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Precise determination of the molecular geometry in fullerene C60 powder:
A study of the structure factor by neutron scattering in a large momentum-transfer range
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The molecular structure of fullerene C6o has been determined with high precision using neutron
scattering over a large range of momentum-transfer values. In the high-temperature plastic phase, at

o
295 K, the description of the complete structure factor in the 0—20-A range, including Bragg and
di6'use intensities, confirms the free reorientation of the C6o spherical molecules. This analysis gives the

0
carbon-carbon bond length within the five-member ring (single bond) equal to 1.4527(7) A, and that con-
necting five-member rings (double bond) equal to 1.3909(10) A. As the temperature is lowered to 4 K,
the structural parameters are extracted from the analysis of the intramolecular contributions to the
diffuse intensity in the 6.5—20-A range: the single bond is elongated [1.460(2) A] and the double bond
shortened [1.381(3) A], indicating that electrons get more localized on the tt orbitals. The calculation
method allows us to consider small distortions from the ideal truncated icosahedral model (oblate or
prolate deformations); the method could easily be extended to the study of substituted fullerene mole-
cule s.

I. INTRODUCTION

Since Kratschmer, Fostiropoulos, and Huffman'
discovered a way to prepare large quantities of fullerene
C6O, many physical and chemical properties of this
unique compound have been investigated. Abundant
literature has been devoted to the physical properties of
C6o but we shall restrict ourselves to a summary of the re-
sults which are most relevant for our study of molecular
geometry. '

The first clear indication that the C6O molecule had the
shape of a truncated icosahedron probably came from
Kratschmer, Fostiropoulos, and Huffman, ' who showed
that the IR spectrum agreed with the prediction of
Coulombeau and Rassat for this configuration. Results
on ' C NMR, quasielastic neutron scattering, and, of
course, structural investigations ' confirmed that all
carbon atoms were equivalent and formed pentagon rings
linked by double bonds, in conformity with icosahedral
symmetry.

With the truncated icosahedral model, a major point
was then to determine the two bond lengths dc c, named

p (for pentagon), and dc c named h (for hexagon). Yan-
noni et al. " showed, from their NMR study of the
' C-' C magnetic dipolar coupling, that the two bond
lengths were not equal, the difference being at
least 0.04 A. A first theoretical prediction' suggested

@=dc c=1.436 A and h =dc C=1.418 A; a more re-
cent calculation' gave 1.445 and 1.405 A, respectively.

The bond lengths in free molecules of C6O have been
measured directly at 700 C by Hedberg et al. using
gas-phase electron diffraction and found to be
p =1.455(6) A and h =1.398(10) A.

As far as the solid-state structure is concerned, interest
is focused on both detailed intramolecular configuration
and molecular arrangements as a function of tempera-
ture. Molecules of C6o crystallize in a cubic close-
packing arrangement. Above 260 K, the spherical C6o
molecules are reorienting extremely rapidly, and the
orientational disorder is compatible with the Fm 3m
group. A refinement of the Bragg intensities at room
temperature indicates that the scattering may be modeled
by spherical shell of carbon atoms, but it does not allow a
determination of the actual arrangement of the atoms on
the sphere. As reported by David and co-workers,
below 260 K a continuous frozen in of the reorientational
motion is observed, ending around 86 K in an orienta-
tional glass. It is now admitted that, at low temperature,
the compound crystallizes in the group Pa 3, a variant of
the Fm 3 group, the molecules being oriented in such a
way that a pentagon of one C6o molecule nearly faces a
double bond of a hexagon of the neighboring molecule.
In spite of the remaining static disorder, it has been possi-
ble to find different values of h and p when averaging over
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the two sets of C-C distances given by the Rietveld
analysis of the 5-K diffraction pattern, h =1.391(20) A
and p =1.455(12) A. More recently, the refinement of a
model allowing two different orientations for the C6o mol-
ecules at 110 K gives h =1.399(7) A and p =1.445(5)
A

Two different studies based on an analysis of the atom-
ic radial distribution function ' (RDF) readily obtained
an average value of the bond length at 1.42 A, but the
width of the peaks in the real space does not allow a sepa-
ration of the two bond lengths. From a fit of the three
first peaks of the RDF, Li et al. found p=1.46 A and
h = 1.39 A at 300 K. From a reverse Monte Carlo simu-
lation of the molecular structure factor, assuming the
truncated icosahedral geometry, Soper et al. ' showed
that the two bond lengths were not equal. These authors
treated the difference h —p as a perturbation to an ideal
structure where h =p and found p = 1.44 A and h =1.40
A at 295 K with a precision of the order of 0.01 A, and
no significant temperature effect down to 20 K.

Beyond the structural aspect, there exists a more fun-
damental interest to measure bond lengths with a better
accuracy. In molecular compounds such as fullerenes,
which accommodate single and double bonds, the elec-
tronic structure and bond lengths are intimately related.
If m. orbitals were delocalized as in graphite or benzene,
all bonds would have equal length (and the molecule
could not exist because it ought to be fiat); on the other
hand, a difference p —h =0.04 A indicates that localiza-
tion of the electrons on the double bonds is far from com-
plete. The effect of electron localization on cluster in-
teractions has recently been pointed out by Ashcroft. '

The aim of the present study is to determine with high
accuracy the structure of the fullerene C6O molecule, in
the solid state, from an analysis of the diffuse scattering
measured in a large range of momentum transfer Q, with
Q=(4'/A, )sin(8), 28 being the scattering angle. As a
difference from x-ray scattering form factors, the
neutron-scattering lengths of atoms do not depend on the
scattering angle; it is thus possible, using a short wave-
length and large angles, ' to determine the intramolecular
distances of rigid molecules with an accuracy of the order
of 10 A, i.e., an improvement of an order of magnitude
as compared to conventional scattering techniques. It is
worth mentioning that considerable and recent progress
in neutron-scattering instrumentation and data analysis
(the various corrections being well documented in the
case of nuclear reactor experiment' '

) has played a
significant role in this work.

Sample preparation and experimental setup are given
in Sec. II.

The formalism used to elucidate the experimental
difFraction pattern displayed by molecular crystals in
terms of crystalline ordering (Bragg peaks) and orienta-
tional disorder (diffuse intensity) including a brief men-
tion of inelasticity corrections is reported in Sec. III.

In Sec. IV, the handling of data corrections is intro-
duced and the equation used in the fitting procedure is
defined as follows: (i) To include as much as possible the
corrections as adjustable parameters. Indeed, it has been
shown' that a priori inelastic or recoil corrections were

not su%ciently precise to describe the falling off of the
scattering intensity at large Q. (ii) To perform all calcu-
lations in Q space, avoiding termination errors due to
Fourier transforming.

The results are reported and discussed in Sec. V. De-
tails are given on a modelization of the Debye-Wailer fac-
tors. The molecular parameters obtained at three tem-
peratures and two wavelengths are presented with a dis-
cussion on the temperature dependence of electron locali-
zation. A modelization of the complete structure factor
including Bragg and diffuse intensities in the plastic
phase (295 K) is treated in detail. Finally, the possibility
of determining the impurity content from an analysis of
the residue of the fit is investigated.

A critical discussion of the declared precision is made
in Sec. VI.

II. SAMPLE PREPARATION
AND EXPERIMENTAL SETUP

A crude sample of soot has been prepared using the re-
cipe described by Hauler et al. ' Purification was car-
ried out following Allernand et al. ' High-pressure
liquid chromatography, IR, UV, and mass spectroscopy
analysis did not reveal significant impurity. The com-
pound was heated overnight under vacuum at 440 K,
washed with deuterated benzene and heated again under
vacuum for 12 h. As will be seen in Sec. IV, our study
did not detect any residual solvent in the product.

The experiment was performed on the diffractometer
7C2 at the Orphee Reactor (Laboratoire Leon Brillouin)
in Saclay. The spectrometer is equipped with a 640 BF3
cells multidetector. The angular step between two adja-
cent cells is 0.2', thus, the maximum diffraction angle is
128 if the first cell is located at the incident beam. Two
wavelengths were used, A, , =0.55 A and A,&=0.70 A,
which allow maximum values of the vector transfer equal
to 19.8 and 16.0 A ', respectively.

The two wavelengths were calibrated at X, =0.5684(8)
A and A2=0. 7058(13) A with nickel powder. This cali-
bration based on a linear fit of the ten main Bragg peak
positions (assuming Gaussian peak shape) also gave the
zero-angle offset and provided an experimental check of
the diffractometer resolution function up to Q = 12 A

The 1.5-g C6O sample was contained in a tight cyclin-
drical vanadium cell (5-mm inner diameter, 0.1-mm
thick, and 50-mm high). The experiment was carried out
at three temperatures 4, 150, and 295 K in a dedicated
Institut Laue Langevin-type cryostat equipped with a
vanadium tail, in order to study the three phases de-
scribed by David et al. The data handling, in particular
corrections for the container, self-absorption, and multis-
cattering, were performed using the conventional pro-
cedure.

III. FORMALISM

The aim of this section is to present the formalism used
to describe in a unified way the static structure factor
S(Q) of molecular crystals presenting an orientational
(static and/or dynamic) disorder, according to Dolling,
Powell, and Sears. ' Molecules arranged on an ordered
lattice give rise to coherent elastic intensity located at
Bragg positions, the corresponding structure factor being
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called S,(Q ); in addition the orientational disorder,
characterized by Auctuations around the molecular aver-
age conformation and orientation, produces, over the
whole Q range, diffuse scattering noted Sd(Q).

The static structure factor S(Q)=S,(Q)+Sd(Q) is
obtained by summing up the dynamical structure
factor S(Q, co) over all energy transfers co = eo—E =(R/2m )(k o

—k ). Then,

S(Q)=f S(Q(to), (o)d(o (1)

with ko and k, the initial and final values of the wave vec-
tors

Q(co) =k[]—k .

Q=Q(0), the modulus of which being the elastic momen-
tum transfer Q =2kosin8=(4'/A, )sin8, with 20 the
scattering angle.

In a conventional diffraction experiment, the intensity
is measured as a function of the scattering angle 20 for a
Axed incident neutron energy %co, and the observed inten-
sity is proportional to the differential scattering cross sec-
tion per unit solid angle d 0,

d2= f dE= f g(e) S[Q((o),co]dE
o ko

XSd [Q(co),co]d to,

where g( E ) is the energy-dependent efftciency of the
detector.

In the quasistatic approximation, the second term of
this equation must be corrected for inelasticity, following
Placzek,

=g(co) [S,(Q) +Sd (Q)+P(Q, Eo)],
where P(Q, eo) may be expanded as a function of even
powers of Q. This correcting term will be included in the
data handling and will be dropped for simplicity in the
following.

Let us now formulate the intramolecular and inter-
rnolecular contributions to the total diffraction pattern
displayed by a molecular crystal. The differential scatter-
ing cross section of neutrons by an assembly of fixed nu-
clei is written as

Xb;br" exp[iQ (r; —r()]),dO

1,J
(4)

where b,. is the scattering length, the angular brackets are
for space and time average, and the summation is per-
formed over all nuclei in the system.

In a molecular system and also to describe thermal and
orientational disorder in a molecular crystal ' it is con-
venient to express the position vector of the ith atom us-
ing the molecular center of mass as a reference,

r;=R +r;,
where R is the position vector of the center of mass of
the mth molecule and r; is the position of the atom i rel-
ative to the center of mass.

The sum of the atomic contributions to the molecule m
allows the definition of its molecular form factor F

F = g b;exp(iQ r, ) .
i(m)

Using Eq. (5) and after separating intramolecular
(m =m') and intermolecular (mAm') components, Eq.
(4) gives

X(Pr )+ X exp[i Q (R —R )] X X b;b,'exp[(Q (r; —r .))])
m mmmm' i (m) j(m')

=g(F )+ g exp[iQ. (R —R ~ )]e (F F' ),
mmmm'

(7)

where it is assumed that the Auctuation of one atom
around its equilibrium position can be split in translation-
al motion of the molecular center of mass and in-
tramolecular rotations or vibrations. The Debye-Wailer
factor W= —,[(M )Q is relative to the center of mass.
The term (F F* ) contains information on the inter-
molecular orientational correlations and their range.

For a system of X identical molecules with similar
orientations or nearly spherical molecules (i.e., no prefer-
ential orientation) and neglecting the correlation between
orientational Auctuations of neighboring molecules,

(F F* ) & .=(F) and Eq. (7) simplify to
do

( )2
—iQ (R —R

dn

+N[(F ) —(F) e ] '=S,(Q)+Sd(Q) . (8)

I

In a molecular crystal, the first term S,(Q) gives rise to
sharp Bragg peaks due to molecular ordering on the crys-
tal sites and the diffuse scattering term can be developed
as follows:

(Q) N[(F2) (F)2e —2w]

NI(tI]F)2+ (F )2( 1 e
—2w)] (9)

where ( b.F ) = (F ) —(F ) takes into account the aver-
age orientational and conformational disorder of the mol-
ecules and (F) (1—e ) is due to thermal fiuctuations
of the molecular center of mass.

At large-Q values, the leading term in Eq. (8) is the
"molecular structure factor" N (F ) since the (F ) e
contribution is strongly damped leading to a vanishing
Bragg intensity (in molecular crystals, there are generally
no more Bragg peaks visible at momentum transfers Q
larger than 10 A ). In this limit, only intramolecular
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sin(gr, ")g b;b . exp
i, j(m) V

—(5rj)g o;

bonds contribute to the diffraction pattern and Eq. (8)
reduces to

(F~) = g b;b*(e p[iQ (r; —r . )])
i(m), j(m)

or less freely. The effect of this correction leads to a re-
scaling of the momentum-transfer scale. If Q,s is the
recoil corrected momentum-transfer vector, one may
write, following Walford, Clarke, and Dore from simple
billiard ball mechanics,

Q,s 1+Cs (8)—2' (8)cos28
(12)

Q 2(1 —cos28)

The last expression of this equation is obtained after
averaging over all possible orientations of r;., i.e., assum-
ing an isotropic orientational disorder or performing a
powder averaging on a crystalline sample, where b; is the
coherent scattering length and o.; the incoherent cross
section of the atom i, and the Debye-Wailer factors
8;.

~
=

—,
' (5r;J. )Q account for intramolecular vibrations in

the harmonic approximation. The molecular structure
factor (F ) may be split in the usual way into a distinct
term (Fz)d;„(i%j)and a self term (F )„if(i=j).

IV. DATA ANALYSIS AND FITTING PROCEDURE

Several corrections must be performed on the raw data
before fitting. The usual corrections for container
scattering, sample attentuation, and multiple scattering
were made using the results of additional experiments
done on the empty container, vanadium bar, and empty
cryostat. The inelasticity and recoil corrections were in-
cluded into the fitting equation, a procedure that proved
to be more accurate indeed if a theoretical formulation
of these corrections is known, their calculation ab initio
supposes hypothesis to evaluate the effective mass of the
scattering atoms in the molecular entities; moreover, the
fit of the correction parameters allows to take into ac-
count cross terms from multiple scattering and inelastici-
ty.

A. Inelasticity correction

Following Eq. (3), Placzek's correction must be ap-
plied on the self part (i =j) of the molecular structure
factor [Eq. (10)] and may be developed as a series expan-
sion of Q, Q, Q, . . . ,

) self, corr (F ) self, mess

2
nn

X 1 —A Q +
M,~ 4m

where A is a constant characteristic of the wavelength
dependence of the detector efficiency, m„ is the neutron
mass, and M,~ is an effective mass for the system. In-
stead of evaluating the correction a priori, we chose to
add in the fit a function 1+A, Q + A2Q + A3Q with
three adjustable parameters. The effect of the coefficient
A 3 is small and plays a role only above 20 A

B. Recoil correction

For light atoms (or molecules), the distinct term [iAj,
in Eq. (10)] must also be corrected for recoil in systems
where the atoms (or molecules) are allowed to move more

Pl~
CE(8)= cos20+m„+M mn

—sin 20
1/2

The correction depends on the ratio Mlm„, where M is
the mass of the scatterer and I„the neutron mass. For a
rigid crystal, M goes to infinity while in a gas M is the
molecular mass. In a plastic crystal, M is an effective
mass since the molecules are neither free to move nor
tightly bonded to the lattice; this unknown effective mass
is also determined from the fit.

For M jm„equal or larger than 20, a first-order expan-
sion of Eq. (12) is sufhcient,

2
Pl~

(13)

C. Fitting equation

At large Q values, the molecular structure factor (F )
is fitted using the following equation including inelasticity
and recoil corrections,

(F )=Ao(1+Aig +A2Q +A3Q )

sin(gdrr, . )+8 g b; b~ exp
I+j(~) ~ eff ijQ p. .

(14)
where Ao and 8 are normalization factors.

Large-Q neutron scattering is generally used to deter-
mine the structure of small rigid molecules. For a mole-
cule containing n atoms, the number of free parameters
used in Eq. (14) is equal to 6+ n (n —1) and the computa-
tion gets out of hand for n exceeding 5 or 6. In the case
of the fullerene C6O, the number of intramolecular dis-
tances is 1770; there would be no way to determine the
molecular structure if it had not a very high symmetry.
If the truncated icosahedron model is accepted, then all
the atoms are equivalent (a gain of a factor 60), and the
number of distinct intramolecular distances falls to 23.
In such case, the number of free parameters is 52. Actu-
ally, it is known that only two bond lengths dc c and
dc c, that we call, respectively, p and h, are sufficient to
build the set of 23 distances r; =f(h, p) (the calculation
of the 23 intramolecular distances as a function of the in-
dependent parameters h and p has been included in the
fitting program —see Ref. 25). Therefore the number of
free parameters drops to 31, that is to say A;, B, M, h, p,
and 23 Debye-Wailer factors.

We will show that an analysis of the Debye-Wailer fac-
tors will allow us to model the 5r;-; as an example, if a
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function such as (5r;~ ).=f((5h ), (5p )) is found, the
total number of free parameters drops to 10.

D. Low-Q cuto8' for the fit

V. RESULTS

The observed spectra at 4 and 295 K are reported in
Figs. 1(a) and 1(b). We regroup here the presentation and
the discussion around four topics: the study and modeli-

50000

40000

(a)

The total scattering pattern actually observed is the
sum of Bragg intensity, diffuse scattering due to the
translational and rotational motion of the whole molecule
and a diffuse scattering due to the intramolecular contri-
butions [Eq. (8)]. The relative weight of the molecular
structure factor (F ) increases with Q. A delicate choice
is to define above which value of Q Eq. (14) may be used
safely. Moreover, since the precision of the final result
depends on the breadth of the Q range investigated, it
may be interesting to lower the Q;„value by removing
the small Bragg peaks discernible in the intermediate
range. At the three investigated temperatures& there are
no Bragg peaks detectable for Q larger than 7 A; in the
best case (295-K pattern), it has been possible to lower
the cutoff down to 2.6 A

zation of the Debye-Wailer factors, the effect of tempera-
ture, a detailed investigation of the 295-K data in the
whole Q range, and the sample purity.

A. Study of the Debye-&aller factors

The first concern was to reduce the number of free pa-
rameters by looking for correlations between the 23
Debye-Wailer factors. Indeed, if the intramolecular dis-
tances are linear functions of h and p, their average Auc-
tuations 5r;. and thus the Debye-Wailer factors are surely
not independent.

The 23 Debye-Wailer factors obtained from a data fit
using 31 independent parameters are reported in Fig. 2 as
a function of the distance; the bond lengths h and p given
by this fit are reported in Table I row a. The Debye-
Waller factors obtained by Hedberg et al. from the gas
phase are also reported in Fig. 2 for comparison. It is
striking that the Debye-Wailer factors depend linearly on
the interatomic distances. One obtains (5r,J)=.0.0029r,j.
from our data and (5r;~ )=0 00294r.; from the gas-phase
data. This behavior is expected for a simple model in
which h and p vibrate independently; strictly speaking, a
linear relationship requires that (5h )/h and (5p )/p
are of the same magnitude.

Several trials with 10 parameter fits involving a corre-
lation between the h and p bond-length fiuctuations (for
example, 5h =a5p or 5p=0, with p the radius of the
sphere described by the carbon atoms) gave poor results,
confirming the independence of the Auctuations 5h and
5p. Consequently, we used the general function

30000

COt"
20000

Brj t)rj" (5h')+ (15)

10000

50000

40000

Xl
30000

10

(b)

1 5 20

Q(A )

in order to reduce the Debye-Wailer parameters from 23
to 2.

The values of (5h ) /h and (5p ) /p found from 295-
K data in the 4—20-A '

Q range (Table I—fit d) are, re-
spectively, 0.0031 and 0.0028 A, values close enough to
assure an almost linear dependence of (5r;~) with r;~
The reduction of the number of free parameters from 31

o+

0.02

Ch
C

20000c

10000
0.01

10 1 5 20
@~A ') 0 ~ 00

FIG. 1. Experimental di8'raction patterns for the powder C«
sample for a 0.5684-A wavelength at 4 K (a) and 295 K (b).
Bragg peaks are visible in the low-Q range, 1 & Q & 6.5 A at 4
K and 1 &Q &3.5 A at 295 K. The spectra are mainly
governed by the molecular structure factor for Q values larger

o

than 6.5 A at both temperatures.

7 8
r (A)

FIG. 2. Mean-square displacements 5r;, as a function of in-
teratomic distances r;, [0, fitted values in this work; A, from
Hedberg et al. (Ref. 4); and +, values calculated according to
Eq. (15), assuming uncorrelated bond-length fiuctuations].
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to 10 did not significantly increase the residue; that
guarantees the validity of this Debye-Wailer factors mod-
el.

B. Temperature eÃect

n =exp[c(L„L,)], — (16)

where n is the bond number ranging from 1 to 2, L,
&

is
the single bond length (1.541 A for a C—C bond), L„is
the actual bond length depending on the partial double
bond character, and the constant c = —3.398 is easily
determined from I 2 =1.337 A for a C= C bond. How-
ever, absolute estimates of n using Eq. (16) are often not
correct since bond lengths also depend on the molecular

The results of the fits for the three temperatures and
two wavelengths are reported in Table I (rows b to d).
The errors quoted in brackets correspond to one standard
deviation. As an illustration of the quality of the fit, Fig.
3 reports experimental and calculated data at high tern-
perature for a fit performed in the 2.6—20-A '

Q range,
after filtering of the remaining Bragg intensity still visible
in the 2.9 to 3.4-A '

Q values.
Let us first discuss the accuracy of the fit and the pre-

cision obtained on the values h and p. A Q;„cutoffof
0

6.5 A ' was chosen for the five runs; all data points were
kept at 150 and 295 K while at 4 K several small Bragg
peaks had to be removed in the 7.0—7.2- and 8.1 —8.5-
A '

Q ranges. At 295 K, results for a cutoff equal to 4
A ' are also reported. The precision on bond lengths is
improved using A, =0.70 A for which a better counting
rate and statistics are obtained; but the estimation of the
average fluctuations of bond lengths 5r; is more precise
with the short wavelength since the highest value of Q is
extended from 16 to 20 A '. Many trials have been
made to check the effect of cutoff and filtering of the
Bragg peaks. The greatest variation found for the value
of h was 4X 10 A for cutoff values ranging from 2.6 to
11 A ', for example h varies from 1.3906 A 1.3933 A for
respective cutoff of 4 and 6.5 A ' (Table I—fits d" and
d"'). The stability of h and p is confirmed while examin-
ing the covariance matrix, which is reported in Table II.
A correlation of the order of 0.05 is considered as negligi-
ble in least squares fitting but it is, in fact, rarely ob-
served. One observes that parameters h and p are essen-
tially coupled to each other; a weak coupling also exists
between h and p and the recoil coefticient which is ex-
pected since the recoil correction changes the Q scale and
therefore the length scale. But the recoil effective mass is
so large (more than 700) that its effect is negligible and
the effective mass was chosen as infinite in the final fits.

Considering now the temperature effect on the bond
lengths h and p, which is shown in Fig. 4 using A, =0.70
A and a cutoff at 6.5 A, one observes a significant in-
crease of the double bond h between 4 and 150 K and a
corresponding shortening of the single bond p. This
effect corresponds to a localization of the electrons on the
double bonds at low temperature.

Pauling considered the effect of partial double bond
character (bond number) on the bond length for a variety
of compounds and proposed a simple model written as
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arrangement; for example the value n =1.61 found for
benzene would correspond to 3.66 ~ orbitals instead of 3,
but the prediction is correct for graphite. In the C6o mol-
ecule, the estimates are also incorrect since the calculated
bond numbers correspond to 39 ~ orbitals instead of 30.
Therefore, the values of bond numbers for C=C and
C—C, reported in Table I—.columns n (h) and n (p), re-
spectively, have been calculated using a differential form
of Eq. (16),

nh(orp)
—n

=c[h(orp) —L ], (17)

FIG. 3. Experimental (~ ) and calculated ( ) diffraction
pattern of fullerene powder obtained at 295 K with X=0.5684
0
A, after filtering of Bragg peaks. As can be seen on this double-

y graph, the difference between calculated and experimental
values as a function of Q is structureless.

FIG. 4. Bond lengths h =dc c (4) and p =dc c (~ ) as a
function of temperature from an analysis of the data obtained at
A, =0.7058 A (fits b', c, and d'"). As the temperature is lowered
from room temperature down to 4 K, the single bond is elongat-
ed ( hh = +0.008 A) while the double bond is shortened
(hh = —0.010 A); the electrons are more localized on the dou-

ble bond at.low temperature.

atoms (see Table I). Taking, for example, fits performed
in same Q range, one obtains, respectively,

p~ &
=3.554( 4) A (fit b '), p»0 ~=3.55 1(2 ) A (fit c), and

p2» K=3.550(4) A (fit d"'), indicating that there is an al-
most complete compensation between h and p ternpera-
ture effects, ending in an approximately constant value of
the molecular radius over the whole temperature range
(the slight contraction of p with increasing temperature is
about 4.10 A, i.e., of the order of the uncertainty).

where n =1.333 is adjusted to accommodate 30 electrons
equally delocalized on the 90 bonds, with an average
bond length I.(h +2p/3). With this approach it is possi-
ble to give a quantitative estimate of the localization of
the electrons on the double bond as temperature is
lowered from room temperature to 4 K; indeed, the h-
bond number increases from 1.52 to 1.58 while the p-
bond number decreases from 1.24 to 1.21S. This localiza-
tion occurs as an orientational ordering of the molecule is
observed, increasing interactions with the neighboring
molecules.

A last remark to be made is the very weak temperature
effect on the radius p of the spherical shell of carbon

C. Complete description of the Bragg and disuse scattering
at 295 K

It is now well confirmed that the fullerene C60 under-
goes rapid isotropic reorientation above 260 K; the most
convincing evidence is the narrowing of the ' C NMR
resonance line at room temperature reported by Yannoni
et al. " The refinement of the crystalline structure, ' as
well as the quasielastic neutron-scattering measurements,
is also consistent with rotations which are not correlated
with the orientation of the neighboring molecules. In this
ideal case, the average molecular form factor ( F &

reduces to

TABLE II. Covariance matrix of the 10-parameter fits as defined in Eq. (14).

o
B
h

&&p&
recoil

AI
A2
A3

Ao

1.000
0.421

—0.005
—0.044

0.033
0.169

—0.012
—0.880

0.771
—0.603

1.000
0.047
0.099

—0.054
0.165

—0.105
—0.332

0.277
—0.241

1.000
0.023

—0.763
—0.062
—0.153
—0.039

0.077
—0.108

1.000
0.094

—0.782
—0.082
—0.067
—0.076

0.076

1.000
—0.015

0.143
—0.049
—0.066

0.082

&fip&

1.000
0.030

—0.178
0.154

—0.133

Recoil

1.000
0.074

—0.119
0.150

AI

1.000
—0.097

0.087
1.000

—0.986

A3

1.000
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(F ) = g bj o(Qp), (18)

where p is the radius of the sphere formed by the carbon
atoms and jo(Qp) is the spherical Bessell function. A
complete refinement of the structure factor S(Q) at room
temperature including Bragg intensities and diffuse
scattering may thus be determined using Eq. (8). The cal-
culation is carried out in steps: (i) The refinement of the
most intense Bragg peaks, with the help of Eq. (18), is
made first; (ii) a realistic diffraction pattern is then con-

structed for more than 100 peaks convoluted with the
spectrometer resolution; and (iii) this pattern is subtract-
ed from the total spectrum and the diffuse intensity, in-
cluding the dynamic of the whole molecule, is finally ad-
justed by least-squares fitting.

1. Calculation ofBragg intensities

The coherent elastic scattering which is observed at
each Bragg position Qhk& allowed by the Fm 3m cubic
group can be written using Eq. (18) and after powder
averaging,

7.0

6.0

5.0—

4.0

3.0

2 ' 0

1.0

a ~
o—

6.0

O
~ 5.a—

~ 4.0—C3

0)
Sa

3.0

2.0—

1.0

I ' I

(a) F 2

(F )- &F)

S (Q)

871' c10 QhklP —2ughk~X hk& 3
Xe

a hkl

(19)

where is C a normalization constant, M&kl is the multipli-
city of a given Bragg refIection, a is the cell parameter of
the fcc lattice (a2» ~ = 14. 16 A), b, is the carbon-bound
coherent scattering length, and 8' is the Debye-Wailer
factor of the molecular center of mass.

In spite of a moderate instrumental resolution (the 7C2
spectrometer being not optimized for crystalline struc-
ture determination) we were able to determine the inten-
sity of six Bragg contributions (corresponding to peaks
111, 220, [combination of 311+222], [combination of
331+420], 422, 333+511), and to obtain a correct
refinement of the Debye-Wailer factor 8'from these data
using Eq. (19). As a difference with Heiney et al. , who
found that the translational Debye-Wailer factor of the
molecular center of mass was negligible, our fit returned a
weak but well-characterized value for this factor,
W =0.015(5)Q .

2. Calculation of the Bragg pattern S,(Q)
in the whole Q range

6.a—

5.0—

(c) ~ ~ ~ ~ ~ !~ 1 S (Q)diffuse

S (Q)

4.0—

3.0—

2 ~ 0—

1.0—

0 0 l

' I ' I ~ I ! I ! I ! I ~ I !

For the two wavelengths used, the experimental resolu-
tion is obtained as a function of Q from the analysis (as-
suming a Gaussian shape) of the Bragg peaks of the Cso
pattern in the 0.5 —2.5-A ' range and of the nickel
powder pattern in the 2.5 —10 A ' range. As an example,
for A, =0.7058 A, a polynomial adjustment of the experi-
mental resolution gives the following:

res( Q) = =0.0651 —0.0275Q
2 ln2

+0.015Q —0.00057Q . (20)

The intensity of 115 Bragg peaks is then calculated using
Eq. (19) and the result convoluted with the resolution ac-
cording to

ohio
I(Qhki )

7 s IB„(Q)=X exp
Q {g ~) h, k, l ~res( Qhkl )

2
Qhkl Q

(21)
res( Qhkl )

FIG. 5. Respective components of the static structure factor
S{Q) in the low-Q range when assuming the spherical orienta-
tional average for a powder sample. (a) Relative contributions
of (F) and {AF) =(F ) —(F) to the diffuse intensity. (b)
Bragg scattering S,(Q). (c) Diffuse scattering Sz(Q) to be com-
pared to the total structure factor S(Q).

which provides a realistic diffraction pattern, reported in
Fig. 5(b). It is noticeable that, due to the low
diffractometer resolution, the C6o Bragg peaks merge into
broad ripples as Q increases. This pattern, after multipli-
cation by a calibration constant, is removed from the ex-
perimental spectrum to obtain the total diffuse scattering.
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3. Fit of the total disuse scattering Sz(Q)

Equation (14) (describing the intramolecular structure
factor and inelasticity corrections) plus an additional
term B,(F) e, taking into account the fiuctuations
of the molecular center of mass with B

&
a normalization

constant, are used to fit the total diffuse scattering spec-
trum in the whole Q range. In practice, 30 data points
(out of 640) had to be discarded: indeed, the shape of the
actual peaks of the spectrum is not exactly Gaussian
which introduces errors much larger than the standard
error at the position of the main Bragg peaks. The re-
sults of these fits are reported in Table I and printed in
bold (fits e and e") since we believe that they provide the
most reliable values of h and p. Since the whole experi-
mental spectrum is elucidated at high temperature, it is
possible to confirm that the values of the bond lengths are
remarkably independent of the choice of the Q limits.
For example, it is worth noticing that the same values of
h and p are found using a very limited Q-range (1.6 to 10
A ') as fit e', Table I.

Several self-consistency checks of the various contribu-
tions to the total diffuse scattering and of the balance be-
tween diffuse and Bragg scattering terms are possible.
For example, one finds for the ratio of the diffuse scatter-
ing normalization constants B /B, a value of 59.3 within
1% of the theoretical value of 60. In the same way, the
Debye-Wailer term 8' obtained from fluctuations of the
molecular center-of-mass contribution to the diffuse
scattering [Eq. (9)] is found to be equal to &=0.0157(8),
which compares very well to the value W=0.015(5)
found from the refinement of Bragg peak intensities.

Contributions of Bragg scattering S,(Q) and diffuse
scattering Sd(Q) to the total structure factor spectrum at
295 K in the 0—8-A Q range are given in Figs. 5(b) and
5(c). Figure 5(a) gives the relative contribution of the two
components of the diffuse scattering as a function of Q.

In conclusion, it has been possible for the high-
temperature plastic phase of the fullerene to determine
with precision the respective components of S(Q). Fig-
ure 6 reports the interference function Q X (F )d;„calcu-
lated in the whole Q range; such an identification of the

A

LL

40000

intramolecular structure factor in the whole range gives
confidence on intr amolecular bond-lengths determina-
tion.

D. Determination of impurity content

The ability of fullerene powders to adsorb gases or
liquids is known and we must be concerned about sample
impurity content and identification. Taking advantage of
the high sensitivity of our neutron-scattering technique to
detect small rigid molecules, we prospected the existence
of molecular oxygen, since the sample was handled in the
open atmosphere, and of deuterated benzene used for
washing the sample.

The test was conducted in two ways. First, the molec-
ular form factor of oxygen and/or deuterated benzene
was added to the fitting Eq. (14); the molecular parame-
ters (distances and Debye-Wailer factors) characteristic
of the impurity molecule X were taken from the literature
and only the normalization factor B was allowed to
vary. So the value of the coefficient B gives directly the
amount of the X impurity. For molecular oxygen as well
as for benzene, the fits did not converge and it was thus
not possible to evaluate the presence of these impurities.

Choosing a different approach, we calculated the
molecular structure factor of oxygen and deuterated ben-
zene, a few percent of which was added or removed from
the experimental spectrum. The fit was then carried out
using regular Eq. (14) and the value of the weighted resi-
due was followed. The goodness of the fits was never im-
proved for any percentage of impurity; a significant wor-
sening was observed by adding (or removing) 1% (molar
ratio) of benzene or 10% (atomic ratio) of Oz. Sensitivity
to molecular oxygen was less than expected; the sensitivi-
ty should be better than 1% for objects of similar
coherent cross section. In fact, the large number of C6p
intramolecular distances ends in an amplification of the
signal at the damage of the small and rigid molecule; for
example, Bc =b, X60X59 and Bo =bp X2.

In conclusion it is only possible to assess that the im-
purity content in our C6p sample is inferior to the sensi-
tivity of our technique, i.e., less than 3 mol of 02 and/or
0.01 mole of C6H6 per fullerene mole.

VI. DISCUSSION

20000

-20000

-40000
10 15 20

Q{A )

Flax. 6. Interference function Q(F )d;„in the 1.6—20-A
range at 295 K (, experimental data;, calculated values
in fit e).

The geometry of the C6p molecule in solid fullerene has
been determined with accuracy using neutron scattering
over a large range of momentum transfer values, giving
one more proof, if needed, that all carbon atoms in ful-
lerene C6p are equivalent within the truncated icosahedral
shape. These accurate measurements have, for the first
time, given access to the temperature dependence of the
bond lengths h and p in the solid state.

It seems important to discuss at which level of
confidence the results summarized in Table I should be
taken. A first comment from the inspection of the resi-
due of the fits is that the statistical precision reached us-
ing this spectrometer was good and that all types of
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corrections have been correctly met. More fundamental-
ly, the covariance matrix (see Table II and Sec. VB)
shows that such a high level of accuracy on bond lengths
is reached because the two distances, h and p, are almost
completely uncorrelated with the other parameters. This
unusual behavior is explained as follows: the determina-
tion of each intramolecular distance in a molecule
without special symmetry is defined by a single sine func-
tion of argument Qr; Sin. ce the many distances and cor-
responding sine functions in the fullerene C6p are related
to h and p, these two parameters are defined with a high
degree of redundancy, the observed pattern being a
fingerprint which determines unambiguously and precise-
ly the molecule. A bad evaluation of any other parameter
which does not participate to the interference of the 23
normalized sine functions does not affect the resolution
obtained on the two lengths. On an absolute scale, the
measured lengths are also limited to a precision of about
one part per thousand due to the uncertainty of the wave-
length calibration.

The validity of the truncated icosahedral model for the
C6p molecule is accurately verified by the quality of the
fits. Indeed, the residue is almost that expected by the
statistical uncertainty and there is no marked structure of
the residue as a function of Q. There would be no way to
obtain a good fit if the reduction of free parameters from
1776 to 10 was not fully valid. We build several simulat-
ed spectra of the distorted C6p molecule with a statistical
noise as in the experimental data. For example, oblate or
prolate distortions of one part per thousand in the sphere
diameter increases significantly the residue. That is con-

0
sistent with a precision of 0.001 A for h and p. Other

types of distortion of the icosahedral group symmetry are
currently under investigation.

The fitting procedure with a reduced number of param-
eters being validated, this type of experiment and data
treatment could easily be extended for example to a C6p
molecule enclosing a metallic ion (only two extra parame-
ters). Determination of the Debye-Wailer factor of the
metal-carbon distance would be of special interest. The
study of substituted C6p would certainly be more dificult
but possible. Substitution could be accompanied by a dis-
tortion of the sphere and a multiplicity of C—C bond
lengths; in such case the number of parameters would in-
crease dramatically, but continuous function for the dis-
tortion may be thought of.

Finally, it is worth underlining that the C6p fullerene is
the best system which might be dreamed of for modeling
orientational disorder in molecular crystals. The room-
temperature diffraction pattern may be completely de-
scribed since, in this case, spherical orientational average
and negligible intermolecular correlations lead to a
simplified form of the static structure factor. It would be
of interest to follow, with the same approach, the carbon
atom localization and the freezing of reorientational
motion as the temperature decreases.
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