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Heat capacity measurements on Cgo were carried out by differential scanning calorimetry from 120 to 560 K. This heat
capacity was linked based on existing normal-mode and lattice calculation, to the vibrational heat capacities. In this way
the thermodynamic functions are available from absolute zero of temperature. The phase transition at 256 K could be identified
as a crystal-to-plastic crystal transition with an increase in entropy of 27.3 J/(K mol). A broad beginning of this transition
at 190 K is linked to the change from a jumplike rotation that is starting already at about 100 K without increase in entropy
to the rotational motion that ultimately causes the disordering transition. This classification is based on reinterpretation
of the solid-state NMR results with calorimetry data. No melting temperature could be detected up to 950 K, the temperature

limit of our calorimeter.

1. Introduction

Besides diamond and graphite, the two well-known crystalline
allotropes of carbon, a totally new form of crystalline carbon has
been discovered a few years ago.! It consists of ball-shaped Cq
molecules (buckminsterfullerene) and has become well-known
because of its special structure.? Before 1990 most research on
Cqo was limited to theoretical studies®'? because of insufficient
material to undertake large-scale experimental studies. In 1990,
Kritschmer et al. first reported a method to synthesize Cqp in
macroscopic quantity.!>!*

Since then, the study of this new class of compounds and their
derivatives is receiving more attention.'>'$ For example, there
has been a characterization of the molecular structure using mass
spectroscopy'24813.14 and X-ray diffraction'* as well as UV-vis
light’7,13.l7,18 IR,U'M‘”'W Raman’zo NMR,”’IS’ZI_B and ESRI'I
spectr;)scopies and high-pressure liquid chromatography (HP-
LC).!

*Presented at the American Physical Society Meeting, March 16-20, 1992.

Initial information about a phase transition below room tem-
perature became available recently through differential thermal
analysis.2*26 Coupled with X-ray data, orientational ordering
was suggested to occur on cooling. In this paper measurements
and computations of heat capacity will be reported. The com-
putations are based on vibrational spectra. These new data permit
a quantitative interpretation of the transition and, in addition, allow
the generation of complete thermodynamic functions, of enthalpy
(H), entropy (S), and Gibbs function (G).

The heat capacity of Cyy was measured from 120 to 560 K by
using a single-run differential scanning calorimetry (DSC)
technique?’-?° which needs only 20~30-mg samples to produce
quality data. The heat capacity contribution from vibrations was
calculated next, based on existing normal-mode and lattice vi-
bration frequencies,’'2*%3! and then compared with the experi-
mental data. It will be shown that the phase transition that occurs
at 256 K is a crystal-to-plastic crystal transition with an entropy
of 27.3 J/(K mol), typical for such transitions involving orien-
tational disordering. A broad beginning of this transition can be
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linked to the change in motion from jumplike rotation, initiated
already in the crystal at much lower temperature, to isotropic
rotation. This interpretation is based on the known solid-state
NMR spectrum’*-3 and confirmed, in this paper, by heat capacity
investigations.

Finally, an effort to establish the melting temperature was
limited to the observation that no melting occurred up to 950 K,
the upper range of our DSC.

II. Experimental Section

Sample. Fullerenes were extracted from fullerene-rich soot
(Texas Fullerenes, Inc.) using a Soxhlet extractor with benzene
or hexane. The extracted Cqy was separated from C,, and the
higher fullerenes using an alumina chromatographic column. The
Cgo powder was then washed with ether and dried in vacuum at
about 475 K. The purity of the sample was better than 99.5%,
checked by mass and Raman spectroscopies.

Calorimetry. A commercial Thermal Analyst 2100 system from
TA Instruments Inc. with a 912 dual-sample DSC and DSC
autosampler were used for heat capacity measurements. Details
about the equipment, operation, and software development were
given in previous publications.””? A single-run heat capacity
measurement technique was used.>> Heat capacities were de-
termined from 120 to 560 K with four sets of experiments
(120-220, 180-320, 310-420, and 380-500 K). Each run was
repeated five times, and the collected data were averaged and
smoothed. The error is estimated to be <1% above 300 K, <3%
below 200 K, and <2% between 200 and 300 K.

All heat capacities were measured at 10 K/min heating rate
with N, gas flow of 10 mL/min above 300 K and with stationary
N, gas below 300 K. Heat capacities were calibrated with a
sapphire standard. The temperature calibration was carried out
using the onsets of the transition peaks for cycloheptane (134.8
and 265.1 K), 1-chlorobutane (150.1 K), cyclohexane (186.1 and
279.7 K), naphthalene (353.42 K), benzoic acid (396.55 K),
indium (429.75 K), tin (505.05 K), and potassium nitrate (607.15
K). Sample masses were 2030 mg. All sample placement was
done with the autosampler for increased repeatability. No weight
loss was observed over the temperature range of heat capacity
analysis.

The preliminary check for a melting temperature was carried
out at 50 K/min heating rate in a qualitative mode. The sample
was enclosed for this experiment in a nonhermetically sealed copper
pan. No melting temperature could be detected up to 950 K, the
temperature limit of our calorimeter. The weight loss after this
experiment, presumably through sublimation, was less than 2%.

Calculation of the Heat Capacity. The calculation of heat
capacity of solids from vibrational spectra is well documented in
several publications from our laboratory.’*>® The heat capacity
at constant volume (C,) is calculated based on a separation of the
vibrational spectrum into group and molecular vibrations. A
molecule of Cq has a total of N = 3 X 60 = 180 vibrational modes
which consist of six molecular vibrations and 174 group vibrations.
For each of the group vibrations one can use an Einstein function,
E(6)

N N (0,/ Ty T
C, REE((),) RE @ 1): 1)
where N is number of vibrational modes, R is the gas constant,
8.31454 J/(K mol), T is the temperature in K, and 6, = hy;/k
is the characteristic frequency expressed in K. (A frequency, v,,
given, as customary in spectroscopy, in wavenumbers, cm™!, must
be multiplied by 1.4388 cm K to yield frequency in K.)

The molecular vibrations form a more continuous spectrum,
so that we divided the frequency distribution curves obtained from
molecular dynamic simulations® at 100 K into a sufficiently closely
spaced set of discrete frequencies to calculate the heat capacity
contribution. A digitizer was used to convert the frequency
distribution curves published in ref 30 (Figure 2) to a data file
of 8 vs p(8), where 6 and p(0) are the frequency and its population,
respectively. Then, their heat capacity contribution can be cal-
culated by

Jin et al.
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where the sums are taken over the whole range of the distribution
curves, including both translational (,) and librational (py) parts
of the spectrum. A total of 6000 equally spaced frequencies were
taken for the numeral integration that ranged from 0 to 60 cm™!
(acoustic vibrations).

All three sets of molecular normal-mode frequencies (group
vibrations) reported in the literature®!!2 were used to calculate
the heat capacity contributions

174

46
Cv,normal = ZIE(or) = z:lng(aj) (3)
i= j=

where E(8),) is the Einstein function and g; is the degeneracy of
vibration j (£ g; = 174). The frequencies are summarized in Table
|

The heat capacity at constant volume is then the sum of the
two contributions (eqs 2 and 3):

Cv = Cu,molecular + Cu‘normal (4)

The conversion of heat capacity at constant volume to that at
constant pressure, C, is done by a modified Nernst~Lindemann
equation®

G, - C, =3RA4,C,T/T,° 5)

where R is the gas constant, 4, is a constant, either fitted to
experimental data on compressibility and expansivity or ap-
proximated by the universal value of 3.9 X 1073 (K mol) /J, and
T,,° represents the equilibrium melting temperature. For Cso»
the universal value of A, needed to be used because no com-
pressibility and expansivity data are available. Finally, T,,° was
estimated to be 1000 K.

Once the heat capacity is established, the enthalpy (H), entropy
(S), and Gibbs function (G) can be easily calculated as follows

H=H+ ‘];T"c,,m dT + AH, + fr:c,,(n dT  (6)

deCp(T’) TCP(T)
S = dT+ASd+f ar ()
0 T T4 T

G=H-TS (8)

where AH, and AS} are the enthalpy and entropy of disordering
at the equilibrium transition temperature T, and H° is the en-
thalpy and Gibbs function at absolute zero. The crystal at absolute
zero is assumed to be sufficiently perfect to use the third-law
entropy of zero.

III. Results

Heat Capacity of Cg. Experimental and calculated heat ca-
pacities of Cg are shown in Figure 1 for the temperature range
0-1000 K. The numerical data are listed in Table II from 120
to 560 K together with the differences between the experimental
and calculated data.

Transitions. The order—disorder transition was detected at a
heating rate of 10 K/min. The transition has a rather broad
beginning at about 190 K. The equilibrium transition temperature
was thus obtained by extrapolation of the steep low-temperature
side of the transition peak to the heat capacity baseline at 256
K. This standard procedure in thermal analysis eliminates all
instrument lag and is based on the assumption that the main part
of the transition is a sharp first-order type.#! The vibrational
heat capacity is reached again at about 280 K. The peak tem-
perature is 259 K. For all future calculations 256 K is used as
the equilibrium transition temperature. The integrated enthalpy
of the transition is 9.7 J/g or 6.99 kJ/mol (baseline established
by the vibrational heat capacity between 190 and 280 K). The
entropy of the disorder transition becomes then 27.3 J/(K mol).

An attempt has been made to find the possible melting tem-
perature of C¢ by using DSC with a nonhermetically sealed copper
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TABLE I: Normal-Mode Vibration Frequencies for Cg,
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frequency (»), cm™

I, group degeneracy
no. (j) symmetry label 1989° 1988% 1987¢ expt? (g)
1 1A, A, 1830 1667 1627.4 1469 1
2 2A, 510 610 547.6 497 1
3 1T, Ty, 1662 1410 1463.8 3
4 2T, 1045 865 810.9 3
5 3Ty, 513 627 566.8 3
6 1Ty, T 1900 1483 1665.1 3
7 2T, 951 919 926.6 3
8 T, 724 784 726.4 3
9 4Ty, 615 591 525.2 3
10 1G, G, 2006 1650 1765.4 4
11 2G, 1813 1404 1590.0 4
12 3G, 1327 1235 1173.5 4
13 4G, 657 856 672.7 4
14 5G, 593 579 530.2 4
15 6G, 433 491 455.8 4
16 1H, H, 2068 1722 1830.7 S
17 2H, 1910 1596 1688.2 5
18 3H, 1575 1407 1398.5 5
19 4H, 1292 1261 1160.0 5
20 SH, 828 924 779.8 5
21 6H, 526 m 552.4 5
22 7H, 413 447 427.9 5
23 8H, 274 263 272.0 273 S
24 1A, A, 1243 972 1084.3 1
25 1T, Ty 1868 1628 1655.3 3
26 2T, 1462 1353 1374.1 3
27 T, 618 719 550.9 3
28 4T,, 478 577 491.3 3
29 1Ty, Ta 1954 1687 1720.1 3
30 2T,, 1543 1314 1309.4 3
31 3T, 1122 1134 1019.0 3
32 4T,, 526 776 626.6 3
33 5Ty, 358 348 361.8 3
34 1G, G, 204 1587 1764.4 4
35 2G, 1845 1436 1620.4 4
36 3G, 1086 1110 958.3 4
37 4G, 876 914 755.8 4
38 5G, 663 750 701.9 4
39 6G, 360 362 373.7 4
40 1H, H, 2086 1709 1830.0 5
41 2H, 1797 1467 1578.5 S
42 3H, 1464 1344 1289.7 5
43 4H, 849 822 770.3 5
44 SH, 569 706 577.7 S
45 6H, 470 546 491.6 5
46 TH, 405 403 354.7 5
174¢
%Data from ref 12. ®Data from ref 11. “Data from ref 9. ¢Data from ref 20. °Total number for the normal vibration modes of buckminster-
fullerene.
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Figure 1. Calculated (lines) and experimental (symbol) heat capacities
for Cgp.

pan. At a heating rate of 50 K/min, the sample did not show
a significant transition up to 950 K where the instrument limit
was reached. After heating, the weight loss of the sample was
less than 2%.

Temperature (K)

Figure 2. Thermodynamic functions for C¢,. Note that H - G = TS.
The amplitude is shifted by H, the enthalpy of Cq, at absolute zero, to
be zero.

Thermodynamic Functions. Thermodynamic functions H, S,
and G have been established based on eqs 6~8 and are shown in
Figure 2. Tabular values can be obtained from the authors on
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TABLE II: Calculated and Experimental Heat Capacity of Cq

heat capacity, J/(K mol)

calcd expt deviation, %

T.K 19894 1988° 1987¢ (this work) 1989 1988° 1987¢
120 147.6 112.2 126.9 139.6 5.4 -24.4 -10
130 169.1 127.7 147.1 159.4 5.8 -24.8 -8.4
140 191.7 144.5 168.7 178.4 7.0 -23.4 -5.7
150 214.9 162.3 191.4 202.5 5.8 -24.8 -5.8
160 238.5 181.9 214.8 2284 42 -26.3 —6.4
170 262.2 200.3 238.6 254.0 32 -26.8 -6.4
180 285.9 220.3 262.6 279.2 24 -26.7 ~-6.3
190 309.4 240.7 286.8 310.0 -0.2 -28.8 -8.1
200 3326 261.6 310.9 3383 -1.7 -29.3 -8.8
210 355.5 282.7 3348 365.2 -2.7 -29.2 -9.1
220 378.0 304.1 358.5 395.5 -4.7 -30.1 -10.3
230 399.9 325.6 381.8 428.6 -7.2 -31.6 -12.2
240 421.4 347.2 404.9 475.5 -12.8 -37.0 -17.4
250 442.5 368.9 427.6 551.7 -24.7 -49.6 -29.0
260 463.2 390.6 450.0 748.6 -61.6 -91.6 —66.4
270 4834 4123 472.0 478.5 1.0 -16.1 -1.4
273.15 489.6 419.1 478.8 487.5 0.4 -16.3 -18
280 503.2 4339 493.6 501.2 0.4 -15.5 -1.5
290 522.6 455.5 514.9 521.0 0.3 -14.4 -1.2
298.15 538.1 473.0 532.0 536.9 0.2 -13.5 -0.9
300 541.6 477.0 5359 540.5 0.2 -13.3 -0.9
310 560.2 498.3 556.5 559.7 0.1 -12.3 -0.6
320 578.5 519.5 576.8 578.7 -0.0 -11.4 -0.3
330 596.5 540.5 596.8 597.3 -0.1 -10.5 ~0.1
340 614.2 561.4 616.4 615.8 -0.2 -9.7 0.1
350 631.6 582.0 635.8 633.9 0.4 -89 0.3
360 648.7 602.5 654.8 651.8 -0.5 -8.2 0.5
370 665.5 622.7 673.6 669.4 -0.6 -1.5 0.6
380 682.1 642.7 692.0 686.8 -0.7 -6.9 0.8
390 698.4 662.4 710.2 703.9 038 -6.3 0.9
400 714.5 681.8 728.0 720.8 -0.9 =57 1.0
410 730.4 701.0 745.6 7374 -1.0 -5.2 1.1
420 746.0 719.9 763.0 753.9 -1.0 -4.7 1.2
430 761.5 738.6 780.0 770.1 -1.1 -4.3 1.3
440 776.7 756.9 796.7 786.0 -1.2 -3.8 1.4
450 791.7 774.9 813.2 801.8 -1.3 -3.5 1.4
460 806.5 792.7 829.4 817.3 -1.3 -3.1 1.5
470 821.1 810.1 845.3 832.6 -1.4 -2.8 1.5
480 835.4 827.2 861.0 847.7 -1.5 -2.5 1.5
490 849.6 844.1 876.4 862.6 -1.5 -2.2 1.6
500 863.6 860.6 891.6 877.4 -1.6 -2.0 1.6
510 877.4 876.8 906.4 891.9 -1.6 -1.7 1.6
520 891.0 892.7 921.0 906.2 -1.7 -1.5 1.6
530 904.4 908.4 935.4 920.4 -1.8 -1.3 1.6
540 917.6 923.7 949.5 934.3 ~-1.8 ~-1.2 1.6
550 930.6 938.7 963.3 948.1 -1.9 -1.0 1.6
560 943.4 953.4 976.9 961.7 -1.9 -0.9 1.

avg error (excluded transition between 220 and 260 K) 0.09 -11.49 -1.33
rms error {excluded transition between 220 and 260 K) 2.33 9.47 3.64

2 Calculation based on the frequencies given by Weeks et al.!? ?Calculation based on the frequencies given by Satanton et al.'! <Calculation based

on the frequencies given by Wu et al.’
request through our ATHAS data bank.*?

IV. Discussions

Heat Capacity. The measured heat capacity C, of Cq, agrees
reasonably well with the calculated heat capacities based on the
various vibrational frequencies, as shown in Figure 1. Since three
sets of normal-mode calculations of the group vibrations were
reported independently, we have combined each of these indi-
vidually with the molecular vibrations to calculate the heat ca-
pacity. The differences among the group vibration spectra are
obvious not only from the frequency table (Table I) but also from
the deviations between calculated and measured heat capacities
(Table II). The best agreement is obtained with the data by Weeks
et al.!2 These authors reviewed also the two prior sets of calcu-
lations and concluded (in agreement with the present heat capacity
measurements) that the gata given by them are computed by a
better method and force field. The later published experimental
(IR) frequencies® show also a somewhat better agreement with
Weeks’ results in the lower frequencies, critical for heat capacity
computation (see Table II). As can be seen from Figure 1, further

improvement of the normal-mode calculations can hardly be
checked by C, measurement.

Getting close to the limit of precision of the experimental C,,
one notices a small positive deviation of the computed C, below
190 K. Although this may be caused by experimental error, it
may also be an indication of the smalier heat capacity contribution
of jumplike motion relative to vibration. Since three of the fully
excited skeletal modes at this temperature could be involved in
such change of motion, the maximum decrease in heat capacity
would be 3/2R or 12.5 J/(K mol), or about 6% of the total C,
at about 150 K.

The increasingly negative deviation of the calculated heat ca-
pacity between 190 and at least 260 K is due to the orientational
disorder which will be discussed in the next section.

Finally, the small negative deviation above 400 K might easily
be caused by the increasing importance of the C, to C, conversion
in which Ay and T,,° had to be estimated. At 150 K the C, is
larger than C, by 1.5%, at 250 K by 2.6%, at 350 K by 3.7%, at
450 K by 4.8%, and at 550 by 6.0%. The experience in heat
capacities of polymeric samples* has revealed a typical error of
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about 50% for Ay; i.e., the resulting C, is well within the shown
deviations. Note that one expects C, to be more precise than C,,.

It must be mentioned here that the heat capacity contribution
from the lattice vibrations (6R) derived from the molecular dy-
namics simulation® is relatively small, compared to that from the
group vibrations, and is almost constant in the region of exper-
imental data, above 100 K [full excitation yields a contribution
to C, =~ 50 J/(K mol)]. To verify the precision of the heat
capacities below 100 K, low-temperature experiments must be
done. Since the heat capacity at low temperature is, however,
small, one does not expect significant changes in the thermody-
namic functions at high temperature.

Transition and Motions. An orientation disorder transition at
about 260 K was reported earlier by several authors?263234 and
had been confirmed by DSC,2-2¢ X-ray diffraction,?* solid-state
NMR, 33 and molecular dynamics simulation.® The reported
transition parameters varied from 249 to 264 K for the transition
temperature,2*2 and from 6.7 to 9.2 J/g for the enthalpy of
transition,?*26 because of differences in purity and differences in
defining the transition temperature and use of an empirical baseline
for the separation of the transition peak. On the basis of our
calculated, vibration-only heat capacity, we were able to establish
the correct baseline for the transition. It reaches from 190 to 280
K, and the enthalpy of transition increases then to a value of 9.7
J/g, 45-5% above the prior reported data. The equilibrium
transition temperature of 256 K was chosen since the transition
peak temperature may change with sample mass.

With these new values a somewhat larger transition entropy
of 27.3 J/(K mol) results. This value is typical for a crystal-
to-plastic-crystal transition which normally has an orientational
disordering transition entropy ranging from 20 to 50 J/(K mol). 4!
This value also reconfirms the observation that the entropy of
orientational disordering is independent of molecular size.*
Directly measured entropies of disordering of carbon tetrachloride,
2,3-dimethylbutane, cyclohexanol, camphor, and Cq, range only
between 20 and 47 J/(K mol).* It has been confirmed by X-ray
diffraction and solid-state NMR that the crystal of C¢, at room
temperature is completely orientationally disordered and has a
fcc cubic crystal structure, typical for plastic crystals.

Several research groups®>>* have reported that, in the solid-state
13C NMR spectrum of a static sample, a sharp peak emerges at
about 100 K from the broad resonance of the chemical shift
anisotropy powder pattern. This suggests that orientational motion
in Cqp starts already at such low temperatures. The observed
motion below 190 K does, however, not cause any entropy of
orientational disordering, as is shown by the heat capacities of
Table II. Thus, the motion must consist of jumps between sym-
metry-equivalent orientations, presumably in 72° (5-fold) steps.
This interpretation is based on the combined results of thermal
analysis and simple NMR experiments and is consistent with the
general conclusions made by Tycko et al.3* through their study
of the temperature dependence of the *C spin-lattice relaxation
time (T,). A break at about the same temperature, ca. 190 K,
is apparent in their plot of T, (Figure 1 of ref 34) but was not
discussed at that time. Coupled with calorimetry it gains im-
portance as upper temperature limit of pure jump motion without
entropy increase. Above 190 K, the heat capacity shows increasing
entropic contributions, indicating beginning orientational disorder.

The time scale of the orientational motion in Cgo was also
evaluated by NMR studies and can now be more clearly inter-
preted. Solid-state '’C NMR results indicate that at about 100
K the orientational jumps have a correlation time of 50 s, as
estimated from the inverse of the spectral spread of the chemical
shift anisotropy power pattern.32%?

With increasing temperature, the jump motion becomes faster
and the correlation time, , follows above 190 K a proposed
Arrhenius law (obtained from a fit to the temperature-dependent
13C T, data from 190 to about 240 K)**

7 =3.12 X 107" exp(24100/RT) )

with time in seconds and R in J/(K mol).
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Assuming that 7 for this jumplike motion with increasing
orientational disorder has a typical value of 5 ns at the crystal-
to-plastic crystal transition, an average value for a large number
of close to spherically symmetric molecules that was documented
by Boden,* the equation above predicts a disordering temperature
of 243 K, in good agreement with that reported in this paper (256
K). Above T, = 256 K, the variously reported correlation times
are all within the range of that for plastic organic solids (r = 5
ns at T, decreasing to 2 ps at isotropization®®).

In summary, there are three temperature regions of different
types of rotational motions in Cg. The rotational oscillations
described by the molecular vibrations of eq 2 change, starting at
about 100 K, to allow occasional jumps to symmetry-related
orientations. The second type of rotational motion involves a
typical pretransitional motion described by eq 9 starting already
at 190 K and involves in addition to the motion at lower tem-
perature rotational disorder. Above 256 K a phase change with
crystal structure change has taken place, and the rotational motion
is that typical for a plastic crystal. On ultimate isotropimerization,
above 950 K, no more than an additional 7-14 J/(K mol) is
expected for the positional disordering.

ic Functions of C¢. By knowing the heat capacity
of Cg, thermodynamic functions of Cyq can be easily calculated
based on eqs 6-8. The data have been plotted in Figure 2. As
mentioned above, tabular values are available through the ATHAS
data bank.*? With the knowledge of heat capacity the data shown
can easily extrapolated to 1000 K and above. The final discon-
tinuity in enthalpy on isotropization should have an approximate
value of 10 kJ (=1000 K X 10 J/K), about the same order of
magnitude as the disordering at 256 K. It is surprising to see such
a large temperature range of stability of the plastic crystalline
Cq. One may even speculate that the beginning of the transla-
tional diffusive motion may be gradual and not lead to a sharp
transition. Sublimation and high temperature complicate research
of this topic. We hope to find more details in the future.
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