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Abstract

We present a detailed study of the structure of the polymer phase of ACg (A =K, Rb) using data obtained from
high-resolution neutron powder diffraction. We are able to obtain stable Rietveld refinements of both structures with
no constraints on any carbon atom. KCy has lattice parameters a = 9.952 A, b=9.091 A, ¢ =14.372 A in space
group Pnmn and RbCg has a = 10.125 A b=9.086 A, c =14.207 A and B =90.316° in space group 112/ml. We
notice significant distortion throughout the ball from its original icosahedral symmetry. Coordinates of the atoms will
allow more accurate theoretical calculation of the physical properties of these fullerides and might shed light on the
differences among the cations and the dimensionality of their electronic properties. © 2001 Published by Elsevier

Science B.V.

The physics of the one-dimensionally poly-
merized ACq (A=K, Rb, Cs) phase is very ex-
citing and not completely understood, with
significant differences among the cations [1]. All
three have a structure consisting of chains of
fullerenes linked by [2+2] cycloaddition, but their
physical properties show subtle differences [1].
One of the most important unresolved questions
concerning the polymer phase of ACg, is the
dimensionality of its electronic properties. RbCgg
was originally argued to have a 1D electronic
structure based on the electron spin resonance
relaxation rate and the proximity of fullerenes
along the polymerization direction [2]. The tran-
sition of RbCy, and CsCg, (but not KCg)) to a
magnetically ordered insulating phase below 50
and 40 K, respectively, [1] also argues for a 1D
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electronic structure in those materials but raises
the question, why KCg is different. Magic angle
spinning NMR measurement finds that the inter-
chain interactions are different for the KCy, on
one hand and RbCg, and CsCgy, on the other [3]
which may be the reason for their different
transport properties. However, more recent NMR
experiment carried out finds strong evidence for
3D electronic properties for CsCgq [4] in agree-
ment with previous theoretical works [5,6]. In
order to reconcile the issue it is crucial to attain a
better picture of the structure to enable realistic
models of these polymers.

Since the physical properties of fullerides have
been shown to have very direct correlation to their
structural properties, the difference of dimensio-
nality of the electronic properties may be related to
different orientation of the polymeric chains they
form [5]. In an X-ray diffraction study Launois et
al. [7] reported that the RbCg is monoclinic
instead of the originally claimed orthorhombic and
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confirmed the orthorhombic symmetry of KCgy.
These results were based on the absence of diffuse
scattering, and of the reflections for which
h+k+1is odd in X-ray precession photographs
of mosaic (~2° and 2.5°) crystals of RbCyy.
However, they were not able to refine the atomic
coordinates and no lattice parameters were pre-
sented. They also did not detect a deviation of f§
from 90° in the monoclinic setting, which must be
very small based on that, and previous X-ray work
[8]. A previous neutron powder diffraction study
[9] confirms the orthorhombic structure of KCgy,
but did not report testing the monoclinic hypoth-
esis. In this Letter we present a detailed neutron
powder diffraction study of the structure of both
KC(,O and Rbc6().

Previous X-ray experiments on CsCg [10],
RbCy¢ and KCg [8] gave C-C bond lengths at the
cyclo-addition site considerably larger than those
accepted by theory [11]. The accuracy with which
atomic positions can be measured using X-ray
diffraction is limited by a few factors. The X-ray
scattering cross-section of C is small compared to
the intercalants and moreover, the intensity at high
Q (small d spacing) is further reduced by atomic
form factor. In order to measure distances with
accuracy on the order of the expected spread of
distances (i.e., ~1.39 A for double bonds and 1.45
A for single bonds to sp? carbons and 1.65 A for
sp® carbons) one needs to be able to acquire good
diffraction pattern at d-spacing less than 1 A. In all
of the previous experiments (X-ray and neutron)
the distances between the sp> C atoms were fixed
to the expected value and only the bridgehead
carbon positions were allowed to refine. In con-
trast with all previous neutron and X-ray work we
refine the position of every atom, and are able to
attain stable results without restraining any
lengths or angles.

Samples were prepared by solid-state reaction
of commercially available high purity Rb or K
metal and sublimed high purity Cg powder. The
sealed Pyrex tube was heated between 200 and 500
°C for more than one month with intermediate
grinding and adjustment of ratio in response to X-
ray measurements to achieve stoichiometry ACg
as precisely as possible. Preliminary X-ray powder
patterns led us to conclude that both samples were

chemically and structurally single-phase poly-
mer '. Approximately 2 g of material was used for
all measurements.

Neutron powder diffraction data of both sam-
ples’ polymer phase were collected at the high
resolution powder diffractometer (HRPD) at
Beamline S8 at the ISIS spallation neutron source
at Rutherford Appleton Laboratory. Three banks
of ZnS scintillation detectors were used to record
the detected neutron intensities in the backscat-
tering (160 < 20 < 176), 90°(87° < 20 < 93°)
and low angle position (28° <26 < 32°) as a
function of time of flight. Neutron patterns be-
tween 16 and 24 h were recorded for RbCq, at
T=35, 100 and 200 K and for KCg, at room
temperature. The diffraction pattern for RbCgy
was recorded at room temperature for 8 h. For the
KCg sample diffraction measurement was also
made at the high-resolution powder diffractometer
BTI1, at the NIST Center for Neutron Research.
There, diffracted intensity was measured as a
function of detector angle at a wavelength of 1.5 A
at T =6 K (~40 h).

Our results obtained from this experiment are
summarized as follows. The structure of RbCg, Ois
monoclinic with lattice parameters a = 10.125 A,
b=9.086 A, ¢=14.207 A and f =90.316° at
room temperature. The plane of the [2+2] linkage
is oriented at an angle y = 46° about its b axis
from the bc plane and all parallel fullerene chains
share the same orientation angle. KC¢ on the
other hand is orthorhombic as originally suggested
[8] with lattice parameters a =9.952 A, b=9.091 A,
¢=14.372 A at room temperature. The orientation
angle of the chain passing through the origin is
Yy =50° from the bc plane and that passing through
the center of the unit cell is —y. The inter (r) and
intra () fullerene bond lengths between sp’
bonding carbons are found to be 1.6 and 1.55 A

! RbCg transforms directly from the rock salt to the polymer
phase, and so the best samples were obtained by cooling from
200 °C to room temperature continuously at the rate of 1 °C per
hour. The polymer phase of KCq is stable at room tempera-
ture, but disproportionates in a range of temperature between
room temperature and the rock salt phase and so we obtained
the best sample of polymeric KCg by quenching into LN, and
warming to room temperature in ice water.
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for KCgy and both are 1.55 A for RbCg. The
single and double bonds are generally grouped
around the theoretically predicted values of 1.39
and 1.45 A (see Table 1).

We now discuss the details of analysis that led
to the previously stated conclusions. In the case of
these phases the most plausible orthorhombic
space groups that accommodate the molecular
symmetry of polymeric Cqy are Pnmn and Immm
(which can be either ordered or disordered). It is
possible to carry out refinement of a powder pat-
tern using only the lattice and profile parameters
to describe the position and shape of all Bragg
peaks letting the intensity of each peak vary freely,
commonly known as a LeBail fit [12]. Since it does
not use any atomic information it is often the most
decisive way to determine a space group or dis-
tinguish between two space groups. However, for
RbCy all efforts to obtain a satisfactory LeBail fit
for an orthorhombic unit cell failed and hence a
monoclinic setting was considered (inset of Fig. 1).
Based on previous work done on this phase we
know that if the bonding mechanism of the Cy is
[2+2] cycloaddition then the bonding direction
must be a 2-fold symmetry axis, therefore the
monoclinic b axis. Also there should be a fullerene
located at the center of the cell in addition to the
one at the origin and the origin must be an in-
version center. The only monoclinic space group
which satisfies these criteria is 12/m. It should also

Table 1

be mentioned that the number of Bragg reflections
over the range of d-spacing of interest remains
approximately the same when the symmetry is
lowered from orthorhombic Pumn to monoclinic
12/m. Having found the correct unit cell and space
group the crystal structure was refined. The pre-
viously published coordinates [8] provided a rea-
sonable starting point for the least square fitting
program GSAS [13]. The background was treated
to be a cosine series with 20 refined coefficients.
The Bragg peaks were fitted with an exponential
pseudovoigt convolution function that takes into
account anisotropic line-shape broadening [14] a
frequently observed phenomenon in powder dif-
fraction patterns. The coordinates of all the car-
bons could be simultancously refined in a stable
refinement, illustrated in Fig. 1.

In the case of KCg it was not possible to de-
termine the lattice and space group unambigu-
ously from just a Le Bail fit. However, some peaks
were observed which were better fitted with a space
group that allows %+ k + [ = odd reflections as
suggested by the results published by Launois [7].
Three space groups were considered while doing a
Rietveld refinement (Fig. 2). For the body-cen-
tered space group Immm both ordered and disor-
dered configurations were considered. In this
model the best Rietveld fit is obtained if the chain
orientation ¥ = 49° with Ry, = 4.69 and > = 4.8.
The space group Prnmn structure has glide planes

Lattice parameters and thermal parameters for both KCs, and RbCy at various temperatures with ' = 0 (no constraint). U;;, Uy, etc.

are the anisotropic thermal parameters for the cation

RbCg (ISIS) KCg (NIST)  KCg (ISIS)
Temperature (K) 5 100 200 300 6 300
Space group 112/m1 Pnmn
Lattice parameters
a 10.0843 (03) 10.0995 (03) 10.1137 (03) 10.1257 (03) 9.9010 (21) 9.9525 (09)
b 9.0887 (01) 9.0893 (01) 9.0886 (01) 9.0865 (01) 9.1185 (18) 9.0917 (08)
c 14.1583 (03) 14.1693 (03) 14.1879 (04) 14.2070 (04) 14.3467 (32) 14.3740 (12)
p 90.375 (02) 90.359 (02) 90.341 (02) 90.317 (02)
7 4.349 3.329 3.64 1.473 0.5069 2.058
Rup 1.47 1.44 1.32 3.36 5.63 3.0
Thermal parameters
Uiso:C 0.000922 0.00209 0.0017 0.00261 0.02096 0.00189
Ui, Un 0.00194 (Uiso) 0.00, 0.10749 0.0078, 0.1742 0.003, 0.2224 0.0900, 0.4000 0.09, 0.19048
Uss, Uz 0.00633, —=0.0073  0.00120, —0.01352  0.02179, 0.0168  0.2054 0.4000
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Fig. 1. Neutron diffraction pattern of RbCe at T = 200 K. This Rietveld fit has a weighted Ry, factor of 1.32% and %* = 3.64. The
inset shows the LeBail fits of the three probable space groups over the range of d spacing 2.04 to 2.32 A. Trace (a) is the raw data and
best fit profile, (b) indicates peak positions of RbCg and (c) is the difference between observed and calculated intensities. Two Cg, balls

are shown for the labels of the carbon atoms.

and so the fullerenes at (0,0,0) and (1/2,1/2,1/2)
are rotated in the opposite direction. We obtain a
significantly better fit to the data for this crystal-
lographic description of the wunit cell with
Ry, = 3.0 and y* = 2.058. The orientation of chain
is found to be yy = 50°. A grid search was carried
out for the orientation angle from y = 0° to 90°
with a 2° interval to avoid any bias of the chain
orientation. It is not possible to detect a shift of 8

from 90° in I 2/m setting and the fit is considerably
worse with Ry, = 5.35 and > = 5.58.

In both cases, the fullerene symmetry is reduced
from its original icosahedral point group to having
2/m symmetry. Due to this reduction in symmetry
there is no mirror plane containing the chain axis
so that the atoms 2 and 3, 4 and 5, etc. (Fig. 1) are
not equivalent. This was also noted in an NMR
experiment on CsCg [4] where it was found that
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Fig. 2. Rietveld fit of the likely space group candidates for KCg. The R, factor and ;> for the space groups Immm, Pnmn and 112/m1

are (4.69,3.0,5.35) and (4.8,2.21,5.58), respectively.

the environment surrounding crystal sites 2 and 3
are not identical.

The ability to obtain stable refinement of all
structural parameters with reasonable inter-
atomic distances, bond angles, positive Debye—
Waller factors, etc., is generally accepted as
strong evidence that the proposed structure is
correct. However, it is of interest to consider the
accuracy of the result. It is widely accepted that
the statistical estimated standard deviation from
Rietveld refinement, listed in Table 2, drastically
underestimates the accurate error bounds of the
structural results. Often chemical knowledge of

certain molecules gives us a good reference point
to ascertain the reliability of the model. Once a
suitable starting model is found, the Rietveld
method allows the simultaneous refinement of
structural parameters such as atomic positions,
site occupancies and Debye-Waller factors along
with lattice and profile parameters. In GSAS it is
also possible to provide a set of inter-atomic
distances along with standard deviations i.e., en-
force some soft constraints on how much the
atom positions can change. The reduced y* or
‘goodness of fit’ is defined by the minimization
function
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L) + P b (dy — d)
(Nobs - Nvar)

Here w; =1/ oiz, is the statistical weight of the ith
profile observation which is the inverse of the
variance of the ith observation. /,; and I; are ob-
served and calculated intensities, d,; and d,; are the
calculated and expected bond lengths and a? is the
variance of the imposed constraints. The scaling
factor F'is used to adjust the contribution of these
so-called ‘soft constraints’ to the total minimiza-
tion factor. We started the refinement of atomic
positions with no constraints and obtained stable
refinements. Experience with aromatic molecules
leads one to expect that between sp” carbons, sin-
gle bonds should be in the range 1.45+0.01 A,
double bonds in the range 1.39 +0.01 A, between
sp carbons it should be 1.6 A, and that between
sp? and sp?, 1.5 A. Calculations and experiments
on fullerenes give a range of 1.43-1.47 A for C-C
bonds and 1.36-1.4 A for C=C bonds [15]. Choi
and Kertesz [11] have considered various models
for fullerene bonding and conclude that the
sp*>—sp? bond should be in the neighborhood of 1.6

S wiLo

7=

A and the sp*-sp® distance around 1.5 A. How-
ever, the distances obtained from an unconstrained
model for these polymers were not in complete
agreement with these expected bond lengths. We
progressively increased F to bias the distances to-
ward their expected values and studied its influence
of the quality of fit. The distances used for soft
constraint are (d; & o) = 1.39 £ 0.02 A for double
bonds (6:6 bonds), 1.45 £+ 0.02 A for single bonds
(6:5 bonds). The interfullerene and intrafullerene
bond lengths r and ' were constrained to be
1.6 +0.05 A. Figs. 3 and 4 show the distribution of
bond lengths for different values of F starting from
having no constraint, i.e., F =0 to 10* for KCg
and RbCy, respectively. In both data sets we ob-
serve that the double and single bond lengths
cluster around 1.4 and 1.45 A. However, there is a
significant spread in the distribution of these bond
lengths, both for single and double bonds. As the
constraints get more stringent, the bond lengths
respond to the constraint rather than the diffrac-
tion data causing a clear segregation between sin-
gle and double bonds. If F'is increased from 0 (no
constraint) to 100 we do not notice any appreciable

o double bond
[ single bond Lo < F = 10000
Rup=3.32
o C1-C1 bond oo ”
Frraneern g o  F=1000
¢ 0@ R,p= 3.18
0 e rm © ® 100
o ¢ &0 Rup= 3.07
| | [ 1] * o L
¢ o O 0@ Ry = 3.02
| | [ [ 0 .1
¢ o 0 O 00 R p=3
| | LT e I e no constraint
¢ O 6 O & Rup=3
I | T | I T | 1
1.30 1.40 1.50 1.60
Bond Length (A)

Fig. 3. Bond length distribution of KCyy at 7 = 300 K as a fuzlction of F, where F describes the weight of the constraint (defined in the
text). The constraint imposed on double bonds is 1.39 + 0.02 A, on single bonds is 1.45 £ 0.02 A and that on sp® bondsis 1.6 & 0.05 A.
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Fig. 4. Bond length distribution of RbCg at 7 = 200 K as a function of F. The first box from the top shows the bond lengths when the
constraint imposed on all bond lengths are 1.38 and 1.42 for F = 100. The lower box shows the temperature dependence of the bond

length with no constraints.

degradation of the fit in either set of data. How-
ever, by increasing the value of F beyond 100 we
compromise the goodness of the fit to the diffrac-
tion data. In the case of RbCg we also notice
(upper box, Fig. 4) that if we try to bias all the
bond lengths to either 1.38 or 1.42 A we do not see
any significant changes in the bond lengths. Lower
box in Fig. 4 shows the bond length distribution
obtained for RbCg, at different temperatures with

F=0. It should be mentioned that the order of the
bonds is more or less the same for all these tem-
peratures. That is to say the outliers from the mean
value are the bonds between the same pairs of
carbon atoms. The two ‘single’ bonds longer than
1.5 A are connected to the bridgehead sp? carbons
(1-2 and 1-3) as expected for sp>-sp’ bonds. The
CI-Cl1 interfullerene distance is 1.55 A and the
C1-C1 intrafullerene distance is 1.6 A in agree-
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ment with previous experimental and theoretical
works.

For the KCy, data we do not have complete
distinction between single and double bond
lengths 2. Also the quality of the KCgy sample is
not as good as that of RbCg, which is clearly no-
ticeable from the peak widths in the diffraction
pattern. The data obtained for KCg¢ at 6 K also
show that the single and double bond lengths
converge to their expected values of 1.39 and 1.45
A if F =100.

From the histogram of bond lengths shown in
Figs. 3 and 4 we notice that the buckyball in KCy,
is significantly more distorted than RbCg. One
measure of deformation of the ball is given by the
distance of each carbon atom on the ball from the
center of the ball. These distances are listed in
Table 2. In order to understand the stated distor-
tion we tried to see if there is any correlation be-
tween the distorted bond lengths and the
proximity of the carbon atoms to the nearest ca-
tion. Fig. 5 shows the distribution of bond lengths
and groups the carbon atoms according to their
distances from the closest cation. These distances,
which are also listed in Table 2 show no obvious
relation to the scatter of the bond lengths from
their expected values. Excluding the sp® carbons,
we see that the distances are within 1.8% of the
3.55 A radius of the undistorted, uncharged Cy
molecule [16]. Ogitsu [17] found a somewhat
smaller fullerene in their density functional theory
analysis of KCg, with a comparable (2%) elliptical
distortion in the plane (radii from 3.41-3.49 A).
Another way to calculate the distortion of the ball
is to calculate the pyramidalization angle [18] at
each carbon position. In a free (undistorted) Cg
this angle has a value of 11.64°. The values of these
angles are also listed in Table 2. The statistical
errors were propagated numerically from the un-
certainties associated with the positions of the at-
oms obtained from GSAS; they therefore represent

2 Here we should point out that we excluded two regions (d
spacing 2.238-2.246 and 2.321-2.346 A) because of the presence
of two very sharp peaks unlikely to be a part of the diffraction
pattern of the sample. Hence the uncertainty associated with
this data set is significantly larger than the RbCg data set.

Bond Lengths :

7
1.30-137: /\ ®
® 1
1371428 ——
142147 ; e
14716  em—
Expected Bond Lengths
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Distance from closest cation: T=300K Double : 1.39
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3440 @ " 11:16
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47-54: @
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T=200K

Fig. 5. View of the buckyball for both KCgq and RbCg
showing the variations of the bond lengths between carbon
atoms and the distance of each carbon from the nearest cation.

statistical uncertainties rather than estimate of
accuracy of the results. More careful theoretical
calculations based on the observed coordinates
and chain orientation will shed more light on the
transport properties of these polymers.
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