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We report on high-resolution thermal expansion measurements of high-temperature-pressure fgeated C
[one-dimensiona{1D) and (2D) polymers and “hard fullerite], as well as of G, dimers and single crystal
monomer G, between 10 and 500 K. Polymerization drastically reduces the thermal expansivity from the
values of monomeric £ 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 energiestdf.1 68V (1D and
2D polymers and 1.75-0.05 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, @olymers are presented as well.
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[. INTRODUCTION sion measurements between 10 and 500 K of high-pressure-
temperature synthesized 1@rthorhombig and 2D (tetrag-
Subjecting pure & crystals to high-temperature-pressure 0na) Cgo polymers and “hard” fullerite, as well as of ¢
conditions results in several different polymerig,@hases, ~dimers and single-crystal monomegCThermal expansion
which have recently attracted considerable attentidrin ~ data are interesting from two points of view. First, polymer-
these phases, the weak van der Waals type bonding preséﬁ‘f‘“on is expected to result in a large reduction of the ther-

between molecules in monomeggds replaced by covalent Mal expansivity from the values of “normal” monomeric
bonds via a 2 2 cycloaddition reactio.Depending on the Cgo due to the stronger and less anharmonic covalent bonds

exact temperature-pressure conditions, one-dimensiabal formed between the ¢ molecules in the polymeric phase.

and two-dimensional2D) polymerized structures have been we W'." analyze our expansivity data usmg_th_e Geisen
35 1, . : formalism and recent specific heat data on similar sarples
found®® It is also possible to photo-polymerizes£® and

o : - to obtain some information about the anharmonicity of the
polymerization occurs spontaneously during cooling in th

= 2 . @ntermolecular bonds. Second, the large and irreversible vol-
dopedA Ceo (A=RD, K) compounds.Recently, G dimers ;s change upon depolymerization between 400 and 500 K

have been synthesized using a mechano-chemical techniqu@ayes it possible to study the kinetics of depolymerization
and by applying pressure tos§in a host lattic€. It is pos-  and, of course, the volume increase when the bonds are bro-
sible to study these polymeric forms ot ambient con-  ken. We will show that depolymerization occurs via a simple
ditions since they are metastable. However, heating the polyctivated process, with activation energies of 1092 eV
mers to around 500 K breaks the polymeric bonds, and theiD and 2D polymensand 1.75-0.1 eV (dimen. Although
material reverts back to monomeriggC At very high tem-  the activation energies are very similar for the different poly-
perature T>1000K) and pressur@@—10 GPathe Gycage mers, the depolymerization rates differ by up to four orders
collapses and a “hard fullerite” is obtainéd;**'*which  of magnitude at a given temperature, being fastest for the
most probably has a cross-linked layered-type structure. dimers. Preliminary kinetic data of /& polymers are pre-

In this paper, we report on high-resolution thermal expansented as well.
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0.0 Ill. THERMAL EXPANSION RESULTS

0 100 200 300 400 500
T (K) The linear thermal expansiogL/L, and linear expansiv-
ity, «=1/L-dL/dT, between 10 and 500 K of monomer and
FIG. 1. (a) Linear thermal expansion anth) expansivity of ~ Polymer phases of & are compared in Figs.(d and 1b),
polymer (1D and 2D, “hard fullerite” and monomer @, upon  respectively.
heating. The thermal expansion of the 2D sample is quite aniso- The thermal expansiofexpansivity of the polymers is
tropic and the data represent a volume aver@ge Fig. 2 The  much smaller than that of the monomer and decreases as one
deviation of the 1D and 2D data from the dashed line&@jrand(b) progresses from the 1D to the 2D polymers and then to the
result from the thermally activated depolymerization process. Thé'hard” material [The thermal expansion of the 2D material
thermal expansiofexpansivity of diamond is shown for compari- was found to be highly anisotropisee Fig. 2, and the data
son.(See text for details. in Fig. 1 represent a volume averag&his is what is ex-
pected if the weak, anharmonic van der Waals bonds be-
Il. EXPERIMENT tween the Gy molecules are replaced by more and more
shorter, stronger, and less anharmonic covalent bonds. Inter-
stingly, the expansivity of the “hard” fullerite approaches

: : . : : hat of diamond. A more detailed discussion of the anharmo-
| high-purit blimed pol tallingat 565 K g . .
annealing nigh-purity subimec polycrysta fing nicity of the GCgo bonds will be presented in the next

for 2 h at apressure of 1.1 GP@ef. 13 and at 830 K for 5 ection in connection with recent specific heat measurements
h at a pressure of 2.0 GPa, respectively. The samples wers ) P

. . on very similar sample¥ The orientational “glass” and
Fh?,n cooled before re_zleasmg the pressure. The "hard fu"erf)rderin)g/y transitions, VF\)IhiCh are prominently see?n at 90 and at
Ite _f,ample was obtained by.tre.atmgo(;ht 8 GP"’? and 1600 260 K, respectively, in the thermal expansion of the mono-
K using a very short synthesis time of only 1 minThe Gy _ mer phas¥ (see Fig. 1 are, as expected, absent in all high-
dimers were synthesized by a solid-state mechanochemicglessyre treated phases. However, noticeable in both Figs.
reaction of G with potassium cyanid& For comparison, a 1(a) and 4b) is an anomalous upturn in the thermal expan-
high-purity Gso monomer single-crystal was also examined.sjon (expansivity of the 1D and 2D phases, which sets in at
Two high-resolution capacitance dilatometers with temperaaround 350 K. This anomalous thermal expansion is irrevers-
ture ranges of 4-300 KRef. 14 and 150-500 K’ respec- ible and is due to the volume increase upon depolymeriza-
tively, were used to measure the thermal expansion. Datgion. It will be shown further on that the depolymerization is
were taken at constant heatiiigooling rates between 0.2 a purely kinetic process, and we will extract various kinetic
and 20 mK/s and He exchange gd® mbaj was used to parameters from our data.

thermally couple the samples to the dilatometers. The ther- The anisotropic nature of the thermal expansion of the 2D
mal expansion of the dimer phase, which was available onlpolymer sample is demonstrated in Fig. 2, where data are
in the form of fine powder, was measured by placing a smalshown for two perpendicular directions of a flake-shaped
amount(0.5 mg of powder in the bottom of a hollow capped sample. The expansivity is much lower perpendicular
cylinder. A small steel rod was then inserted into the cylin-(aperpendicuiat than parallel @paraie) to the normal of the
der, and the thermal expansion of the cylinder, rod, andlake surface. Presumably, the sample was partially textured
dimer powder were measured simultaneously. To characteby the application of a uniaxial pressure component during
ize the dimer phase, Raman spectra were taken with a Fogynthesis. However, the true anisotropy of the 2D material is
rier transform(FT) spectrometer using a Nd:YAG laser with expected to be greater than the observed one. Also shown in
a wavelength of 1064 nm. Fig. 2 is the volume averaged linear expansivity, where we

The 1D and 2D polymerized samples were prepared b
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6 ~ what surprisingly,ygrineisen Of DOth polymer phases have a

monomer

. very similar value asygineisenOf monomer G, at low tem-
1D polymer

peraturesbetween 10—-20 K This should, however, really
be expected since at these low temperatures, only the remain-
ing weak van der Waals type of bonds, i.e. the same kinds of
bonds as in monomergg contribute t0ygineisen At higher
temperatures, in contrast, the covalent intermolecular poly-
2D polymer meric bonds start to contribute more and more, and this is the
11 reason for the strongly decreasirigspecially for the 2D
polymed ygineisenvalues with increasing temperature for the
0 5 20 40 €0 30 polyr_ner materials. This clez_irly demonstrates that the cova-
T(K) lent intermolecular polymeric bonds are much less anhar-
monic than the strongly anharmonic monomeric bonds.

FIG. 3. Grineisen parameteygineisenfor monomer and 1D and ~ Since these polymer materials are very anisotropic, a proper

2D polymer G analysis of the Gmeisen parameters will have to be carried
out using good expansivity and elastic data on single crys-
have assumed thataverage:(aparallel"' 2aperpendicula)r/3- It is tals.
@average Which is shown in Fig. 1.

The expansivity of monomer g has previously been
studied in detail only up to 300 KRefs. 16 and 17 Here we
present, in addition to the polymer results, also high- In this section, we present and discuss the depolymeriza-
resolution data of single-crystalline monomej,@p to 500 tion experiments of the 1D and 2Dggpolymers and of the
K. An interesting feature of these dafiig. 1(b)] is that  Cg, dimers using thermal expansion as a probe. From these
a(T) decreases by about 25% between 260 and 500 K. Thisxperiments, we obtain the volume increase upon depoly-
represents an unusulildependence, becaua€T) of a nor-  merization, and we can also study the kinetics of depolymer-
mal solid is expected to rise slightly or remain constant afzation. To study the kinetics of the depolymerization pro-
high temperature. Either precursors to the fcc-sc phase tramess, we used several different approaches. It has been
sition or aT dependence of the local structural ordesould  shown by several groups that the depolymerization results in
cause this behavior, the latter of which is more likely, sincean endothermic peak in the specific heat around 450-550 K
no precursors to the transition have been obsef¥ed. (Refs. 2, 8, and 21and a similar peak is expected in the

Below about 50 K, both the expansivity and the specificthermal expansivity. For the dimers, the shift in temperature
heat of monomer §g result, to a good approximation, en- of this anomaly in the thermal expansion as a function of
tirely from the excitation of intermolecular modes. The in- heating rate was determined. The disadvantage of this
tramolecular contributions can be ignored in this temperaturenethod is that a new polymer sample is needed for each run.
range because they are much higher in enétgbhis has  For this reason and the fact that our dilatometer is limited to
allowed a simple determination of the intermoleculariGru 500 K, we choose a different method for the 1D and 2D
eisen parameter of monomegdS° Following this spirit, we  polymer samples, in which we cycled the temperature sev-

YGnL'meisen
w
1

IV. DEPOLYMERIZATION

calculate the total Gneisen parameter eral times between 150 and 500 K at constant hedtingl-
ing) rates. As we show below, this method allows us to de-
3aVioaBT termine the relaxation rates as a function of temperature and
VGrﬁneisen:C—V' (D) thus the kinetic parameters using a single sample. Finally, as

a consistency check, the time constants were also measured
from our expansivity and the specific h&adata of the poly- directly by recording the length changes as a function of time
mer phases in order to get some idea of anharmonicity of thet a fixed temperature.
intermolecular modes of the polymer phases. We used the Figures 4a) and 4b) shows the thermal expansion and
presently determined room-temperature molar volumegxpansivity, respectively, of the 1D polymer for repeated
(Vmoia) @nd 14 GP3&,33 GP&, and 45 GP4dRef. 20 for the  heating(cooling cycles between 200 and 500 K at a rate of
isothermal bulk moduli B1) of the monomer, 1D and 2D 20 mK/s(—20 mK/g. Clearly seen in Fig. @) are the irre-
phases, respectively. The value 14 GPa is characteristic okersible increase in length of the sample between 450 and
the low-T glassy phase of &, while for the polymers only 500 K with each cycle as well as the progressive develop-
room temperature data are available; however, the bulknent of the well-known fcc-sc phase transition near 260 K of
modulus is not expected to show a strong-temperature dehe monomer phase. This reappearance of the fcc-sc phase
pendence for these materials. The resulting@isen pa- transition clearly demonstrates that the polymer continuously
rameters as a function of temperature are shown in Fig. Jeverts back to monomergg The volume change upon de-
Below about 50 K,ygineisen Of monomer Gg shows little  polymerization is 2.2%, if one assumes that the sample is
temperature dependence and has a value of about 4.5. Thisisetropic. This value agrees well with other mechanical stud-
significantly larger than the previous calculatiddue to the  ies on similar materials but is considerably smaller than the
larger bulk modulus used in the present calculation. Above8.5% reported by Bashkiet al? This difference could arise
50 K, varineisen Of monomer G, decreases with increasing either because our sample was not fully polymerized or be-
temperature due to the increasing intramolecular contribueause of a strong disorder in the orientations of molecular
tions to G, , which are much less anharmonic. Perhaps someshains in the polycrystalline material, which does not allow
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FIG. 4. (a) Linear thermal expansion anitl) expansivity of 1D 21+
Ceo polymer for several heating and cooling cycles between 200 :)a(:nential St with
and 500 K. Noticeable are the irreversible length increase between 204 # ,=2340's
450-500 K and the restoration of the well-known fcc-sc phase tran-
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the crystal volume to decrease by the same fraction on the

macroscopic scale as on the intermolecularicroscopi¢ FIG. 5. (a) Arrhenius plot of the depolymerization ratefor the

scale. In the experiment of Bashket al, the chains are 1D Cyy-polymer determined from the expansion data of Figsalid

expected to be at least partially aligned due to the uniaxialines). Except for the initial part of the first heating cycle, the data

pressure component, and a larger volume effect may be exxhibit a simple activated behavior with an activation energy of

pected. E,=1.9+0.2eV. The open circle data point at 500 K was deter-
The irreversible thermal expansion between 450 and 506nined directly(seeb and text for details (b) Relaxation of the 1D

K [Fig. 4a)] appears as a large positiveegativeé anomaly  Cso polymer sample length versus time at 500 K. The data were

upon heatingcooling in the expansivity superimposed upon taken for a period of 1 hour between cycles 5 an@ée Fig. 4 A

the usual reversible thermal expansivity, which is quite smalpimple exponential relaxation curve wit500 K)=2340 s(line)

in comparison to the anomalous pasee Fig. 4b)]. The  excellently describes the data.

total thermal expansivityyq is, thus, the sum of the revers- e temperaturesr exhibits a simple activated behavior,

ible thermal expansivityg,.,, and the irreversible pat;, i.e., 7(T)=1/vo- €5a’*8T, over more than a decade in time.

We will show later that the anomalous behavior of the first
cycle is most likely due to some remaining dimers in the
a;, arises because the sample lengthecomes a function Sample, which break up at considerably lower temperatures.
not only of temperature, but also of time, and this time de-The activation energy determined from a fit of the data in

pendence ot is easily extracted by multiplying;, by the Fig. 5 from 470 to 500 K wa&,=1.9+0.2 eV and the pref-

Qyot= Areyt Wirr (2

: : actor vo=6.9x 10°Hz for cycles 2-5. For temperatures be-
heating(cooling rate, JT/dt, low 470 K the heating and cooling curves no longer match.
gT 1 dL, oT 1 aL, 1 This probably has to do with the uncertainty in the back-
Qi+ —= — —=_ o . ®) ground determination, which strongly influences the results

gt L oT ot L gt 7(T) for the lower temperatures. To check the validity of the

_ ) above approach, we also directly measured the time depen-

If we assume that the.fracnon_ of polymer phase in thegence ofL between cycles 5 and 61fd h at aconstant
sample. scales linearly with t.heilrrever5|ble length chang@emperature of 500 K, and the result is shown in Figp)5
shown in Fig. 4, we can quantitatively calculate the polymer-The data are described excellently by an exponential relax-
monomer transformation rate(T), via Eq.(3) (for details  ation curve with7(500K)=2340s. This value of agrees
see Ref. 1b 7(T) obtained using this procedure for cycles very well with those obtained from the dynamic heating
1-5 are shown in an Arrhenius plot in Fig. 5. Except for the(cooling runs using Eq(1) [see Fig. 8a)], which clearly
initial part of cycle 1, where the transformation starts atjustifies our approach.
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FIG. 6. (a) Linear thermal expansion ar{ti) expansivity of the g 38|
2D G4, polymer for several heating and cooling cycles between 150 2
and 500 K. The irreversible length increase near 500 K is about a data i
factor of 10 larger than for the 1D polymer. The insetlih shows oraf o f:‘:;’;;’;“: it with
that the fcc-sc transition first develops at 190 K and then shifts to exponential fit with
the usual value of 250—-260 K upon full depolymerizati(Bee text 34§ 7,=12585 s and ©,= 2391 5
for details) 0o 1 2 3 4 s

time (h)
The thermal expansion upon depolymerization of the 2D ) o
ing) cycles between 150 and 500 K at a rate of 20 mK/s2D Cso polymer determined from the expansion data of Figsdid
(=20 mK/S. In order to get a better idea of the volume lines). Except for the initial part of the first heating cycle, the data

; it ;. exhibit an activated type behavior with an activation energ¥ of
increase upon depolymerization, we used a sample whlcﬁx s : .
had an initial expansivity close to the volume averaged ong -3 0-2€V (dashed ling The open circle data points at 500 K

of the anisotropic sample. The results upon depolymerizatiowere determined directlgseeb and text for details (b) Relaxation

L . of the 2D Ggpolymer sample length versus time at 500 K. The
are very similar to those of the 1D materi&ig. 4), but with data were taken for a period 6 h between cycles 9 and 18ee

three important differences. First, the length increase of thgi _6). In contrast to the data of the 1D matefise Fig. 6)], the

2D polymer is almost a fac'{,or of 10 !arger than for the 1,Dda?ta are not described by a single exponential relax?ition, but rather
polymer(6.3% vs 0.7% Again assuming that the sample is ,ide evidence for two different rates with(500 K)=2391 s
isotropic, we obtain a very large volume increase of roughly,nq -, (500 K)=12 585 s.

18%, in fair agreement with the literatul€ Second, the ori-

entational ordering transition is initially observed at 190 K, ergy, E,=1.9+0.2 eV, for the different heating and cooling
i.e., much lower than the bulk value of 260[Kee inset of cycles between 470 and 500 K. However, the attempt fre-
Fig. 6)], and then shifts to the bulk value upon further quencyy, decreases during the course of the measurement
depolymerization. The symmetric shape and the loWeof  from an initial value close to the value of the 1D-polymer
the 190 K transition are reminiscent of two-dimensional be-{ v,=7x10"°Hz) and ends up withyg=7.3Xx 10**Hz [see
havior, suggesting that depolymerization initially occurs inFig. 7(a)]. This may indicate that the sample is a mixture of
thin layers. Third, the depolymerization is somewhat slowerlD-and 2D-polymer phases, which are breaking up at differ-
in the 2D than in the 1D material; an increased number oknt rates. A direct measurement of the time-dependent
cycles are needed to convert all of the 2D polymer back tdength-increase at 500 K between cycles 9 and 10 provides
the monomer phase. We performed the same type of analysévidence for two different relaxation rat¢see Fig. )],

of the different heatingcooling cycles as for the 1D poly- which supports this view. In contrast to the 1D dédg.

mer and extracted the bond-breaking ratevhich is plotted  5(b)], the time dependence of the length of the 2D material
in Fig. 7(a) for several cycles at the beginning and at the enctannot be fit with a single exponential curisee Fig. T)].

of depolymerization. As in the 1D material, the first cycle A fit with two different relaxation times, on the other hand,
shows some feature with a faster rate. The subsequent cyclpsovides an excellent description of the data. The faster
all exhibit activated behavior with the same activation en-matches the values of the 1D polymer and the slower
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TK) powdered samples and that bond breaking occurs around 415

FIG. 8. (a) Linear thermal expansion arf) expansivity of the K- In contrast to the 1D and 2Dggpolymers, there appears
Co-dimer sample upon heating and cooling at a rate of 1.5 mk/stO be very little volume change occurring upon depolymer-

The breaking of the dimers occurs at the sn@ihaped anomaly 1zation of the dimers as implied by tieshaped anomaly,
near 415 K in(b). The left inset in b shows that the sc-fcc transi- @nd it is not even clear from our data if the volume increases
tion is recovered after heating to 500 K. The right inset demon-Or decreases. The shape of the anomaly was however very
strates that th&shaped anomaly shifts approximately linear with reproducible, nearly identicadshaped anomalies were ob-
the logarithm of the heating ratéSee text for details. served for five different samples measured at different rates.
The right inset of Fig. &) shows that, as expected, the
agrees with the limiting value of the dynamic 2D dfsee anomaly sh!ft_s to lower temperatures with decreasing heating
Fig. 7(@)], which provides further evidence for a two-phaserates. Defining the bond-breaking temperaturds,
nature of the sample. = Thond-breaking®S €ither the maxima or minima of the anoma-
We now proceed to discuss the depolymerization of théies allows one to plot the logarithm of the heating rate
Cgo dimers. As mentioned previously, the thermal expansioryersus 1T,,, from which activation energied,=1.70
measurements of the dimers were performed on very smaif 0.05eV (maximg and E,=1.79+0.05eV (minima) are
amounts of powdered material, which allowed a study of theobtained. To convert the heating rate to a bond breaking rate
kinetics of depolymerization and a qualitative, but not quan-Ton, the bond breaking was simulated with a simple model
titative, determination of the expansivity. In Fig. 8, we thusin which the fraction of dimerg obeys the differential equa-
present the “apparent” linear thermal expansion and the extion
pansivity of the @y dimer powder for the first heating cycle
from 220 to 500 K and the subsequent cooling cycle from dy vy
500 to 150 K. Upon heating a large shortening of the sample a7 o(T)-r’ )
occurs near 315 K in Fig.(8), which results in a large nega-
tive peak in the expansivityFig. 8b)]. A second, much with an activated rate(T) = 1/vyX expE,/kgT). The only
smallerSshaped anomaly, which is only seen in the expanfree parameter in this model is the attempt frequency, which
sivity, occurs near 415 K. Both anomalies are absent in theould be determined to,=2.6x 10'"Hz. The resulting re-
cooling curve, indicating irreversible processes. Howevetaxation times are plotted in Fig. 9. Our result for the dimers
upon cooling and subsequent heating cycles, a new phasgrees very well with differential scanning calorimetry
transition arises near 220 K. We identify this transition,(DSC) measurements taken at 17 mK/s on the same
which has been shifted down to 220 K presumably due tamaterial® which produce a peak centered at 435 K. Another
remaining disorder, with the fcc-sc phase transition, and thisDSC study, on the other hand, found that the dimers break at
thus, indicates that the dimers have been broken apart by much higher temperature of about 546'KThis difference
heating to 500 K. In order to determine which of the anomadis much larger than expected from the larger heating rate
lies upon heating is due to bond breaking, Raman spéctra(166 vs 17 mK/s of this study, which according to our re-
of fresh samples were taken before heating, after annealing atilts should only shift the transition about 20[Kee right
385 K for three hours and after heating slowly to 500 K.inset of Fig. 8b)]. The origin of this discrepancy is unclear,
These spectra clearly demonstrate that the 315 K peak is dukere must be some major difference between the dimer ma-
to evaporating solverit-dichlorobenzenestill present in the terials produced using the different methods. We note that
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the small peak in the first heating cycle of the 1D materialpolymer give values ofAU=1.6eV (Ref. 27 and AU
[see Fig. 4b)] at around 440 K excellently matches the de-=1.7 eV2® These values are slightly smaller than our experi-
polymerization temperature of the dimefsee Fig. 8)],  mentally determinedH value of 1.92) eV for the 1D and
suggesting that there is a small amount of dimers in the 1D phases. Assuming that this difference is significant, sug-
sample. gests that th@AV term plays a non-negligible role. OAH

A summary of the kinetic depolymerization data for the yajue of the dimer1.75 eV}, on the other hand, appears to
1D and 2D polymers and for the dimers is shown in anagree much better with the theoretical values. Possibly, this
Arrhenius representation in Fig. 9. Cooling and heatingis due to the fact that there is very little volume change
curves have been averaged for the 1D and 2D materialgjuring the transition, i.e., the activation volume may be quite
which reduces the uncertainties in the activation energiesmall. The prefactow, of the polymers(especially for the
We have also included data from photo-polymerizegh C dimers is significantly larger than a typical phonon fre-
films from Wang et al”® and preliminary results of £  quency, which suggests that the activation entrdiyalso
polymersZ* The activation energy for all polymer material is play a key role in the kinetics of depolymerization. A direct
very similar, falling between 1.75 and 1.9 eV. However, thestudy of the activation volume via kinetic studies under

relaxation times at a given temperature differ by up to fourpressuré® should shed more light upon this issue.
orders of magnitude, or, for a fixed relaxation rate, the depo-

lymerization “temperatures” differ by up to 100 K. This V. CONCLUSION
difference cannot be explained by just the small differences o ) )
in E,, but is also the result of higher values gf for the Subjecting G to high-pressure and temperature condi-

dimers (o=2.6X10"Hz) than for the 1D {=7.3 tions results in large changes of the thermal expansion be-

X 10'Hz) and 2D (ro=7.3x 10} Hz) polymers. Ourr val- havior of the resultin_g_po_lymer and “hard fullerite” ph_ases.
ues for the dimers closely match those of the photo-The thermal expansivity is greatly reduced by replacing the
polymerized G, films 23 which strongly suggests that the weak van_der anls type intermolecular bonds of monomer
photopolymerized films of Wanegt al. consist primarily of ~Ceo Py @n increasing number of covalent polymer bonds. The
dimers. We, however, point out that our activation energy foSmallest thermal expansivity is found for the “hard fuller-
the dimers(1.75 eV} is significantly larger than the one de- it€” material, in which the G, cage has been broken apart.
rived by Wanget al. (1.25 e\}.2% The depolymerization ac- The volume change upon depolym(_anzatlon |s_around' 2%
tivation energy of the 1D material is in fair agreement with @1d 18% for the 1D and 2D material, respectively. Little
the value (2.3 0.3eV) found by Moravsket al2> volume chgng_e is seen for _the dimer sample. The kinetics of
Since our kinetic data are obtained at finite temperatured€Polymerization follow a simple thermally activated behav-
they should be analyzed in terms of the “free activation en/0r With activation enthalpies between 1.75 edimers and
ergy”, as discussed by Peterssenal,2 in order to compare 1.9 eV (1D and 2D. The kinetics of depolymerization (_)f7g2
them to theoretical predictions, which are usually carried ouPClymer falls between those of the 1D and 2D materials and

for T=0. The relaxation time in this formalism is given by those of the dimers. The experimentally determined depoly-
merization barrier of all polymers studied has about the same

value and agrees quite well with thed®?® Small differ-
T(T)Ifol'exf< ﬁ) (5 ences between theory and experiment may be the result of
B non-negligible activation volumes. The similarity of the bar-
whereAG denotes the free activation enthalpy of the depo-ier heights also suggests that the energetic stability of the
lymerization process and, is a characteristic phonon fre- different polymeric bonds are very similar. Despite the very
quency. AG is related to the activation enthalgyH and  similar barrier heights, the relaxation rate is about a factor of
the activation entropy through the usual thermodynamic re1(¢ faster for the dimers than the 2D polymer. High-pressure
lation AG=AH—-TAS. Also AH=AU+pAV, whereAU  studies of the depolymerization kinetics would be very use-
is the potential barrier height antlV is the activation vol-  ful in order to gain further insights into the physics of these
ume, i.e., the difference in volume between the minimal andffects.
maximal energy positions. Equati@f) can be rewritten as
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