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Bond Orders and Atomic Properties of the Highly Deformed Halogenated
Fullerenes CyF,3 and C,Cl;, Derived from their Charge Densities
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Abstract: The experimental charge
densities of the halogenated Cg, ful-
lerenes CyF,;3 and CgCly, were deter-
mined from high-resolution X-ray data
sets measured with conventional Moy,
radiation at 20 K for C,Cl;, and with
synchrotron radiation at 92 K for the
fluorine compound. Bond topological
and atomic properties were analyzed
by using Bader’s AIM theory. For the
different C—C bonds, which vary in
lengths between 1.35 and 1.70 A bond
orders n between n=2 and significantly
below n=1 were calculated from the
bond topological properties at the
bond critical points (BCP’s). The low

bond orders are seen for 5/6 bonds
with each contributing carbon carrying
a halogen atom. By integration over
Bader’s zero flux basins in the electron
density gradient vector field atomic
properties were also obtained. In con-
trast to free Cq, in which all carbon
atoms have a uniform volume of 11 A’
and zero charge, atomic volumes vary
roughly between 5 and 10 A® in the
halogenated compounds. Almost zero
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atomic charges are also found in the Cl
derivative but a charge separation up
to £0.8 e exists between C and F in
CgF1s due to the higher fluorine elec-
tronegativity, which is also seen in the
electrostatic potential for which the
electronegativity difference between
carbon and fluorine, and the addition
to one hemisphere of the fullerene
cage leads to a strong potential gradi-
ent along the CgF;3 molecule. From
the summation over all atomic volumes
it follows that the halogen addition
does not only lead to a dramatic distor-
tion of the Cy, cage but also to a signif-
icant shrinkage of its volume.

Introduction

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Thanks to the recent technical advances in X-ray diffraction,
experimental electron density investigations on larger mole-
cules can be performed with moderate effort, provided that
properly diffracting crystals are available. Hence fullerenes
with generally 60 or more atoms could in principle be stud-
ied; however, their investigation is complicated on one hand
by the generally poor quality of fullerene crystals and on
the other hand by the generally high mobility of these mole-
cules in the crystal lattice. That is why only few electron
density studies on highly substituted fullerenes are reported,
while no such study is known for a free fullerene.!?!

For free C), the few chemically independent atomic and
bond topological properties that can be obtained by applica-
tion of Bader’s quantum theory of atoms in molecules
(QTAIM)" have been derived from theoretical calculations.
Due to the high I, molecular symmetry of the Cg, cage, all
60 carbon atoms are chemically equivalent and only two dif-
ferent bonds, the 5/6 and the 6/6 bond exist, so that these
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Table 1. Bond topological and atomic properties of free Cy, (from HF/6—
311G** optimization).

5/6 bond 6/6 bond
length [A] 1.448 1371
p(recr) [e A7 1.97 223
V2o(rep) [e A7 —20.48 2513
£ 0.16 0.29
n 138 1.83

Atomic properties

C V=110 A’ g=0.00 ¢

atomic and bond topological properties can easily be sum-
marized in a short table (Table 1).

The geometric and bonding situation of the Cy, cage
changes drastically if highly halogenated fullerenes, which
were recently reported, are considered. Depending on the
addition of specific number of fluorine, chlorine, or bromine
atoms, the carbon cage can get heavily deformed.*” The de-
formation is caused by a significant change in the C—C bond
lengths, which are found in a wide range from roughly 1.35
to 1.70 A. These dramatic changes relative to the highly
symmetric free C4, cage should have severe influences on
the electronic structure, atomic, and bond topological prop-
erties, which are subject of this study. Here we report on the
experimental electron density p(r) of CgF,s,” for which the
molecular structure is known to be distorted towards a
“turtle” hemispherical shape (see Figure 1), and on a corre-
sponding study on D;,-C,Cly (a second isomer of Cg,Cls,
exists possessing the C,-molecular symmetry), in which the
distortion led to a “drum-like” conformation of the Cg, cage
(Figure 2). The focus of this study is directed to the bond
orders of the different C—C bonds, and the atomic proper-
ties of the carbon atoms, which are distinguishable in con-
trast to free Cg,.

Results and Discussion

The molecular structures as present in the crystal are dis-
played in Figures 1 and 2 together with the corresponding
Schlegel diagrams illustrating the chosen atomic numbering
scheme, and the different types of atoms and bonds that are
discussed below. Quantitative interpretation of the charge
density distribution was made in terms of Bader’s AIM
theory.?!

Bond topological analysis: According to Bader’s definition,
bond critical points rgcp Which satisfy the conditions that
vp(r) vanishes at rgcp were located for all covalent bonds.
Bond topological properties at the rgcp’s based on the multi-
pole models and the theoretical calculations are compared.

As already mentioned, the high deformation of the C,
cages is result of significant changes in the C—C bond
lengths. While in free Cg, only two types of bonds exist (s
=1.448 A, rg4=1.371 A), a large variety of bonds with dif-
ferent lengths are observed in halogen-substituted cages,
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Figure 1. Top: ORTEPP! representation of the molecular structure of
CgF s at 92 K in the crystal. Displacement ellipsoids are drawn at a 50 %
probability. Bottom: Schlegel diagram with bond (small letters) and atom
types (capital letters).

with the longest ones reaching rather extreme C—C bond
lengths close to 1.7 A. In Figures 3 (for C4Clsy) and 4 (for
CqF3) the electron density values, p(rgcp), from experiment
and the theoretical calculations are plotted versus the C—C
bond lengths, confirming in all cases an approximate linear
relation.

For CyCl;, two parallel least-squares lines rather close to-
gether are seen for the two theoretical calculations. On an
average, the HF p(rgcp) values are 0.05 e A~ higher than the
corresponding DFT results. The experimental line is in be-
tween, so that a proper agreement between theory and ex-
periment is found. For the fluorinated fullerene the theoreti-
cal least-squares lines are slightly further apart, by
~0.1 e A while the experimental spread is rather large,
possibly due to the limited crystal quality discussed below in
the Experimental Section.

We note that in an earlier study on a highly substituted
ethoxycarbonyl-Cg-fullerene (with a less distorted Cy,
cage) similar findings for the experimental and theoretical
o(rgep) versus bond length relation were derived. The C—C
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Figure 2. Top: ORTEP® representation of the molecular structure of
CeCly at 20K in the crystal. Displacement ellipsoids are drawn at a
50% probability. Bottom: Schlegel diagram with bond (small letters) and
atom types (capital letters).

bond-length range was smaller (1.40 to 1.60 A) in that com-
pound.

Once the topological descriptors at the bond critical
points are available, topological bond orders can be calculat-
ed from the electron density values p(rzcp) and the principal
electron density curvatures 4,, 1,, and A;. Bader makes use
of an exponential relation which depends on o(rgcp) only

[Eq. (1]
Npader = €XP[C (0(Tpcp) —C2)] 1)

The parameters ¢, and ¢, can be derived from theoretical
calculation on model compounds.

A relationship that also uses the 4; is given by Equa-
tion (2),) in which the coefficients a to d, from molecular
theoretical calculations, are reported for a number of bond
types in the literature.[®]
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Nip = 4 +b- /‘['3 + C(/‘L] + )«2) + dp(rBCP) (2)

For C—C bonds (a=-0.522, b=-1.695, d=8.473) the co-
efficient ¢ is equal to zero, so that for this bond n,, no
longer depends on the perpendicular curvatures 4, and 4,.

In Figure 5 we have plotted the bond orders described
above for the different C—C bond types found in C¢,Cls,; for
completeness also the Pauling bond order n,'” [Eq. (3)],
which uses the bond length only, is shown.

n, = exp[(1.521-d)/0.293]  d = C-C distance (3)

While otherwise the agreement between the different
types of bond orders is reasonable, the experimental n,
values are too small. The reason is the contribution of 1; to
the n,, expression. It is generally known that among the ex-
perimental bond topological indices the parallel curvature,
/5, is the least reproducible!™*?l and tends to be considera-
bly larger than the corresponding value from theory. It fol-
lows that with the present theoretically derived parameteri-
zation of the n,, expression experimental bond orders
become too small.

In the following discussion all mentioned bond orders
(from experiment and theory) were obtained from Bader’s
exponential relation (the parameters c¢;=1.02289, c¢,=
1.64585 were used, derived from an earlier theoretical calcu-
lation™). For the Cy, cages of both compounds we find a
bond order range from double bond to values significantly
smaller than a single bond for both of the halogenated de-
rivatives.

In the diagram for CgCly, (Figure 3) two rather broad
data-point clusters can be recognized. The first one is in the
bond length range 1.35-1.40 A, which belongs to the aro-
matic bonds of the planar ring system (a’, a”’) and the tran-
nulene belt (i, h; see Schlegel diagram) with bond orders be-
tween n=1.5 and n=2. The distribution in this cluster cor-
responds to a C—C bond length range which includes the
precise value that is found for the 6/6 bond in free Cg,. The
second cluster is in the bond length range close to 1.5 A, in-
cluding sp>-sp® bond types b, f, g. Bond orders are between
n=1 and n=1.5 and one of the carbon atoms involved in
the bond is also bound to a Cl atom. No bond appears at
the length found for the 5/6 bond in free C,.

Three further small clusters, around bond lengths close to
1.58, 1.63, and 1.69 A are for bonds of ¢, d, and e type. They
all refer to unusually long sp*-sp® C—C bonds and hence
bond orders smaller than n=1 are derived. They have in
common that both carbon atoms involved in forming these
three types of bonds are also bound to a CI atom.

The clustering for CyF;3 (Figure 4) is as follows: One
broad range for bond lengths at 1.35-1.40 A exists including
the aromatic bonds a’ and a”, and the 6/6 bonds of type i, |,
n, q in the nondistorted part of the molecule. Consequently
the 5/6 bonds j, k, m, o, p, r in the nondistorted region clus-
ter around the bond length range 1.42-1.47 A, so that the
bonding situation in this hemispherical region is not far
from that of free Cq,: Bond orders between n=1.5 and n=2
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¥ n=2

22 F

SP HF/6—3TG(d£ e
SP B3LYP/6-31G* ==k~
EXP —%—

5/6 bonds (type c and e) in
which both contributing carbon
atoms are also bound to a fluo-
rine atom.

It is known that the elongat-
ed C—C bonds of C4Cl;, and

n=1.5 CqFigs can be attacked by

oxygen, resulting in their cleav-
age and formation of intermo-
lecular ethers.'*'! In case of
CsClyy, bonds like C10—C11

n=bond order

(bond type e, see Schlegel dia-
gram Figure 2, bottom) show a
bent character despite the ex-
treme bond length. Figure 6
shows the Laplacian distribu-
tion of the five-membered ring
* containing the C10—C11 bond.
It can be seen that the mini-

‘:.;( 18
(]
=
g T 16 n=1
=}
14 F
12 6/6
free Cqo free Cgy
I e
1 1 1 1 1 1 1 1
1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7

Bond length / A

Figure 3. Plot of p(rzcp) values [e A=] versus bond lengths [A] for the C—C bonds in CgCly, by using results
from experiment and the two theoretical calculations. Small letters refer to the bond types given in Figure 2

(bottom).

n=2

mum of the saddle shape of this
bond is not localized on the in-
ternuclear vector between the
two atoms. A similar C—C bond
was found in a barbaralane de-
rivative, in which one bond
of a three-membered ring was
found to have a bond length of
1.65A and a  p(rgep)=
1.29 e A~/ %0(tgep) =

—13eA In both cases the
distance between the internu-

SP B3LYP/B-31G* ww ra—
SP HF/6-31G(d,p) -+
EXP —w—

N
@
T

n=15 .
" clear vector and the BCP is

0.06 A (while for a bond in a
cyclopropane ring a distance of
0.08 A is observed).

n=bond order

Density / e A

-
o
T

14 F

12} 6/6

free Cgq

1 1 1 L 1

Atomic properties: Following
Bader’s AIM theory” a mole-
cule can be partitioned into sub-
molecular fragments. The parti-
tioning procedure to obtain
atomic regions makes use of the
zero-flux surfaces in the elec-
tron density gradient vector

1.45 1.5 1.55
Bond length / A

Figure 4. Plot of p(rycp) values [e A~] versus bond lengths [A] for the C—C bonds in CyF,4 by using results
from experiment and the two theoretical calculations. Small letters refer to the bond types given in Figure 1

(bottom).

can be assigned to the bonds of the first cluster, while the
second cluster refers to bond orders n=1.3-1.5. No further
distinct clustering is seen. The 5/6 bonds of type b, g, h, for
which one of the contributing carbon atoms carries a fluo-
rine atom, have bond orders somewhat above n=1. The lon-
gest bonds with bond orders clearly below n=1 belong to
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field s7p(x). In order to evaluate
the atomic volumes and charg-
es, the algorithm available
through the TOPXD program!!”!
was applied. Averaged results
for the various atom types are
summarized in Tables2 and 3
(tables containing atomic properties of each atom are in the
Supporting Information). The total atomic volumes (V)
are defined by the interatomic boundaries in the crystal. It
is common practice to consider also the V, volumes, de-
fined by a cutoff at p=0.001 au; these volumes are used to
compare with charge densities of isolated molecules. Bader

Chem. Eur. J. 2007, 13, 1910-1920
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the unit cell volume within less

than 1%, whereas the charges

oo add up to zero. For CyCly, the

Hop sum of charges is also very

close to zero (0.02 e), whereas a

difference between the sum of

Vi« and the experimental cell

volume of 4.6% is caused by

the presence of the additional

partially occupied Cl site”! that

- was not included in the integra-
tion.

It follows from the definition

* and the data listed in Tables 2

and 3 that V,, is larger than

* + » X
]

1.30 1.35 1.40 1.45 1.50 1.55 1.60

Length/A

Figure 5. Bond orders, calculated according to the various definitions given in the text, plotted versus the
lengths of the different C—C bond types of CgCls,. Small letters indicate the bond types given in the Schlegel

diagram, see Figure 2 (bottom).

Figure 6. Laplace distribution in one of the five-membered rings of
CgCly, containing the long C—C bond C10-C11=1.6886(4) A. Contour
interval 5e A3, black=zero line, gray=negative values, continuous re-
gions next to nuclei = positive.

Table 2. Averaged atomic properties (in A’ and e) for the different atom
groups in CgCly,.

Group Type N Vit Voo o Cloga
A C 6 9.11(9) 8.47(9) 0.07(1) no
B C 6 6.48(4) 6.43(3) 0.06(1) yes
C C 6 6.47(3) 6.43(2) 0.10(1) yes
D C 3 6.02(5) 6.00(5) 0.18(1) yes
E C 3 9.86(4) 9.02(3) —0.05(1) no
F C 6 9.8(2) 9.0(1) —0.09(2) no
G Cl 6 28.4(15) 26.2(7) —0.13(1)

H Cl 3 28.5(10) 25.4(2) 0.06(1)

I Cl 6 30.5(12) 26.3(3) —0.08(1)

[a] N=number of contributing atoms.

atomic volumes and charges are additive. The sum of atomic
volumes in a given unit cell should be equal to the experi-
mental cell volume. Similarly the sum of all atomic charges
should add up to zero. For C4F,5 the sum of V, reproduces

Chem. Eur. J. 2007, 13, 1910-1920

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Voor- For the carbon atoms the
average AV=V.—Von is
0.58 A’ in CgCly, and 0.93 A’
for the fluorine derivative. For
the halogen atoms, which are at

Table 3. Averaged atomic properties (in A’ and e) for the different atom
groups in CgF 5.

Group Type N B Vi Voo 0 Fuaa F neighbor[h]
A C 6 9.7(3) 9.1(1) —0.05(1) no 1
B C 6 5.67(2) 5.66(2) 0.50(1) yes 2
C C 3 5.34(3) 5.34(3) 0.80(1) yes 3
D C 6 5.62(2) 5.61(2) 0.68(1) yes 2
E C 3 6.22(1) 6.20(1) 0.49(1) yes 1
F C 6 10.5(7) 9.6(2) —0.06(1) no 1
G C 6 10.3(10) 9.1(2) 0.05(1) no 1
H C 3 11.0(2) 9.5(1) 0.15(1) no 0
1 C 3 13.0(13) 10.6(3) —0.25(1) no 0
J C 6 11.0(15) 9.6(3) —0.03(1) no 0
K C 6 11.0(16) 9.4(3) 0.15(1) no 0
L C 6 11.6(14) 10.1(3) 0.21(1) no 0
M F 6 18.4(17) 14.7(4) —0.63(1)
N F 3 16.2(12) 14.0(3) —0.73(1)
(@] F 6 20.0(26) 15.1(4) —0.65(1)

F 3 19.8(23) 15.7(2) —0.83(1)

[a] N=number of contributing atoms. [b] F,ignvor gives the number of flu-
orinated neighboring carbon atoms.

peripheral sites of the fullerenes, this difference is larger,
that is, AV=3.20 and 3.93 A® for the Cl and F derivatives,
respectively. Since the outer regions of the atomic electron
density do not contribute significantly to the charge integra-
tion, the Q,, and Qy, values are practically equal, so that
only one Q quantity is given in Tables 2 and 3.

In line with their chemical environments the carbon
atoms of C4Cly, can be grouped into six types (see Schlegel
diagram and Table 2). The aromatic carbon atoms of group
E and F of the trannulene belt (C22-C30) are the largest
ones (average V. /Vy =9.86(4)/9.02(3) A® for E, and 9.8(2)/
9.0(1) A® for group F, quantities in parentheses are the stan-
dard deviations with respect to the sample means), while
the aromatic carbons of the planar six-membered ring (Cl-
C6) belonging to group A have a slightly reduced volume
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(Viod Voo1 =9.11(9)/8.47(9) A?). The sp® carbon atoms of
group B, C, and D (C7-C21), each carrying a chlorine atom,
have a strongly reduced volume of V. /Vyy,=06.48(4)/
6.43(3) A® for group B, and 6.47(3)/6.43(2) A® and 6.02(5)/
6.00(5) A® for groups C and D, respectively. Evidently for
the last two types of atoms the crystal environment does not
influence the atomic volume so that V,, and V|, are practi-
cally equal. For all chlorine atoms (groups G-I) an averaged
volume of V,/Vyy =29.3(17)/26.1(6) A’ is observed.

From the experimentally obtained atomic charges all
atoms can be regarded as almost neutral. The benzenoid
carbon atoms and the sp® carbon atoms are slightly positive-
ly charged (0.07/0.10 e), which is compensated by small neg-
ative charges of the carbons of the trannulene belt
(—0.08 e).

The integration of the atomic basins in CgF5 led to a
wide range of volumes and charges for the carbon atoms,
and a more narrow range for the corresponding properties
of fluorine atoms. Although the space group does not pro-
vide crystallographic 3mm symmetry for the molecule, a
grouping of the atoms according to this symmetry can be ap-
plied. We consider 12 groups for the carbon atoms and four
fluorine atom groups (see Schlegel diagram and Table 3)
that can be distinguished with respect to their volumes or
charges. While the atoms C1-C6 belonging to group A and
the atoms of groups F-L are not fluorine-substituted, atoms
of group B-D carry a fluorine atom. For the following dis-
cussion we also consider for each carbon atom whether or
not its neighboring carbon atoms are fluorinated.

Members of group C, which are all bound to fluorine
atoms and, in addition, all of their three carbon neighbors
are also bound to fluorine atoms, have the smallest volume
of Vi/Vo=5.34(3)/5.34(3) A*> and the highest positive
charge of 0.8e. Groups B and D contain carbon atoms
bound to fluorine and with two fluorine-bound neighboring
carbon atoms. They have a slightly larger volume of 5.64(3)/
5.64(3) A® (averaged over B and D) and a smaller positive
charge of 0.50(1) e for B and 0.68(1) e for D. The last group
of carbon atoms bound to fluorine are in group E. Only one
of their three carbon neighbors is also bound to fluorine and
we find a volume of 6.22(1)/6.20(1) A*> and a charge of
0.49(1) e. For the non-fluorine-bound carbon atoms in
groups A, F, and G one neighboring carbon atom is always
fluorinated. The atoms in the planar aromatic ring (group
A) occupy basins with a volume of 9.7(3)/9.1(1) A®, while
the F and G volumes are very similar [10.5(7)/9.6(2) A* for
F and 10.3(10)/9.1(2) A® for G]. All charges of A, F, and G
group atoms are very close to zero. For the other carbon
atom groups H to L (no fluorine-bound neighboring carbon
atom), no general trend for the volumes and charges can be
seen, except that the volumes tend to have larger values
than for the groups considered before. It should also be
noted that for the fluorine-bound carbon atoms the V., and
Vo1 volumes are practically equal, so that the average differ-
ence between the two types of volumes is caused only by
the non-fluorine substituted carbon atoms. This holds also
for the Cg,Cly, case.
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www.chemeurj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The fluorine atoms (groups M-P) have volumes of, rough-
ly, 16-20 A® for V,, and 14-16 A® for V,y,, and no significant
differences for the four groups are seen. They all have
strong negative charges between —0.63 e and —0.83 e. Fluo-
rine is known to have very constant atomic volumes and
charges independent of the hybridization status of the
carbon atom it is bound to.'¥ In previous studies on fluoro-
substituted hydrocarbons!"”*” fluorine volumes and charges
in the same range as found in this study were reported.

For free Cq a V,, volume of 11.0 A® was derived (see

Table 1). Although an experimental charge density study of
free Cgq, does not exist, a V|, can be estimated from the mo-
lecular volume (694 A%) obtained from the cell volume of
the crystal structure.” From the V,,=11.6 A® thus obtained
and taking Vi, =11.0 A3trom Table 1, it follows that all the
carbon atoms of CgCly, and most of the carbon atoms of
CqF5 are significantly smaller than in free Cq. Only a few
atoms in the almost nondistorted region opposite to the
fluoro-substituted side approach the free C4, atomic volume.
Consequently the total volume of the Cg, cage in the halo-
genated compounds is considerably reduced compared to
free Cq being 76/80% (based on Vy,/V,,) of the F and
even 69 % of the Cl compound. It follows that the halogen
addition does not only lead to a dramatic distortion of
the C4 cage, but also to a significant reduction of its
volume.
Hirshfeld surfaces: Figure 7 depicts Hirshfeld surfacef*!
representations of CyF5. It can be seen on the color-gradi-
ent legend that the crystal electron density mapped on the
surface varies from zero to 0.075 e A~ This is a very small
value compared to other interactions like hydrogen bonds
for which this quantity can reach values around 0.25 e A,
So it can be concluded that in C4F,g intermolecular contacts
are very weak, if even present. The strongest local density
can be seen around C54 on Figure 7 (top) or around F12 on
Figure 7 (bottom), which is a kind of sheer plan of the sur-
face to visualize the interior of the surface. This density of
0.075e A3 belongs to the intermolecular contact C54---F12
of 2.8 A, which is not the shortest contact the molecules
have in this structure. The shortest contact is between F2
and F14 with a distance of 2.75 A and a density of only
0.05e A3, Tt is interesting to note that in all C-F contacts,
the surface is concave at the carbon site and convex at the
fluorine site. The smaller polarizability of the fluorine atoms
may be the reason for this behavior.

Electrostatic potential: Figure 8 depicts representations of
the electrostatic potentials of both molecules mapped on the
iso-surface of the electron density at a value of 0.5eA >
The visualization was created with MOLISO,?*! a program
which was written by one of the authors. The electronegativ-
ity difference between carbon and fluorine and the addition
to one hemisphere of the fullerene cage leads to a strong
potential gradient along the CqF,3 molecule.

In case of the C4Cl;, molecule the differences are not so
pronounced as for C¢F g This makes sense in that the elec-
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Figure 7. Hirshfeld surface of C,F;s. Top: front side of the surface;
bottom: sheer plan representation. The color code (see color bar) gives
the value of the crystal electron density on the surface. Drawing generat-
ed with MOLISO.*

tronegativety difference between Cl and C is much smaller
than between F and C.

Conclusion

As already stated in the introduction fullerene crystals gen-
erally suffer from several shortcomings that rarely allow ac-
curate high-resolution X-ray data to be collected for charge
density work. In this respect the title compounds represent
two extreme examples. On the one hand C4,Cly, is an excep-
tion in that crystals of sufficient size and quality could be
grown so that primary radiation from a conventionally
sealed Mo X-ray tube was sufficient to collect a suitable
data set. In addition the ultra low temperature of 20 K sup-
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ported the measurement of significant high-order reflections.
On the other hand CgFg is an example for which it was
hopeless, from the point of view of the crystal size and dif-
fraction properties, to measure an appropriate data set
under home laboratory conditions. Only the highly brilliant
primary intensity of a focused beam at the synchrotron
beamline X10SA of the SLS®! allowed the collection of a
data set with considerable amount of significant reflections
also in the high-order region, so that these particular experi-
mental conditions provided the unique chance for a charge
density study of CyFs.

Due to halogen addition, the two fullerene cages have C—
C bonds of very different lengths and several distinguishable
carbon atoms. For the C—C bonds the BCP properties were
compared to each other and to those derived by theoretical
methods at HF/6-31G(d,p) and B3LYP/6-31G* levels.
While for the Cl compound the experimental values are in-
termediate between the two theoretical data sets, the spread
between experiment and theory is more pronounced for the
F derivative, which can be attributed to the limited crystal
quality that resulted in a somewhat reduced-quality data set.
Bond orders that were derived from the p(rgcp)’s cover a
range from n=2 to values considerably below n=1 for 5/6
bonds for which halogen atoms are bound to both contribu-
ting carbon atoms.

The carbon atomic volumes were all found to be smaller
than those in free C4,, with the individual volumes depend-
ing on whether or not they carry a halogen atom. In case of
the fluorine compound, even the influence of a fluorine
atom on the next nearest neighbor was seen. In total the
halogen addition not only leads to an unusual shape of the
Cq cage, but also to a significant reduction of its volume
compared to the highly symmetrical free Cg, sphere.

Together with our earlier study,!! electron densities were
examined on highly substituted (almost) nondistorted and
distorted Cg, cages with multiple additions. Corresponding
studies on a weakly or nonsubstituted Cy sphere with a
small number of addends would be desirable. The same
holds for a C,, fullerene, for which until now—as far as we
know—no experimental charge density determination is
known, but is in progress in our group.

Experimental Section

CCDC-626375 and CCDC-626376 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.

X-ray diffraction experiments: C4Cly, in the form of well-shaped crystals
was prepared by ampoule reaction between Cq and SbCls at 280-
300°C.1" CyF5 was prepared in a 4 h reaction between Cg, and K,PtF,
in an approximate 1:4 molar ratio at 460—465°C. Subsequent purification
by fractional sublimation®® yielded a CgF,s sample, the purity of which
was sufficient for growing brown needle-shaped single crystals of this
compound by sublimation in the evacuated ampoule in the temperature
gradient 450—380°C.

CgCly is one of the rare cases of a fullerene derivative that gives nicely
diffracting crystals of sufficient size so that primary X-radiation from a
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Figure 8. Electrostatic potentials of CgF 4 (top) and CgCly, (bottom) calculated from the experimental charge
densities and mapped onto the isoelectron density surface p=0.5 ¢ A~ The color code is shown by the color

bar (drawing generated with MOLISOP*).

sealed tube was sufficient for a high-resolution data collection. An accu-
rate data set was measured by using Moy, radiation (graphite monochro-
mator) at 20 K on a large four-circle Eulerian cradle (Huber, type 512)
equipped with a double-stage closed cycle He cryostat (Displex, Air
Products, USA) and a Bruker- APEX area detector.” For the data col-
lection and integration SMART and SAINT routines® were used. A
total of 248726 reflections were measured up to a resolution of sinf/A=
1168 A™! (or d=0.43 A); these were merged with SORTAV? to give
36787 unique reflections. Due to the rather high absorption coefficient
an analytical absorption correction was performed with refined face dis-
tances.” Further details on the crystal data and the experimental condi-
tions are given in Table 4.
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In contrast to CgCly), only extremely
thin, needle-shaped crystals of CgFjg
were available with tiny dimensions in
two directions. Diffraction properties
were poor even in the low-order
region in front of a sealed X-ray tube.
The only data collection of acceptable
quality could be performed at the pro-
tein beam line X10 SA of the Swiss
Light Source (SLS) at Paul Scherrer
Institute (Villigen, Switzerland), with
the brilliant primary intensity of a fo-
cused beam (focus size 50x 10 um?,
HxV, fwhm, wavelength 1=0.6214 A)
could be used.™!

The experimental setup of this beam-
line, which is normally designed for
protein crystallography, was—for the
first time for our experiment—modi-
fied to allow the collection of high-res-
olution data from our crystal. For that
purpose a movement of the MAR225
CCD area detector was adjusted to
allow variable 26 detector positions.
An arc (4DX-ray System AB) mount-
ed on the goniometer head allowed us
to simulate different yx-positions so
that the limitations from the otherwise
single-axis geometry of the diffractom-
eter could be reduced. With this setup
245274 reflections could be measured
at 7=92K in a beam-time period of
approximately 2 h. Data were process-
ed with XDS®! and reduced to give
14715 unique reflections (Friedel pairs
merged, for further details see
Table 4). Due to the first use of the
mechanically modified diffractometer
a few experimental limitations had to
be accepted. It was, for example, geo-
metrically not possible to reach outer
regions of reciprocal space with sin6/
2>1.0 A~', although the brilliant pri-
mary radiation would have allowed
the collection of significant intensity
data far beyond this resolution, as the
mean /o ratio of 41.0 in the highest
measured resolution shell showed." Tt
cannot be ruled out that the data set
was further affected by the crystal
quality. We used the “biggest” crystal
we could obtain (dimension 1.0x0.1x
0.06 mm) for the data collection; how-
ever, optical inspection showed vari-
ous impurities like powder particles
and small crystalline satellites on the
crystal surface that were not removed
because of the risk of destroying the crystal. The adhesions were visible
as weak powder lines and further contaminations in the diffraction pat-
tern so that in spite of the high intensity output the data set may suffer
from the above mentioned shortcomings.

Multipole refinements: The known atomic parameters from conventional
spherical atom refinement were taken to establish the starting positional
and displacement parameters for the subsequent aspherical atom analy-
sis. This was based on the Hansen—-Coppens multipole formalism® im-
plemented in the XD program package.!'”) In all refinements the quantity
Suwn(|F,(H) | —k| F,(H)|)* was minimized by using the statistical weight
wy=0(F,(H))™ and only those structure factors which met the criterion
F,(H)>2.50(F,(H)) were included.
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Table 4. Crystallographic and refinement details.

CGUFIS C()(JC13D
formula CyoFis CyCly,x0.097 Cl,
M, [gmol™] 1062.62 1790.98
crystal system monoclinic monoclinic
space group Cc P2i/n
V4 4 2
T [K] 92 20
a[A] 19.669(4) 12.520(1)
b [A] 11.041(1) 13.479(1)
c[A] 19.160(2) 17.088(2)
A 1°] 120.26(1) 99.95(1)
vV [AY 3593.8(9) 2840.5(5)
Ocaled [gem ] 1.96 2.094
u [mm™] 0.18 1.49
min/max transmission —/- 0.51/0.57
crystal shape needle block
crystal dimensions [mm] 1.0x0.1x0.06  0.45x0.4x0.35
radiation A [A] 0.6214 0.71073
(sin 0/4)max [A 7] 1.00 1.168
collected reflections 245274 248726
completeness [% ] 98.6 96.4
unique reflections 14847 36787
redundancy 16.8 6.6
Rin 0.043 0.032
observed reflections [F,>2.50(F,)] 14715 30212
R value (spherical) 0.0373 0.0205
multipole refinement:

N, 806 598

Ry 0.0289 0.0165
R 0.0291 0.0252
R 0.0336 0.0174
Ry, 0.0700 0.0253
Rar 0.0700 0.0263
Rry 0.0672 0.0350
Gof 4.5309 0.9139
N,./N, 18.5 50.6

For C4Cly, the multipole model was expanded up to the hexadecapole
level (I=4) for all atoms except for the atom of the enclosed partially oc-
cupied chlorine atom (Cl16), for which only monopole level was used.
For the C and Cl atoms the individual radial screening parameters (x and
k') were assigned and refined. As atomic site symmetry, a cylindrical
symmetry was applied for the terminal halogen atoms, while no symme-
try for the carbon atoms was applied. Chemically equivalent atoms were
constrained; for example, the aromatic carbon atoms. In the multipole
model used, a scale factor, the atomic positions, and the anisotropic tem-
perature parameters of the C and Cl atoms were refined together with
the multipole parameters. The refinement of 30212 observed reflections
yielded agreement factors of R=1.65% and R,=1.74%.

The multipole model of C¢F,3 was refined only up to the octopole level
(I=3). The introduction of hexadecapole parameters was not considered
appropriate, because of the limited resolution of the data set. According
to the chemical C;, symmetry of the molecule the 78 atoms of CgF g
were subdivided into 16 groups A-P (see Schlegel diagram and Table 3).
All the atoms within a group were constrained to each other. For the flu-
orine atoms, cylindrical symmetry was applied. Mirror symmetry was ap-
plied to the carbon atoms of groups C, E, H, and I. All other atoms were
not constrained by any symmetry. The resulting 806 parameters were re-
fined on 14715 observed reflections to a final R value of 2.89% and R, =
3.36 % (for further refinement details, see Table 4).

Theoretical calculations: For a comparison with the experimental results,
electron densities were also derived theoretically from ab initio calcula-
tions at the Hartree—Fock (HF) and density functional (B3LYP) levels of
theory by using the Gaussian 98 program package. For CyF,s geometry
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optimizations were calculated with the experimental geometry as input
by using HF/6-31G(d,p) and B3LYP/6-31G(d) standard basis sets. For
CCly, single-point ab initio calculations were carried out with the same
basis sets. The topology of the electron densities was analyzed with
AIMPAC.P
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