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Molecular Dynamics and the Phase Transition in Solid C60
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We characterize the molecular reorientational dynamics in two phases of solid C60 with "C NMR
measurements. A change in the nature of the dynamics, indicated by a change in kinetic parameters ex-
tracted from spin-lattice relaxation data, occurs at the phase transition at 260 K. Above the transition,
the molecules appear to execute continuous rotational diffusion; below the transition, they appear to
jump between symmetry-equivalent orientations. This interpretation is consistent with the x-ray-
diffraction results of Heiney et al. as well as our NMR relaxation and spectral data.

PACS numbers: 64.70.Kb, 33.25.Bn, 33.25.Dq, 61.50.—f

The recent demonstration of a method [1] for produc-
ing large quantities of solid C60 (buckminsterfullerene)
has catalyzed an explosion of interest in the chemical and
physical properties of this new molecular form of carbon.
A variety of spectroscopic [2-7] and diffraction [8] mea-
surements have confirmed the predicted truncated icosa-
hedral (soccer ball) structure [9] of the C60 molecule.
Even more recently, interest in the physical properties of
Cqp in the solid state has received impetus from the
discovery that C&0 becomes a conductor [10] and a super-
conductor [11]upon doping with alkali-metal atoms.

Pure Ct,p adopts a crystal structure in which C6p mole-
cules are positioned with their centers of mass on an fcc
lattice [12]. ' C nuclear-magnetic-resonance (NMR)
spectra of solid C6p have shown unequivocally that indivi-
dual C&p molecules reorient rapidly and isotropically in

the solid state at room temperature [5,6, 13]. This reori-
entational motion shows up as orientational disorder in

room-temperature x-ray-diffraction measurements [12,
14]. As expected, the NMR spectra show that the
motion becomes very slow at low temperatures; i.e.,
large-amplitude reorientations of C6p molecules become
infrequent on the time scale of the NMR measurements.
These observations lead to an important question regard-
ing the structure of solid C6p at low temperatures: Do
C&p molecules order orientationally or do they form an
orientational glass? One might predict an orientationally
disordered (glass) structure simply because it is not im-
mediately obvious how icosahedral molecules would order
orientationally on an fcc lattice. Surprisingly, a recent
x-ray-diffraction and calorimetry study by Heiney et al.
[14] has revealed a phase transition at about 250 K in

solid C&p that they interpret as a transition to an orienta-
tionally ordered low-temperature structure. This inter-
pretation is particularly remarkable because the earlier
NMR studies showed that rapid reorientations persist
well below the reported transition temperature.

In this Letter, we present ' C NMR measurements
that elucidate the nature of the molecular dynamics in
both phases of solid C6p. We report the temperature
dependence of the ' C nuclear spin-lattice relaxation rate
and the ' C NMR spectrum of highly crystalline C6p

powder. Our results show that the nature of the molecu-
lar dynamics changes at the phase transition, which we
see at 260 K, but that rapid, large-amplitude reorienta-
tions of C6p molecules occur down to about 140 K. Our
results are consistent with a transition from a phase in
which the molecules execute isotropic rotational diffusion
to a phase in which they execute jumps between sym-
metry-equivalent orientations.

NMR measurements were carried out in a 9.39-T field
(100.5-MHz carrier frequency) using Bruker MSL and
Chemagnetics CMX consoles and a home-built variable-
temperature probe. Reported temperatures are accurate
to within 1'. ' C spin-lattice relaxation times (Ti) were
determined using the saturation-recovery technique.
NMR spectra were obtained from free-induction-decay
(FID) signals following a x/2 pulse. Background signals
from the probe were suppressed by applying a n pulse be-
fore alternate signal acquisitions and alternately adding
the subtracting FIDs. Polycrystalline C6p was prepared
from carbon soot by extraction with toluene at room tem-
perature and chromatography in 5% toluene and 95%
hexane on an alumina column followed by heating for 18
h at 170 C in vacuum. The proton NMR spectrum in

CS2~ii indicated a residual solvent content of ~ 1 mole%.
The sample for solid-state NMR measurements was
sealed in a glass tube with 1 atm He(g) after evacuation.
This material was substantially more crystalline than
samples used in previous NMR experiments [5,13], as in-
dicated by a tenfold increase in the intensity of the x-ray
powder-diffraction peaks. The NMR properties were cor-
respondingly different. In preliminary measurements on
less-crystalline material, we observed substantial varia-
tions and hysteresis in the temperature dependence of T]
which we attribute to the dissolution of 02 into the solid
sample upon equilibration with air at room temperature
and the loss of 02 at low temperatures and in vacuum.
The highly crystalline sample used in the measurements
described below did not show these effects, suggesting
that the ability of C6p to dissolve 02 increases with the
defect concentration.

Figure l shows the results of T] measurements be-
tween 163 and 323 K. A break in the temperature depen-
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motions that drive spin-lattice relaxation change abruptly
at the transition temperature. In the case of C6p, the
dominant spin-lattice relaxation mechanism in the tem-
perature range in Fig. 1 is provided by the CSA, i.e., the
fact that magnitude and direction of the magnetic field at
a ' C nucleus depends slightly on the orientation of the
molecule as a result of anisotropic magnetic shielding by
the electrons of that molecule [15]. A simple model that
relates the spin-lattice relaxation to the molecular dy-
namics is constructed by assuming that large-amplitude
molecular reorientations produce fluctuating local trans-
verse magnetic fields 88,(t) (a=x,y) with autocorrela-
tion time r and that the temperature dependence of r fol-
lows an Arrhenius law:

(hB, (0)88, (t)) =bB„,e ' '6. . .

1/r =Re (2)

Since the fluctuating fields arise from CSA, z is essential-

ly the molecular orientational correlation time (for
second-rank tensors). The relaxation rate (I/TI) is pro-
portional to the spectral density of the fluctuating fields
at the NMR frequency vp [16,17] leading to

Ea
T] =Ti '"cosh

I T mlfl
(3)

The minimum value of T] and the temperature at which
the minimum occurs are given by

TP'" =2ttvp/y 88„, ,

T '" =E,/k(lnA —1n2xvp),

(4)

(5)

where y is the ' C gyromagnetic ratio (10.705 MHz/T).
T '" is the temperature at which z ' =2zvp.

Using Eq. (3), we fitted the experimental relaxation
data to extract the kinetic parameters 2 and E, and the
NMR parameter 88„,. It is not possible to fit the data
over the entire temperature range with a single set of pa-
rameters, indicating that the kinetic parameters change
across the phase transition. The solid line in Fig. 1 is a
least-squares fit to the data between 193 and 243 K,
achieved with 4 =3.21x10' s ', E, =250 meV, and
TP'" =0.806 s (T '" =268 K). The corresponding value
of 88„,=2.62 mT (or 68, JBp=279 ppm) is in rough
agreement with the CSA width (8~~ —833) in Fig. 2. At
200 K, z =64 ns. The dashed line in Fig. 1 is a least-
squares fit to the data between 263 and 323 K, with the
constraint that T~ '" =0.806 s. This constraint is motivat-
ed by the physical consideration that 88„, induced by
large-amplitude molecular reorientations should be the
same in both phases. The kinetic parameters in the
high-temperature phase derived from the fit are
=4.22x 10'' s ' and E, =42 meV (T '"=74.6 K). At
300 K, z =12 ps. The observed T] values in the low-
ternperature phase are much shorter than those predicted
by the fit to our model below 190 K. This is not surpris-
ing since small-amplitude molecular motions will begin to

dominate the spin-lattice relaxation once large-amplitude
reorientations become too slow to cause efficient relaxa-
tion.

Using the kinetic parameters of the low-temperature
phase, we find z =32 ps at 140 K. This value is in good
agreement with the observed development of a powder-
pattern line shape at about 140 K. In addition, we can
estimate the contribution to the NMR linewidth from de-
phasing due to fluctuating longitudinal magnetic fields:

1/T2 = y Bp (Bi i
—833) r . (6)

(7)

for all second-rank Wigner rotation matrix elements
D„„„(O),where O(t) represents the Euler angles that
specify the orientation of an individual molecule and z' is

the time scale given by (6~ ~

—833) yBpr'&&1. Motion that
can be approximated by a thermally activated jumping of
C6p molecules among their sixty symmetry-equivalent
orientations satisfies Eq. (7) and is consistent with the ob-
servation of orientational ordering in diA'raction measure-
ments. Librational motion, without large-amplitude re-
orientations, is insuScient to cause the observed motional
narrowing of the NMR line above 140 K. The dramatic
change in kinetic parameters reflects a change in the na-
ture of the molecular dynamics at the phase transition.
The relatively small value of E above T, suggests that
the motion in the high-temperature phase approximates
continuous rotational diA'usion with a temperature-
dependent diAusion constant. Rotational diAusion would

appear as orientational disorder in diAraction measure-
ments. The energy barrier to reorientation of a particular
molecule depends on the orientation of its neighbors, so

In I ig. 2, a broadening of about 300 Hz is observed at
173 K. The linewidth 1/trT2 estimated from Eq. (6) is
300 Hz at 158 K. The fact that a single set of parame-
ters gives good agreement with NMR data from some-
what below 140 to 240 K indicates that there is no addi-
tional phase transition in this temperature range.

We estimate the relative uncertainty in the values of
E, derived from the T] data to be ~20%. Because of
the limited temperature range of the data in the low-

temperature phase, there is substantially greater uncer-
tainty in the values of A and TP'". With the requirement
that TP'" ~ 0.08 s (otherwise 68„, must be unrealisti-
cally large), values of 2 as small as 2X10' give satisfac-
tory fits to the data in the low-temperature phase. As-
suming T~

'" =0.08 s, the best fit to the data in the high-
temperature phase yields 2 =6.6&10' .

Heiney et al. report that the four C6p molecules in the
fcc cell become inequivalent below T„an observation
that they attribute to orientational ordering [14]. Our
NMR spectra show that the molecules undergo rapid
large-amplitude reorientations well below T, . A narrow
NMR line will be observed whenever the motion is of
sufficiently high symmetry and sufticiently rapid that



VOLUME 67, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1991

that a disordered structure may lead to a lower average
barrier above T„. A slight lattice expansion at T, (so far
unobserved [14]) may also contribute to the decrease in

E, above T, .
We thank J. E. Fischer and P. A. Heiney for discus-

sions of their x-ray-diAraction results prior to their publi-
cation. We thank S. H. Glarum for suggesting that dis-
solved 02 might account for hysteresis in our initial spin-
relaxation measurements and J. Waszczak for assisting
us in attempts to determine the 02 content of C60. We
appreciate helpful discussions with D. C. Douglass, F. H.
Stillinger, and J. C. Tully.

[1] W. Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R.
Huffman, Nature (London) 347, 354 (1990).

[2] R. Taylor, J. P. Hare, A. K. Abdul-Sada, and H. W. Kro-
to, J. Chem. Soc. Chem. Commun. 20, 1423 (1990).

[3] D. S. Bethune, G. Meijer, W. C. Tong, and H. J. Rosen,
Chem. Phys. Lett. 174, 219 (1990).

[4] R. D. Johnson, G. Meijer, and D. S. Bethune, J. Am.
Chem. Soc. 112, 8983 (1990).

[5l R. Tycko, R. C. Haddon, G. Dabbagh, S. H. Glarum, D.
C. Douglass, and A. M. Mujsce, 3. Phys. Chem. 95, 518
(1991).

[6] C. S. Yannoni, R. D. Johnson, G. Meijer, D. S. Bethune,
and J. R. Salem, J. Phys. Chem. 95, 9 (1991).

[7] C. S. Yannoni, P. Bernier, D. S. Bethune, G. Meijer, and
J. R. Salem, J. Am. Chem. Soc. 113, 3190 (1991).

[8] J. M. Hawkins, A. Meyer, T. A. Lewis, S. Loren, and F.
J. Hollander, Science 252, 312 (1991).

[91 H. W. Kroto, J. R. Heath, S. C. O' Brien, R. F. Curl, and
R. E. Smalley, Nature (London) 318, 162 (1985).

[10] R. C. Haddon, A. F. Hebard, M. J. Rosseinsky, D. W.
Murphy, S. 3. Duclos, K. B. Lyons, B. Miller, 3. M.
Rosamilia, R. M. Fleming, A. R. Kortan, S. H. Glarum,
A. V. Makhija, A. 3. Muller, R. H. Eick, S. M. Zahurak,
R. Tycko, G. Dabbagh, and F. A. Thiel, Nature (London)
350, 320 (1991).

[11]A. F. Hebard, M. J. Rosseinsky, R. C. Haddon, D. W.
Murphy, S. H. Glarum, T. M. Palstra, A. P. Ramirez,
and A. R. Kortan, Nature (London) 350, 600 (1991).

[12] R. M. Fleming, T. Siegrist, P. M. Marsh, B. Hessen, A.
R. Kortan, D. W. Murphy, R. C. Haddon, R. Tycko, G.
Dabbagh, A. M. M ujsce, M. L. Kaplan, and S. M.
Zahurak, in Proceedings of the Materials Research So-
ciety (to be published).

[13] R. Tycko, G. Dabbagh, R. C. Haddon, D. C. Douglass, A.
M. Mujsce, M. L. Kaplan, and A. R. Kortan, in Proceed-
ings of the Materials Research Society (to be published).

[14] P. A. Heiney, J. E. Fischer, A. R. McGhie, W. J.
Romanow, A. M. Denenstein, 3. P. McCauley, and A. B.
Smith, Phys. Rev. Lett. 66, 2911 (1991).

[15] That the CSA provides the dominant relaxation mecha-
nism is supported by the fact that T[ =184 s at 300 K in

a 2.35-T field, i.e., much greater than in a 9.39-T field.
[16] C. P. Slichter, Principles of Magnetic Resonance

(Springer-Verlag, New York, 1990), 3rd ed. , Chap. 5.
[17] A. Abragam, Principles of ivuclear Magnetism (Oxford

Univ. Press, New York, 1961),Chap. 8.

1889


