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A model for uniaxial rotation is used in order to calculate the rotational potential for the C5H5 rings in the
crystal. The contribution from nonbonded interactions is then compared with intra-molecular bounding forces,
showing that the observed equilibrium position of the cycles is due to a combination of crystal packing forces
and bonding forces within the molecule. The height of the barriers are also extracted and it confirms that there
are two kinds of cycles with specific magnetic and electrical environments. The temperature evolution of the
spin-lattice relaxation time is probed by1H NMR spectroscopy over the range 54–394 K and is treated with the
model proposed for the simulation. One of the two calculated activation energies is observed in the experi-
mental curve; this indicates coupling with one kind of cycle over the studied temperature range.
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I. INTRODUCTION

Previous x-ray experiments1,2 have revealed the structure
of the crystal thanks to the apparent immobility of the mol-
ecules. The primitive cell is found to be triclinic with space
group P1. As seen in Fig. 1, the crystal is composed by
successive superpositions of two layers formed respectively
by C60 and FesC5H5d2 (ferrocene) molecules. One of the
C5H5 cycles (noted Cp for cyclopentatienide) of each fer-
rocene molecule is situated in a plane parallel to a pentago-
nal face of the neighboring fullerene, the interplane distance
being 3.3 Å. Whereas this value is typical forp interactions
between aromatic molecules, the crystal cohesion is found to
be due to van der Waals forces. In each ferrocene molecule,
the two Cp cycles are nearly parallel since the two Fe-Cp
axis form a 178° angle. From the symmetry of the crystal,
there are two kinds of inequivalent cycles which are the two
Cp cycles of each FesC5H5d2 molecule. It is shown by DSC2

(differential scanning calorimetry) and x-ray measurements
that the triclinic structure is conserved between 90 K
and 495 K, melting point of the solvate. When lowered from
room temperature(RT) to 90 K, temperature does not signifi-
cantly affect the cell parameters which are modified at a
percent order.

Pure ferrocene is known3,4 to form a monoclinic phase at
RT which transforms into a triclinic phase at 163.9 K. The
relative orientations of the Cp cycles in each molecule de-
pend on the phase observed. X-ray diffraction experiments
indicate a statistical 2:1 occupancy of the staggered and
eclipsed states at RT. Below 163.9 K, it is reported that there
is only one equilibrium position for which the deviation
angle from the eclipsed configuration is 9°. Moreover, in the
C60·2 ferrocene solvate this angle is found to be about 1°.
This leads to the conclusion that the packing forces of the

crystals, in which ferrocene takes part, play a non-negligible
role in the rotational potential. This has to be compute with
the intramolecular contribution which favors eclipsing.5,6

Values for the intramolecular reorientation barrier have been
deduced from electron diffraction in the gas phase of fer-
rocene(1.1 kcal/mole from Ref. 5 and 0.9 kcal/mole from
Ref. 6).

NMR measurements7,8 have been used to characterize the
dynamical behavior of the Cp cycles in the C60·2 ferrocene
solvate. At RT, two chemical shift tensors for ferrocene have
been deduced from a13C CP-MAS spectrum. This confirms
that there are two inequivalent cycles and their symmetry
reveals that the cycles are undergoing fast uniaxial rotations
compared with the observation times.0.035sd. Other ex-
periments show that the second order moment of the1H peak
is divided by approximately five upon heating which con-
firms that uniaxial rotation occurs. As previously

FIG. 1. Packing arrangement of the solvate in the bc plane.
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reported,2,8,9 this C60 solvate is the only one with C60·2S8 of
which a static structure has been fully determined by x-ray
diffraction whereas NMR proves the molecules are in fact
moving fast enough to average magnetic interactions. This
crystallographic motionless appearance can be explained if
the molecules undergo quick reorientations between
symmetry-equivalent positions. Therefore, the average situa-
tion detected by diffraction seems static and dynamics are
deduced from NMR experiments which are influenced by the
complete motions of atoms.

The present work is divided in two steps. First, the num-
ber of activation barriers for Cp cycles and their values are
determined from theoretical calculations using interaction
potentials. These results lead to conclusions about the role of
packing forces, bonded and nonbonded intramolecular con-
tributions. Second, the model defined for calculation is used
in order to interpret experimental NMR spin-lattice relax-
ation measurements.

II. EXPERIMENT

All rotational potential calculations were performed with
a C++ program written by the first author.

NMR measurements on protons were done using a Bruker
MSL300 spectrometer together with a 7.05 T magnetic field
in which 1H spin frequency is 300.13 Mhz. An Oxford ITC4
device was used to regulate the temperature in the HPLP50
probe. Gas flows were needed to avoid gradient between the
sample and the thermocouple: air above RT and He/N2 at
lower temperatures. In order to observe the spin-lattice relax-
ation time, the saturation-recovery process was used with
five p /2 pulses separated by 500ms, the length of thep /2
pulse being adjusted at each temperature.

III. POTENTIAL ENERGY CALCULATIONS

A. Choice of model

The model used to estimate the activation energies for
independent rotations of the two types of C5H5 rings is based
on two assumptions: first, the Cp cycles undergo uniaxial
rotations; secondly, there are two inequivalent cycles in each
ferrocene molecule.

Attention is focused on one ferrocene molecule, sur-
rounded by an immobile-lattice at the average position. One
of the Cp rings was considered to move around itsC5 axis
while the other ring, as well as the rest of the lattice re-
mained motionless. This means that no concerted motions
were allowed. The justification for such a model comes from
the satisfactory agreement with experimental measurements.

Two distinct orientational potentials were deduced by
adding by step of 1° the non-bonded interactions of each
atom of the cycles with the rest of the lattice. The activation
barriers of these potentials plus the bonded contribution can
then be compared with experimental results.

B. Potential functions

It has previously been shown that nonbonded activation
barriers for reorientational motions can be estimated with a

good precision using atom-atom interaction potentials of sev-
eral kinds.10–12 The validity of those potentials is restricted
by the following assumptions; the interaction energy be-
tween two atoms depends only on their nature and on the
distance between them. So, the functions do not depend on
the molecules involved. As it was done by Campbellet al.,13

two different potentials were used in the present work.
An exponential26 function gave the interaction energies

between C and H atoms,

V = Ar−6 + B exps− Crd, s1d

whereV is the energy value andr the distance between the
two considered atoms. The potential also depends on three
parameters:A, B, and C. Their values, which are given in
Table I, have been deduced from experimental results.14–18

For interactions involving a Fe atom, the Lennard-Jones
6-12 potential was used:

V = 4e fss/rd12 − ss/rd6g. s2d

In this function, the parametere determines the depth of the
potential ands the distance at which the potential value is
zero. Approximate values for these constants have been ob-
tained using the Badger’s rule.19 These are reported in Table
II. The reason why such a potential was chosen is only be-
cause it does not require experimental results to adjust the
parameters; only the row and column of the atom in the
Periodic Table are needed. Of course, since it is not based
on observations, it is less reliable. But this had a negligible
impact on calculations because it was found that the shape
of the potential is mainly due to C-C, C-H, and H-H inter-
actions, therefore the Fe atoms influence only the abso-
lute value of the potential but not the height of the energy
barriers.

C. Lattice modeling

First, a static lattice was created with data obtained from
x-ray experiments at 143 K. This temperature was chosen
because it is the lowest temperature at which the positions of
each atom of the cell are fully identified. Since no concerted
motions are considered, the model is closely related with the

TABLE I. Values of the parameters of the exponential26 inter-
action potential(Ref. 13).

Atom pair A (kcal/mole Å6) B (kcal/mole) C sÅ−1d

C-C -535 74461 3.6

H-H -36 4000 3.74

C-H -139 9411 3.67

TABLE II. Values of the parameters of the Lennard-Jones 6-12
interaction potential(Ref. 13).

Atom pair e (kcal/mole) s(Å)

Fe-C 0.262 3.26

Fe-H 0.109 2.34
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low temperatures situation. The values of the cell constants
at 143 K are given in Table III.

In order to manipulate each molecule of a cell more eas-
ily, the primitive cell was redefined, so it contains the three
entire molecules as shown in Fig. 2. This unit cell is of
course still triclinic but does not have a center of inversion.
A lattice made of 43 cells was then created using the vectors
a, b, c for translation. The only reason why that number of
cells was chosen is because the calculations gave a variation
inferior to 10−3 kcal/mole for the activation energies if more
cells were used. Of course, this is closely related with the
shape of the defined potentials and their cutting values.

In the central cell of the lattice, two cycles were consid-
ered for rotations. Those were taken in the upper ferrocene
molecule represented in Fig. 2. The ring above the Fe atom
will be referred as cycleA and the other as cycleB. Since
they had to be entirely modelized for rotation, average values
from x-ray measurements were used to rebuild those cycles
from the Fe atom previously generated in the static lattice.
Two local orthonormal basis were then needed. Thex axis is
defined as the projection of a Fe-C vector, given by x ray, on
the plane parallel to the corresponding cycle containing the
Fe atom. Thez axis is the one perpendicular to the ring
taking its origin at the position of the Fe atom. In these
systems, the average values are given in Table IV. Using this
method, the rebuilt cycles have aC5 symmetry.

D. Results of calculations

As nonbonded interactions could be calculated using the
potential functions previously described, it was possible to
obtain only the intermolecular contribution by neglecting the
effect of the second ring in the ferrocene molecule. This was
used as a starting point to study the balance between intra
and intermolecular forces. The rotational potential for cycles
A andB are presented on Fig. 3 on which the shift angle 0°
corresponds to the one given by x ray, so it represents a
deviation of approximately 1° from the eclipsed state.

Obviously, there is only one activation barrier for each
cycle and it can be deduced that the two cycles lie in elec-
trically inequivalent sites since the height of the intermolecu-
lar barriers are very different. This is an additional informa-
tion confirming that the cycles are crystallographically and
magnetically distinct. Also, it can be seen that the minima
are separated multiples of 72° which was expected for aC5
symmetry. But the more interesting was to find the phasing
of the two functions. Both of them have their first minimum
at 0° angle which means that the equilibrium positions for
the cycles found by x ray are in accordance with those of the
packing forces in the crystal.

In order to have a complete description of the reorienta-
tional barriers, the previous results were added to the in-
tramolecular contribution deduced from electron diffraction
in the gas phase. It was taken from Ref. 6 with parameters

TABLE IV. Values of the average distances calculated for mod-
eling the moving rings.

Cycle sFe-Cdx sFe-Cdz sFe-Hdx sFe-Hdz

A 1.217 Å 1.649 Å 2.14 Å 1.666 Å

B 1.214 Å 1.645 Å 2.21 Å 1.532 Å

FIG. 2. Primitive cell of the solvate as defined for the
simulation.

FIG. 3. Intermolecular rotational potential for the two cycles
(drawn at the same scale).

TABLE III. Values of the lattice vectors and of the cell angles at
143 K (Ref. 1).

a b c a b g

9.899 Å 10.366 Å 11.342 Å 95.55° 90.96° 118.33°
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b=−0.25 andV0=1. In the total orientational potentials, the
positions of the minima remained the same and the activation
barriers have been extracted. The activation energy for rota-
tion is found to be 4.5 kcal/mole for cycleA and 10.5 kcal/
mole for cycleB. These values are very different, the one for
cycle A being close to what is expected in such a system.

Obviously, the packing forces are the main contribution to
the activation energies in the two cases. The nonbonded in-
teraction between the two rings of a molecule was also cal-
culated. Its contribution to the total potential is very small
since its height is of the order of 0.1 kcal/mole. However, the
repulsion between the atoms of the rings seems to favor a
staggered situation but the bonded contribution, which is
about ten times greater, has to be the one leading to the
eclipsed state observed in the gas phase. These calculations
show that the observed crystal structure for ferrocene de-
pends on the balance between packing forces and bonding
forces in the molecule. This conclusion, as the one of Camp-
bell et al., contradicts the assumption made by Churchill and
Wormald20 who reported that the nonbonded interaction in-
side the molecule should play a significant role.

Other contributions to the total potential of cycleA were
also calculated, as reported on Fig. 4. The forces due only to
the neighboring molecules of C60 seem to favor an equilib-
rium position for the rings that would be described by a
negative deviation angle from the eclipsed position. But this
is balanced by the forces of the rings of the other ferrocene
molecules which push the cycle in the opposite way.

For cycleB the contributions to the total potential from
molecules of C60, from molecules of ferrocene, from the
nonbonding intramolecular forces and from the bonding in-

tramolecular forces are respectively given by approximately
50%, 40%, 00%, and 10%.

This explains the difference between the two activation
energies. Indeed, the increased height of the barrier for cycle
B is found to be due to the proximity of the neighboring
fullerene and ferrocene molecules.

IV. SPIN-LATTICE RELAXATION TIME MEASUREMENTS

A. Hypothesis

Time relaxation measurements are a good way for extract-
ing values of activated motions sinceT1 depends on the cou-
pling between the energy of the spins and the dynamics
which occur in a sample. The temperature dependence of the
1H spin lattice relaxation time for a motion that can be de-
scribed by a single correlation timet is given by the formula
of Bloembergen, Purcell and Pound21 which was modified by
Kubo and Tomita:22

1

T1
= AH t

1 + v2t2 +
4t

1 + 4v2t2J . s3d

In Eq. (3), v is the Larmor frequency of the protons in the
magnetic field andA is a constant depending on the distances
between1H atoms which gives the amplitude of the energy
field modulated by the motion. For an activated processtsTd
is described by the Arrhenius law

t = t0 expsEa/RTd, s4d

wheret0 is a constant andEa is the height of the activation

FIG. 4. Different contributions to the rotational potential of cycleA; energies(in kcal/mole) are plotted as a function of angle.
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barrier. If the motions in a sample are described by more
than one correlation time, the value ofT1total is given by

1

T1total
= o

i

1

T1i
, s5d

in which eachT1i is given by Eq.(3) with the corresponding
activation energy and constantA.

In the present work,T1 was obtained over the temperature
range 54–394 K. As shown in Fig. 5, the curve has only one
minimum over this range. Also, the recovery curve at each
temperature can be described by a single exponentialM0 f1
−exps−t /T1dg, M0 being the equilibrium magnetization.
From these observations, it was concluded that the fitting
function should contain only one correlation time. Moreover,
a constantB was added to Eq.(3) in order to describe the
spin-lattice relaxation which is due to other mechanisms, as-
sumed to have a much smaller temperature dependance than
the thermally activated jumps on which attention is focused
here. Using 1/T1 as described in Eq.(3), the fitting function
is then given by

1

T18
=

1

T1
+ B. s6d

B. Results

The fitting of the experimental data with Eq.(6) is also
shown in Fig. 5. It can be seen that the hypothesis of a single
activated process seems to modelize the curve well. The val-
ues of the parameters appearing in the fitting function are
reported in Table V.

The energy found is approximately the same as the one
calculated for the rotation of cycleA. Moreover, the value of
the constantA appearing in Eq.(3) was approximated by
calculating a sum on the network for this cycle and it is very
close to the fitting value. This suggests that the observedT1
reduction is only due to the activation of the rotation with the
smaller energy barrier. It does not mean that the others cycles
are motionless but that the coupling at the studied Larmor
frequency over the observed temperature range is effective
for cycle A only.

V. CONCLUSIONS

The model used in the simulation is coherent with the
observed situation. AfterM2 and CSA experiments, it is one
more proof that uniaxial rotations occur in the crystal. From
calculations, it has been shown that the two kinds of cycles
are in different electrical environments. This is seen in the
rotational potentials in which two distinct activation barriers
were deduced. For the cycleA, a very similar value was
observed in theT1 curve fitted with a single correlation time
model.

However, the energy for cycleB was not observed in the
curve and is not very likely to be found with this setup since
the activation barrier is too high to be observed before melt-
ing. In order to detect this specific motion, calculations on
the reduction of theM2 curve are being performed and
should lead to the observation of all energies responsible for
rotation. Also, as the correlation time of cycleB is believed
to be larger, the coupling of its motion with the frequency of
the spins would be enhanced at lower fields, allowing the
detection of a corresponding minimum value forT1.
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