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We report on high-resolution thermal expansion measurements of high-temperature-pressure treated C60

@one-dimensional~1D! and ~2D! polymers and ‘‘hard fullerite’’#, as well as of C60 dimers and single crystal
monomer C60 between 10 and 500 K. Polymerization drastically reduces the thermal expansivity from the
values of monomeric C60 due to the stronger and less anharmonic covalent bonds between molecules. The
expansivity of the ‘‘hard’’ material approaches that of diamond. The large and irreversible volume change
upon depolymerization between 400 and 500 K makes it possible to study the kinetics of depolymerization,
which is described excellently by a simple activated process, with activation energies of 1.960.1 eV ~1D and
2D polymers! and 1.7560.05 eV ~dimer!. Although the activation energies are very similar for the different
polymers, the depolymerization rates differ by up to four orders of magnitude at a given temperature, being
fastest for the dimers. Preliminary kinetic data of C70 polymers are presented as well.
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I. INTRODUCTION

Subjecting pure C60 crystals to high-temperature-pressu
conditions results in several different polymeric C60 phases,
which have recently attracted considerable attention.1–5 In
these phases, the weak van der Waals type bonding pre
between molecules in monomer C60 is replaced by covalen
bonds via a 212 cycloaddition reaction.6 Depending on the
exact temperature-pressure conditions, one-dimensional~1D!
and two-dimensional~2D! polymerized structures have bee
found.3,5 It is also possible to photo-polymerize C60,

6 and
polymerization occurs spontaneously during cooling in
dopedA C60 (A5Rb, K) compounds.7 Recently, C60 dimers
have been synthesized using a mechano-chemical techn8

and by applying pressure to C60 in a host lattice.9 It is pos-
sible to study these polymeric forms of C60 at ambient con-
ditions since they are metastable. However, heating the p
mers to around 500 K breaks the polymeric bonds, and
material reverts back to monomeric C60. At very high tem-
perature (T.1000 K) and pressure~3–10 GPa! the C60 cage
collapses and a ‘‘hard fullerite’’ is obtained,4,5,10,11 which
most probably has a cross-linked layered-type structure.

In this paper, we report on high-resolution thermal exp
PRB 600163-1829/99/60~24!/16920~8!/$15.00
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sion measurements between 10 and 500 K of high-press
temperature synthesized 1D~orthorhombic! and 2D~tetrag-
onal! C60 polymers and ‘‘hard’’ fullerite, as well as of C60
dimers and single-crystal monomer C60. Thermal expansion
data are interesting from two points of view. First, polyme
ization is expected to result in a large reduction of the th
mal expansivity from the values of ‘‘normal’’ monomeri
C60 due to the stronger and less anharmonic covalent bo
formed between the C60 molecules in the polymeric phase
We will analyze our expansivity data using the Gru¨neisen
formalism and recent specific heat data on similar sampl12

to obtain some information about the anharmonicity of t
intermolecular bonds. Second, the large and irreversible
ume change upon depolymerization between 400 and 50
makes it possible to study the kinetics of depolymerizat
and, of course, the volume increase when the bonds are
ken. We will show that depolymerization occurs via a simp
activated process, with activation energies of 1.960.2 eV
~1D and 2D polymers! and 1.7560.1 eV ~dimer!. Although
the activation energies are very similar for the different po
mers, the depolymerization rates differ by up to four ord
of magnitude at a given temperature, being fastest for
dimers. Preliminary kinetic data of C70 polymers are pre-
sented as well.
16 920 ©1999 The American Physical Society
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II. EXPERIMENT

The 1D and 2D polymerized samples were prepared
annealing high-purity sublimed polycrystalline C60 at 565 K
for 2 h at apressure of 1.1 GPa~Ref. 13! and at 830 K for 5
h at a pressure of 2.0 GPa, respectively. The samples w
then cooled before releasing the pressure. The ‘‘hard ful
ite’’ sample was obtained by treating C60 at 8 GPa and 1600
K using a very short synthesis time of only 1 min.11 The C60

dimers were synthesized by a solid-state mechanochem
reaction of C60 with potassium cyanide.8 For comparison, a
high-purity C60 monomer single-crystal was also examine
Two high-resolution capacitance dilatometers with tempe
ture ranges of 4-300 K~Ref. 14! and 150-500 K,15 respec-
tively, were used to measure the thermal expansion. D
were taken at constant heating~cooling! rates between 0.2
and 20 mK/s and He exchange gas~10 mbar! was used to
thermally couple the samples to the dilatometers. The th
mal expansion of the dimer phase, which was available o
in the form of fine powder, was measured by placing a sm
amount~0.5 mg! of powder in the bottom of a hollow cappe
cylinder. A small steel rod was then inserted into the cyl
der, and the thermal expansion of the cylinder, rod, a
dimer powder were measured simultaneously. To charac
ize the dimer phase, Raman spectra were taken with a F
rier transform~FT! spectrometer using a Nd:YAG laser wit
a wavelength of 1064 nm.

FIG. 1. ~a! Linear thermal expansion and~b! expansivity of
polymer ~1D and 2D!, ‘‘hard fullerite’’ and monomer C60 upon
heating. The thermal expansion of the 2D sample is quite an
tropic and the data represent a volume average~see Fig. 2!. The
deviation of the 1D and 2D data from the dashed lines in~a! and~b!
result from the thermally activated depolymerization process.
thermal expansion~expansivity! of diamond is shown for compari
son.~See text for details.!
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III. THERMAL EXPANSION RESULTS

The linear thermal expansion,DL/L, and linear expansiv-
ity, a51/L•dL/dT, between 10 and 500 K of monomer an
polymer phases of C60 are compared in Figs. 1~a! and 1~b!,
respectively.

The thermal expansion~expansivity! of the polymers is
much smaller than that of the monomer and decreases as
progresses from the 1D to the 2D polymers and then to
‘‘hard’’ material @The thermal expansion of the 2D materi
was found to be highly anisotropic~see Fig. 2!, and the data
in Fig. 1 represent a volume average.# This is what is ex-
pected if the weak, anharmonic van der Waals bonds
tween the C60 molecules are replaced by more and mo
shorter, stronger, and less anharmonic covalent bonds. In
estingly, the expansivity of the ‘‘hard’’ fullerite approache
that of diamond. A more detailed discussion of the anharm
nicity of the C60-C60 bonds will be presented in the nex
section in connection with recent specific heat measurem
on very similar samples.12 The orientational ‘‘glass’’ and
ordering transitions, which are prominently seen at 90 an
260 K, respectively, in the thermal expansion of the mon
mer phase16 ~see Fig. 1! are, as expected, absent in all hig
pressure treated phases. However, noticeable in both F
1~a! and 1~b! is an anomalous upturn in the thermal expa
sion ~expansivity! of the 1D and 2D phases, which sets in
around 350 K. This anomalous thermal expansion is irreve
ible and is due to the volume increase upon depolymer
tion. It will be shown further on that the depolymerization
a purely kinetic process, and we will extract various kine
parameters from our data.

The anisotropic nature of the thermal expansion of the
polymer sample is demonstrated in Fig. 2, where data
shown for two perpendicular directions of a flake-shap
sample. The expansivity is much lower perpendicu
(aperpendicular) than parallel (aparallel) to the normal of the
flake surface. Presumably, the sample was partially textu
by the application of a uniaxial pressure component dur
synthesis. However, the true anisotropy of the 2D materia
expected to be greater than the observed one. Also show
Fig. 2 is the volume averaged linear expansivity, where

o-

e

FIG. 2. Linear thermal expansivity of the 2D polymer along tw
orthogonal directions of a flake-shaped sample showing a large
isotropy. The volume averaged thermal expansivity is estimated
assuming no anisotropy within the plane of the flake-sha
sample.
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16 922 PRB 60P. NAGEL et al.
have assumed thataaverage5(aparallel12aperpendicular)/3. It is
aaverage, which is shown in Fig. 1.

The expansivity of monomer C60 has previously been
studied in detail only up to 300 K~Refs. 16 and 17!. Here we
present, in addition to the polymer results, also hig
resolution data of single-crystalline monomer C60 up to 500
K. An interesting feature of these data@Fig. 1~b!# is that
a(T) decreases by about 25% between 260 and 500 K. T
represents an unusualT dependence, becausea(T) of a nor-
mal solid is expected to rise slightly or remain constant
high temperature. Either precursors to the fcc-sc phase t
sition or aT dependence of the local structural order18 could
cause this behavior, the latter of which is more likely, sin
no precursors to the transition have been observed.18

Below about 50 K, both the expansivity and the spec
heat of monomer C60 result, to a good approximation, en
tirely from the excitation of intermolecular modes. The i
tramolecular contributions can be ignored in this tempera
range because they are much higher in energy.12 This has
allowed a simple determination of the intermolecular Gru¨n-
eisen parameter of monomer C60.

19 Following this spirit, we
calculate the total Gru¨neisen parameter

gGrüneisen5
3aVmolarBT

CV
, ~1!

from our expansivity and the specific heat12 data of the poly-
mer phases in order to get some idea of anharmonicity of
intermolecular modes of the polymer phases. We used
presently determined room-temperature molar volum
(Vmolar) and 14 GPa,5 33 GPa,2 and 45 GPa~Ref. 20! for the
isothermal bulk moduli (BT) of the monomer, 1D and 2D
phases, respectively. The value 14 GPa is characteristi
the low-T glassy phase of C60, while for the polymers only
room temperature data are available; however, the b
modulus is not expected to show a strong-temperature
pendence for these materials. The resulting Gru¨neisen pa-
rameters as a function of temperature are shown in Fig
Below about 50 K,gGrüneisen of monomer C60 shows little
temperature dependence and has a value of about 4.5. T
significantly larger than the previous calculation19 due to the
larger bulk modulus used in the present calculation. Abo
50 K, gGrüneisen of monomer C60 decreases with increasin
temperature due to the increasing intramolecular contr
tions to Cv , which are much less anharmonic. Perhaps so

FIG. 3. Grüneisen parametergGrüneisenfor monomer and 1D and
2D polymer C60.
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what surprisingly,gGrüneisen of both polymer phases have
very similar value asgGrüneisenof monomer C60 at low tem-
peratures~between 10–20 K!. This should, however, really
be expected since at these low temperatures, only the rem
ing weak van der Waals type of bonds, i.e. the same kind
bonds as in monomer C60, contribute togGrüneisen. At higher
temperatures, in contrast, the covalent intermolecular p
meric bonds start to contribute more and more, and this is
reason for the strongly decreasing~especially for the 2D
polymer! gGrüneisenvalues with increasing temperature for th
polymer materials. This clearly demonstrates that the co
lent intermolecular polymeric bonds are much less anh
monic than the strongly anharmonic monomeric bon
Since these polymer materials are very anisotropic, a pro
analysis of the Gru¨neisen parameters will have to be carri
out using good expansivity and elastic data on single cr
tals.

IV. DEPOLYMERIZATION

In this section, we present and discuss the depolymer
tion experiments of the 1D and 2D C60 polymers and of the
C60 dimers using thermal expansion as a probe. From th
experiments, we obtain the volume increase upon dep
merization, and we can also study the kinetics of depolym
ization. To study the kinetics of the depolymerization pr
cess, we used several different approaches. It has b
shown by several groups that the depolymerization result
an endothermic peak in the specific heat around 450–55
~Refs. 2, 8, and 21! and a similar peak is expected in th
thermal expansivity. For the dimers, the shift in temperat
of this anomaly in the thermal expansion as a function
heating rate was determined. The disadvantage of
method is that a new polymer sample is needed for each
For this reason and the fact that our dilatometer is limited
500 K, we choose a different method for the 1D and 2
polymer samples, in which we cycled the temperature s
eral times between 150 and 500 K at constant heating~cool-
ing! rates. As we show below, this method allows us to d
termine the relaxation rates as a function of temperature
thus the kinetic parameters using a single sample. Finally
a consistency check, the time constants were also meas
directly by recording the length changes as a function of ti
at a fixed temperature.

Figures 4~a! and 4~b! shows the thermal expansion an
expansivity, respectively, of the 1D polymer for repeat
heating~cooling! cycles between 200 and 500 K at a rate
20 mK/s ~220 mK/s!. Clearly seen in Fig. 4~a! are the irre-
versible increase in length of the sample between 450
500 K with each cycle as well as the progressive devel
ment of the well-known fcc-sc phase transition near 260 K
the monomer phase. This reappearance of the fcc-sc p
transition clearly demonstrates that the polymer continuou
reverts back to monomer C60. The volume change upon de
polymerization is 2.2%, if one assumes that the sample
isotropic. This value agrees well with other mechanical st
ies on similar materials13 but is considerably smaller than th
8.5% reported by Bashkinet al.2 This difference could arise
either because our sample was not fully polymerized or
cause of a strong disorder in the orientations of molecu
chains in the polycrystalline material, which does not allo
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PRB 60 16 923C60 ONE- AND TWO-DIMENSIONAL POLYMERS, . . .
the crystal volume to decrease by the same fraction on
macroscopic scale as on the intermolecular~microscopic!
scale. In the experiment of Bashkinet al., the chains are
expected to be at least partially aligned due to the unia
pressure component, and a larger volume effect may be
pected.

The irreversible thermal expansion between 450 and
K @Fig. 4~a!# appears as a large positive~negative! anomaly
upon heating~cooling! in the expansivity superimposed upo
the usual reversible thermal expansivity, which is quite sm
in comparison to the anomalous part@see Fig. 4~b!#. The
total thermal expansivitya tot is, thus, the sum of the revers
ible thermal expansivity,a rev, and the irreversible parta irr

a tot5a rev1a irr . ~2!

a irr arises because the sample lengthL becomes a function
not only of temperature, but also of time, and this time d
pendence ofL is easily extracted by multiplyinga irr by the
heating~cooling! rate,]T/]t,

a irr•
]T

]t
5

1

L
•

]L irr

]T
•

]T

]t
5

1

L
•

]L irr

]t
}

1

t~T!
. ~3!

If we assume that the fraction of polymer phase in
sample scales linearly with the irreversible length chan
shown in Fig. 4, we can quantitatively calculate the polym
monomer transformation rate,t(T), via Eq. ~3! ~for details
see Ref. 15!. t(T) obtained using this procedure for cycle
1–5 are shown in an Arrhenius plot in Fig. 5. Except for t
initial part of cycle 1, where the transformation starts

FIG. 4. ~a! Linear thermal expansion and~b! expansivity of 1D
C60 polymer for several heating and cooling cycles between
and 500 K. Noticeable are the irreversible length increase betw
450–500 K and the restoration of the well-known fcc-sc phase t
sition of monomeric C60 during depolymerization at 260 K.
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lower temperatures,t exhibits a simple activated behavio
i.e., t(T)51/n0•eEa /kBT, over more than a decade in tim
We will show later that the anomalous behavior of the fi
cycle is most likely due to some remaining dimers in t
sample, which break up at considerably lower temperatu
The activation energy determined from a fit of the data
Fig. 5 from 470 to 500 K wasEa51.960.2 eV and the pref-
actorn056.931015Hz for cycles 2–5. For temperatures b
low 470 K the heating and cooling curves no longer mat
This probably has to do with the uncertainty in the bac
ground determination, which strongly influences the resu
for the lower temperatures. To check the validity of t
above approach, we also directly measured the time de
dence ofL between cycles 5 and 6 for 1 h at aconstant
temperature of 500 K, and the result is shown in Fig. 5~b!.
The data are described excellently by an exponential re
ation curve witht(500 K)52340 s. This value oft agrees
very well with those obtained from the dynamic heati
~cooling! runs using Eq.~1! @see Fig. 5~a!#, which clearly
justifies our approach.

0
en
n-

FIG. 5. ~a! Arrhenius plot of the depolymerization ratet for the
1D C60-polymer determined from the expansion data of Fig. 4~solid
lines!. Except for the initial part of the first heating cycle, the da
exhibit a simple activated behavior with an activation energy
Ea51.960.2 eV. The open circle data point at 500 K was det
mined directly~seeb and text for details!. ~b! Relaxation of the 1D
C60 polymer sample length versus time at 500 K. The data w
taken for a period of 1 hour between cycles 5 and 6~see Fig. 4!. A
simple exponential relaxation curve witht~500 K!52340 s~line!
excellently describes the data.
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16 924 PRB 60P. NAGEL et al.
The thermal expansion upon depolymerization of the
polymer is shown in Fig. 6, again for repeated heating~cool-
ing! cycles between 150 and 500 K at a rate of 20 mK
~220 mK/s!. In order to get a better idea of the volum
increase upon depolymerization, we used a sample w
had an initial expansivity close to the volume averaged
of the anisotropic sample. The results upon depolymeriza
are very similar to those of the 1D material~Fig. 4!, but with
three important differences. First, the length increase of
2D polymer is almost a factor of 10 larger than for the 1
polymer~6.3% vs 0.7%!. Again assuming that the sample
isotropic, we obtain a very large volume increase of roug
18%, in fair agreement with the literature.1,3 Second, the ori-
entational ordering transition is initially observed at 190
i.e., much lower than the bulk value of 260 K@see inset of
Fig. 6~b!#, and then shifts to the bulk value upon furth
depolymerization. The symmetric shape and the lowerTc of
the 190 K transition are reminiscent of two-dimensional b
havior, suggesting that depolymerization initially occurs
thin layers. Third, the depolymerization is somewhat slow
in the 2D than in the 1D material; an increased number
cycles are needed to convert all of the 2D polymer back
the monomer phase. We performed the same type of ana
of the different heating~cooling! cycles as for the 1D poly-
mer and extracted the bond-breaking ratet, which is plotted
in Fig. 7~a! for several cycles at the beginning and at the e
of depolymerization. As in the 1D material, the first cyc
shows some feature with a faster rate. The subsequent c
all exhibit activated behavior with the same activation e

FIG. 6. ~a! Linear thermal expansion and~b! expansivity of the
2D C60 polymer for several heating and cooling cycles between
and 500 K. The irreversible length increase near 500 K is abo
factor of 10 larger than for the 1D polymer. The inset in~b! shows
that the fcc-sc transition first develops at 190 K and then shift
the usual value of 250–260 K upon full depolymerization.~See text
for details.!
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ergy,Ea51.960.2 eV, for the different heating and coolin
cycles between 470 and 500 K. However, the attempt
quencyn0 decreases during the course of the measurem
from an initial value close to the value of the 1D-polym
(n05731015Hz) and ends up withn057.331014Hz @see
Fig. 7~a!#. This may indicate that the sample is a mixture
1D-and 2D-polymer phases, which are breaking up at diff
ent rates. A direct measurement of the time-depend
length-increase at 500 K between cycles 9 and 10 prov
evidence for two different relaxation rates@see Fig. 7~b!#,
which supports this view. In contrast to the 1D data@Fig.
5~b!#, the time dependence of the length of the 2D mate
cannot be fit with a single exponential curve@see Fig. 7~b!#.
A fit with two different relaxation times, on the other han
provides an excellent description of the data. The fastet
matches the values of the 1D polymer and the slowet

0
a

o

FIG. 7. ~a! Arrhenius plot of the depolymerization ratet for the
2D C60 polymer determined from the expansion data of Fig. 6~solid
lines!. Except for the initial part of the first heating cycle, the da
exhibit an activated type behavior with an activation energy ofEa

51.960.2 eV ~dashed line!. The open circle data points at 500
were determined directly~seeb and text for details!. ~b! Relaxation
of the 2D C60-polymer sample length versus time at 500 K. T
data were taken for a period of 5 h between cycles 9 and 10~see
Fig. 6!. In contrast to the data of the 1D material@see Fig. 6~b!#, the
data are not described by a single exponential relaxation, but ra
provide evidence for two different rates witht t(500 K)52391 s
andt2(500 K)512 585 s.
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PRB 60 16 925C60 ONE- AND TWO-DIMENSIONAL POLYMERS, . . .
agrees with the limiting value of the dynamic 2D data@see
Fig. 7~a!#, which provides further evidence for a two-pha
nature of the sample.

We now proceed to discuss the depolymerization of
C60 dimers. As mentioned previously, the thermal expans
measurements of the dimers were performed on very s
amounts of powdered material, which allowed a study of
kinetics of depolymerization and a qualitative, but not qua
titative, determination of the expansivity. In Fig. 8, we th
present the ‘‘apparent’’ linear thermal expansion and the
pansivity of the C60 dimer powder for the first heating cycl
from 220 to 500 K and the subsequent cooling cycle fr
500 to 150 K. Upon heating a large shortening of the sam
occurs near 315 K in Fig. 8~a!, which results in a large nega
tive peak in the expansivity@Fig. 8~b!#. A second, much
smallerS-shaped anomaly, which is only seen in the exp
sivity, occurs near 415 K. Both anomalies are absent in
cooling curve, indicating irreversible processes. Howe
upon cooling and subsequent heating cycles, a new p
transition arises near 220 K. We identify this transitio
which has been shifted down to 220 K presumably due
remaining disorder, with the fcc-sc phase transition, and t
thus, indicates that the dimers have been broken apar
heating to 500 K. In order to determine which of the anom
lies upon heating is due to bond breaking, Raman spec22

of fresh samples were taken before heating, after annealin
385 K for three hours and after heating slowly to 500
These spectra clearly demonstrate that the 315 K peak is
to evaporating solvent~c-dichlorobenzene! still present in the

FIG. 8. ~a! Linear thermal expansion and~b! expansivity of the
C60-dimer sample upon heating and cooling at a rate of 1.5 mK
The breaking of the dimers occurs at the smallS-shaped anomaly
near 415 K in~b!. The left inset in b! shows that the sc-fcc trans
tion is recovered after heating to 500 K. The right inset dem
strates that theS-shaped anomaly shifts approximately linear w
the logarithm of the heating rate.~See text for details.!
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powdered samples and that bond breaking occurs around
K. In contrast to the 1D and 2D C60 polymers, there appear
to be very little volume change occurring upon depolym
ization of the dimers as implied by thes-shaped anomaly
and it is not even clear from our data if the volume increa
or decreases. The shape of the anomaly was however
reproducible, nearly identicalS-shaped anomalies were ob
served for five different samples measured at different ra
The right inset of Fig. 8~b! shows that, as expected, th
anomaly shifts to lower temperatures with decreasing hea
rates. Defining the bond-breaking temperaturesTbb
5Tbond-breakingas either the maxima or minima of the anom
lies allows one to plot the logarithm of the heating rater
versus 1/Tbb , from which activation energiesEa51.70
60.05 eV ~maxima! and Ea51.7960.05 eV ~minima! are
obtained. To convert the heating rate to a bond breaking
tbb , the bond breaking was simulated with a simple mo
in which the fraction of dimersy obeys the differential equa
tion

dy

dT
5

y

t~T!•r
, ~4!

with an activated ratet(T)51/n03exp(Ea /kBT). The only
free parameter in this model is the attempt frequency, wh
could be determined ton052.631017Hz. The resulting re-
laxation times are plotted in Fig. 9. Our result for the dime
agrees very well with differential scanning calorimet
~DSC! measurements taken at 17 mK/s on the sa
material,8 which produce a peak centered at 435 K. Anoth
DSC study, on the other hand, found that the dimers brea
a much higher temperature of about 540 K.21 This difference
is much larger than expected from the larger heating r
~166 vs 17 mK/s! of this study, which according to our re
sults should only shift the transition about 20 K@see right
inset of Fig. 8~b!#. The origin of this discrepancy is unclea
there must be some major difference between the dimer
terials produced using the different methods. We note t

s.

-

FIG. 9. Comparison of the depolymerization ratet for the 1D
and 2D C60 polymers, C60 dimers, C70 polymers ~Ref. 24!, and
photopolymerized C60 films ~Ref. 23!.
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16 926 PRB 60P. NAGEL et al.
the small peak in the first heating cycle of the 1D mate
@see Fig. 4~b!# at around 440 K excellently matches the d
polymerization temperature of the dimers@see Fig. 8~b!#,
suggesting that there is a small amount of dimers in the
sample.

A summary of the kinetic depolymerization data for t
1D and 2D polymers and for the dimers is shown in
Arrhenius representation in Fig. 9. Cooling and heat
curves have been averaged for the 1D and 2D mater
which reduces the uncertainties in the activation energ
We have also included data from photo-polymerized C60
films from Wang et al.23 and preliminary results of C70
polymers.24 The activation energy for all polymer material
very similar, falling between 1.75 and 1.9 eV. However, t
relaxation times at a given temperature differ by up to fo
orders of magnitude, or, for a fixed relaxation rate, the de
lymerization ‘‘temperatures’’ differ by up to 100 K. Thi
difference cannot be explained by just the small differen
in Ea , but is also the result of higher values ofn0 for the
dimers (n052.631017Hz) than for the 1D (n057.3
31015Hz) and 2D (n057.331014Hz) polymers. Ourt val-
ues for the dimers closely match those of the pho
polymerized C60 films,23 which strongly suggests that th
photopolymerized films of Wanget al. consist primarily of
dimers. We, however, point out that our activation energy
the dimers~1.75 eV! is significantly larger than the one de
rived by Wanget al. ~1.25 eV!.23 The depolymerization ac
tivation energy of the 1D material is in fair agreement w
the value (2.360.3 eV) found by Moravskyet al.25

Since our kinetic data are obtained at finite temperatu
they should be analyzed in terms of the ‘‘free activation e
ergy’’, as discussed by Peterssonet al.,26 in order to compare
them to theoretical predictions, which are usually carried
for T50. The relaxation time in this formalism is given b

t~T!5 f 0
21

•expS DG

kBTD , ~5!

whereDG denotes the free activation enthalpy of the dep
lymerization process andf 0 is a characteristic phonon fre
quency. DG is related to the activation enthalpyDH and
the activation entropy through the usual thermodynamic
lation DG5DH2TDS. Also DH5DU1pDV, whereDU
is the potential barrier height andDV is the activation vol-
ume, i.e., the difference in volume between the minimal a
maximal energy positions. Equation~5! can be rewritten as

t~T!5 f 0
21 exp~2DS/kB!•expS DH

kBTD . ~6!

We can identify the experimentally determined quantitiesn0
andEa with f 0•exp(DS/kB) andDH, respectively. Theoreti-
cal studies of the barrier height for the 2D rhombohed
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polymer give values ofDU51.6 eV ~Ref. 27! and DU
51.7 eV.28 These values are slightly smaller than our expe
mentally determinedDH value of 1.9~2! eV for the 1D and
2D phases. Assuming that this difference is significant, s
gests that thepDV term plays a non-negligible role. OurDH
value of the dimer~1.75 eV!, on the other hand, appears
agree much better with the theoretical values. Possibly,
is due to the fact that there is very little volume chan
during the transition, i.e., the activation volume may be qu
small. The prefactorn0 of the polymers~especially for the
dimers! is significantly larger than a typical phonon fre
quency, which suggests that the activation entropyDS also
play a key role in the kinetics of depolymerization. A dire
study of the activation volume via kinetic studies und
pressure26 should shed more light upon this issue.

V. CONCLUSION

Subjecting C60 to high-pressure and temperature con
tions results in large changes of the thermal expansion
havior of the resulting polymer and ‘‘hard fullerite’’ phase
The thermal expansivity is greatly reduced by replacing
weak van der Waals type intermolecular bonds of monom
C60 by an increasing number of covalent polymer bonds. T
smallest thermal expansivity is found for the ‘‘hard fulle
ite’’ material, in which the C60 cage has been broken apa
The volume change upon depolymerization is around
and 18% for the 1D and 2D material, respectively. Lit
volume change is seen for the dimer sample. The kinetic
depolymerization follow a simple thermally activated beha
ior with activation enthalpies between 1.75 eV~dimers! and
1.9 eV~1D and 2D!. The kinetics of depolymerization of C70
polymer falls between those of the 1D and 2D materials a
those of the dimers. The experimentally determined depo
merization barrier of all polymers studied has about the sa
value and agrees quite well with theory.27,28 Small differ-
ences between theory and experiment may be the resu
non-negligible activation volumes. The similarity of the ba
rier heights also suggests that the energetic stability of
different polymeric bonds are very similar. Despite the ve
similar barrier heights, the relaxation rate is about a facto
104 faster for the dimers than the 2D polymer. High-press
studies of the depolymerization kinetics would be very u
ful in order to gain further insights into the physics of the
effects.
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