, which is a
the polymeric phases becomes higher when the number @hore stable substance. This result suggests that the pressure-
[2+ 2] bonds increases. Since the polymeric phases are stimduced polymerization is not controlled by energetics. A
bilized by the formation of intermolecular bonds, the poly-recent calculation showed that the intermolecular deforma-
mers are expected to be more stable in energy as the numbgsn plays a crucial role in the mechanism of pressure-
of the bonds increases. The unexpected trend in Fig. 3 i;duced polymerizatio”® Dynamical aspect of polymeriza-
explained as follows: In the polymeric forms, one shouldtion is an interesting issue.
consider both the energy gain due to the bond formation and |, symmary, a calorimetry study was made on the dimer,
energy loss due to the molecular deformation. Since th@p and 2D polymer forms of &. All these polymeric
former_ contribution dominates, the polymeric forms becomeforms of G, revert to the monomer phase upon heating by
lower in energy than the monomer phase. However, the ingn engothermic reaction. From the latent heat, we found that
termolecular bond causes a significant deformation of e C the three polymerized ggs are more stable than the fcc
cage. The deformation energy is able to be absorbed by tha,nomer phase and that the stabilization energy becomes
intramolecular relaxation in the dimer case. As the numbegma|ier as the number of intermolecular bonds increases.
of intermolecular bonds increases, the molecular deformatiofys result suggests that the molecular deformation is so
increases significantly and the stabilization by bond forma1arge that the energy gain by the formation of the intermo-
tion is less effective than that of the dimer case. This deforjoc\1ar bonds is canceled by the deformation energy. The
mation energy cancels the energy gain by bond formation, sg, ety of polymeric phases ofggthat exist within a very
that the energy of polymers increases with the number of4ro\ energy rangé.01 eV/atomis another unique aspect
[2+2] bonds. This scenario may explain the trend shown iny¢ -5rbon solids, in which thep® andsp? states are excep-

Fig. _3' . . tionally close to each other in energy.
Since the polymeric fullerenes are nothing but pure car-

bon solids, the calculation of the relative energies of poly- The authors wish to thank S. Saito, S. Okada, and T.
meric Gs is a challenging issue for large-scale first- Ozaki for their valuable discussions. A. Izuoka and T. Sug-
principles calculations. We first focus on the energy ofawara are greatly appreciated for their contribution in the
dimers. Although a number of theoretical calculationsEof high-pressure synthesis of thg@imer. T. Uchida is appre-
have been made for dimets?° even the energy difference ciated for his help in high-pressure synthesis. This work has
between the monomer and the dimer phases has not cobeen supported by a grant from the Japan Society for the
verged yet. TheE value for dimers obtained in this study Promotion of Science(RFTF96P00104, MPCR-363/96-
was —80 J/g, which is converted te-0.57 eV/Gy, and 03262, the Ministry of Education, Science, Sports, and Cul-
could be a good test for these calculations. ture.

0.01 eV/ atom

0.42 eV/ atom
/

0.02 eV/ atom

compare this scale with the energy differences betwee
graphite, diamond, and fccgg. Figure 4 displays a sche-
matic energy diagram of several crystalline phases of pur
carbon. The energies of diamond ang, @easured from the
most stable graphite are known to be 0.020(8¢f. 18 and
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