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ARTICLE INFO ABSTRACT

Article history:

Black crystals of ScsN@Dsp(5)-Cys-Ni''(OEP)-2(benzene) contain a fully ordered endohedral fullerene cage
and fully ordered contents. Thus, the X-ray crystallographic study allows detailed examination of its
structural properties. The planar ScsN group lies perpendicular to the threefold axis of the fullerene cage
with the scandium ions bound to the three 6:6 ring junctions that lie in the horizontal mirror plane of the
molecule. The Sc-N distances are 2.0111(10), 2.0106(10), and 1.9998(10) A and the shortest Sc-C dis-
tances fall in the range 2.2371(13)-2.2591(13) A. Those six carbon atoms nearest the scandium ions
are the most pyramidalized carbon atoms in the molecule with an average 0,=13.9° compared to
0p =11.6° for Cgp and to average 0, = 11.3° for the 12 carbon atoms along the C; axis at the poles of the
molecule. The C-C bond distances at the 6:6 and 5:6 ring junctions do not show the distinct variations
that are found in Cgo. The shortest average C-C bond length, 1.391(2) A, and the longest average bond
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length, 1.466(1) A, occur at 6:6 ring junctions.
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1. Introduction

Fullerenes and endohedral fullerenes are nearly spherical mole-
cules with a clearly differentiated inner and outer surfaces. They
have potential uses as electron acceptors in solar cells [1] and as
contrast agents for magnetic resonance imaging [2]. For fullerenes
and endohedral fullerenes, their high symmetry and smooth outer
surface, which is made up of similarly sized pentagons and hexa-
gons, produces crystals that are prone to disorder [3-5]. Cocrystal-
lization of fullerenes with a metalloporphyrin such as Ni'(OEP) or
Co"(OEP) has been shown to produce crystals with sufficient order
to allow structure determination by single crystal X-ray diffraction
[6]. ScsN@I,-Cgo was the first endohedral fullerene to be character-
ized by X-ray diffraction [7]. The process employed the cocrystal
ScsN@I,-Cgo-Co'(OEP)-1.5CHCl5-0.5CgHg. ScsN@I,-Cgo is also the
third most-abundant fullerene; only Cgo and C;o are more abun-
dant. The isolation and characterization of ScsN@I,-Cgg led to the
discovery of many new molecules of the type M3N@C,,, that could
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incorporate a variety of trivalent metals including Sc, Y, Gd, Tb, Tm,
and Lu, and a range of different cage sizes [8,9]. The process by
which ScsN@I,-Cgo was made also produced its isomer ScsN@Ds,—
Cgo [10], as well as SC3N@D3h(5)—C78 [1 1 ], and SC3N@D3(6140)—C68
[12], each of which has been characterized crystallographically.

The initial characterization of ScsN@D3p(5)-C5g also utilized the
cocrystallization process [8]. However, crystals of ScsN@Ds3p(5)-
C,5-Co"(OEP)-1.5(CgHg)-0.3(CHCl3) were disordered. There are five
possible IPR isomers for the C;g cage [13]. Although it was possible
to determine that D3,(5)-C;g cage was present from the crystallo-
graphic data, three orientations of the cage and three orientations
of the ScsN unit were present. Of necessity, the first refinement
used a rigid model for the fullerene cage. Subsequently, the crystal-
lographic data were re-refined and improved using a computed
model that resulted from density functional calculations [14].
While these studies provided clear evidence about the basic struc-
ture of ScsN@Ds(5)-Cyg, the crystallographic disorder precluded
detailed analysis of the bond parameters within this molecule.
The structure of an adduct of ScsN@Ds;,(5)-Cyg formed by the Prato
reaction has been crystallographically characterized [15]. Since
functionalization can distort the shape of fullerene cages and alter
the placement of metal ions within endohedral fullerenes [16,17],
it is important to have structural studies of intact, pristine
fullerenes.
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Fig. 1. Two orthogonal views of ScsN@D3p,(5)-C;g with the displacement param-
eters at the 50% probability level. In orientation (A), the threefold axis is vertical and
the view is down one of the three, twofold axes. The orientation in (B) looks down
the threefold axis. The shortest Sc-C contacts are shown.

Table 1

Selected bond lengths (A) and angles (°) for ScsN@D3p(5)-C7g-Ni'(OEP)-2(benzene).
Sc(1)-N(1) 2.0111(10)
Sc(1)-C(42) 2.2371(13)
Sc(1)-C(41) 2.2591(13)
Sc(2)-N(1) 2.0106(10)
Sc(2)-C(27) 2.2394(13)
Sc(2)-C(28) 2.2565(13)
Sc(3)-N(1) 1.9998(10)
Sc(3)-C(35) 2.2498(14)
Sc(3)-C(34) 2.2514(14)
Sc(3)-N(1)-Sc(2) 121.58(5)
Sc(3)-N(1)-Sc(1) 121.36(5)
Sc(2)-N(1)-Sc(1) 117.06(5)
>Sc-N-Sc angles 360.00

Here we report the formation and structural analysis of a
remarkably well-ordered cocrystal formed from ScsN@D3p(5)-Cog
that allows us to examine details of the structure of this endohe-
dral fullerene in pristine form.

2. Results

Black crystals of ScsN@Dsp(5)-Csg-Ni'(OEP)-2(benzene) were
grown through the diffusion of a solution of ScsN@Dj3(5)-C7g in

Fig. 2. A drawing showing the interaction between the fullerene and porphyrin in
ScsN@Ds5p(5)-C75-Ni'(OEP)-3(benzene) with arbitrarily sized circles for the atoms.
For clarity, the benzene molecules and the hydrogen atoms have been omitted. The
threefold axis of the cage is indicated by the horizontal dashed line and the
horizontal mirror plane of the cage is aligned vertically.

Fig. 3. A drawing Ds3,(5)-C7s showing the eight types of carbon atoms labeled a-h.
(Color online.)

benzene into a benzene solution of Ni''(OEP). Crystal data are given
in the Section 4. The crystal is fully ordered with one molecule of
ScsN@Ds;,(5)-Cog, one molecule of Ni'(OEP), and one molecule of
benzene in general positions and two half molecules of benzene
in special positions on twofold axes in the space group C2/c.

Fig. 1 shows two orthogonal drawings of the ScsN@D3;,(5)-Crs
molecule. As seen in part A, the molecule has a slightly nanotubu-
lar shape that is related to the structures of Czg, Dsu(1)-Coo,
Laz@D5(450)—C100, and sz@ng(SZZ)—Cm4 []8—20] The length of
the nanotube as measured by the distance between the centers
of the hexagons along the threefold axis at opposite ends of the
molecule is 7.948 A. The widths of the molecule, as defined by
the distances between the centers of the C-C bonds nearest the
three scandium ions and the centers of the opposite hexagons,
are: 7.784, 7.811, and 7.812 A. As found previously, the ScsN unit
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Fig. 4. Graphs comparing the pyramidalization of the carbon atoms in ScsN@Ds3,(5)-Cyg (top) with those in Cgo, Cgp and Co (bottom from Ref. [16]). The color coding for

ScsN@D3;(5)-Cog follows that in Fig. 3. (Color online.)

is planar and lies perpendicular to the threefold axis of the fuller-
ene cage. Selective bond distances and angles related to the ScsN
unit are given in Table 1. The deviations from the least squares
plane of the ScsN unit are: N1, —0.0070(8); Sc1, 0.0023(3); Sc2,
0.0023(3); Sc3, 0.0024(3). The Sc-N distances are similar and fall
in the range 1.9998(10)-2.0111(10) A. For comparison, the com-
puted Sc-N distance from the earlier density functional study
was 1.997 A [12]. Additionally, the Sc-N distances in the Prato ad-
duct ScsN@D3p(5)-C73-(CH,),NC(CeHs)3 are also similar: 2.001(2),
Sc2-N1 1.999(2), and 2.001(2) A [13]. The calculated Sc-C distance
from the density functional study was 2.255 A, whereas the exper-
imental Sc-C distances (to the nearest carbon atoms) range from
2.2371(13) to 2.2591(13) A for ScsN@Ds(5)-C75-Ni"(OEP)-2(ben-
zene) and from 2.210(3) to 2.271(3) A for the Prato adduct.

Fig. 2 shows the relative orientations of the ScsN@Ds3;,(5)-Crs
and Ni"(OEP) molecules in ScsN@Dsp,(5)-C75-Ni"(OEP)-2(benzene).
The Sc3N unit is arranged so that it is nearly perpendicular to the
plane of the porphyrin. The angle between the normal to the
porphyrin plane and the normal to the ScsN plane is 81.13(1)°.
Similar orientations of M3N units have been seen in cocrystals

of Ni''(OEP) with a number of molecules of the type M;N@I,
—Cgo [21]. The shortest contact between the nickel ion in the por-
phyrin and a carbon atom in the adjacent fullerene is
2.8773(13) A. Such short contacts are characteristic of cocrystals
formed from fullerenes or endohedral fullerenes and metallopor-
phyrins [4,5,9,10].

There are eight different types of carbon atoms in ScsN@D3,(5)-
Cys. Fig. 3 shows a drawing of the Ds,(5)-C;3 molecule with these
eight different types of carbon atoms labeled a-h. Fig. 4 shows the
pyramidalization angles 6, [22], (0, for graphite=0° 6, for
Cso = 11.6°) of the carbon atoms in ScsN@D3,(5)-Cys. For the nano-
tubular molecules C;¢ and Cgg, the pyramidalization angles gener-
ally decrease as one moves from the poles of the molecule along
the principle symmetry axis onto the waist of the molecule. A
somewhat similar trend is seen for ScsN@Ds3,(5)-Cyg, but at the
waist, the g-type of carbon atoms have the largest pyramidaliza-
tion of any type of carbon atoms in the molecule. This situation
is not surprising, since the g-type carbon atoms are the atoms clos-
est to the scandium ions and such carbon atoms are usually the
most pyramidalized in endohedral fullerenes [23-25].
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Fig. 5. A drawing Ds3,(5)-C7s showing the 13 types of C-C bonds labeled 1-13.

Table 2

Average C-C bond lengths (in A) for ScsN@Dsp,(5)-Cs.
6:6 bonds
2 a-a 5 b-d 6 d-d 7 d-e 8 c-f 9f-g 12 h-h
1.400(4) 1.424(3) 1.466(1) 1.453(2) 1.391(2) 1.434(2) 1.444(1)
5:6 bonds
1a-a 3a-b 4 b-c 10 e-g 11 e-h 13 g-g
1.441(4) 1.434(4) 1.454(4) 1.444(2) 1.452(3) 1.421(4)

Within the D3,(5)-C75 cage, there are 13 types of C-C bonds,
whose locations can be seen by turning to Fig. 5. Table 2 gives
the average C-C distances for these 13 types of bonds. In Cgg the
C-C bonds at 6:5 and 6:6 ring junctions differ in length. Those at
6:6 ring junctions are short, 1.383(4) A, while those at the 5:6 junc-
tions are longer, 1.453(5) A [26]. In contrast, in ScsN@D3;(5)-Crg
the situation is quite different. The c-f (8) bonds are on average
the shortest C-C bonds (bond length, 1.391(2) A) in the molecule,
while the d-d (6) bonds are the longest (average bond length,
1.466(1) A). Both of these occur at 6:6 ring junctions. In contrast
the range of C-C distances at the 5:6 ring junctions is smaller: from
1.434(4) A for the a-b (3) bonds to only 1.454(4) A for the b-c (4)
bonds. The average C-C distance for the carbon atoms nearest the
scandium ions does not appear exceptional: g-g (13), 1.421(4) A.

3. Discussion

This study has provided detailed structural information for the
endohedral fullerene ScsN@Ds,(5). In the black crystals of Scs.
N@D3;,(5)-C75-Ni''(OEP)-2(benzene) the fullerene cage and its con-
tents are fully ordered, whereas crystals of ScsN@Ds3p(5)-
C,5-Co'(OEP)-1.5(CgHg)-0.3(CHCl3) displayed three different orien-
tations of the cage and of the ScsN unit. Likely factors responsible
for the differences in internal order in these two crystals include
the purity of the endohedral fullerene sample and the difference
in solvents used for crystallization that resulted in the formation
of different solvates. Comparison of the structure of pristine Scs.
N@D;,(5)-C7g in ScsN@Ds;(5)-Cos-Ni'(OEP)-2(benzene) with that
of functionalized ScsN@Ds3,(5)-C;3 in the Prato adduct Scs.
N@D3,(5)-C73-(CH;),NC(CgHs)s [13] reveals that functionalization
does not influence the location of the ScsN unit within the fullerene
cage but does cause a local distortion where addition occurs.

4. Experimental
4.1. Crystal growth

A sample of ScsN@Ds,(5) was obtained from electric arc gener-
ated soot formed from cored graphite rods and filled with scan-
dium(Ill) oxide and purified by standard techniques utilized
previously [11,15]. Black crystals of ScsN@Dsp(5)-Coyg-Ni'l(-
OEP)-2(benzene) were obtained by the slow diffusion of solutions
of ScsN@D3;(5)-C7g dissolved in benzene and of Ni''(OEP) also in
benzene.

4.2. Crystal structure determination

A black crystal of ScsN@D3,(5)-Cys-Ni'(OEP)-2(benzene) was
mounted in the nitrogen cold stream on the goniometer head of
a Rigaku Crystal-Logic Kappa diffractometer equipped with a Sat-
urn 724+ detector. Data were collected with the use of synchrotron
radiation (Z=0.68890 A) at Beamline 119 of the Diamond Light
Source and processed using the program crystaiciear [27]. The
structure was solved by direct methods (sHeLxs97) and refined by
full-matrix least-squares on F? (sHetx197) [28].

4.3. Crystal data for ScsN@Dsy,(5)-Cs-Ni'(OEP)-2(benzene)

Cq26Hs6NsNiSc3: M =1833.35, black parallelepiped 0.08 x
0.03 x 0.02 mm, 4=0.68890 A, monoclinic, space group C2/c ,
a=25.3346(19), b=14.8858(11), c=39.243(3)A, f=93.448(2)°,
T=120(2)K, V=14772.6(19) A, Z= 8, 57792 reflections collected,
24117 unique (Rj, = 0.031) which were used in all calculations;
20max = 63.32°; minimum/maximum transmission = 0.955/0.998
(multi-scan absorption correction applied). The final wR(F,) was
0.123 (all data), conventional R; = 0.041 computed for 22 468 reflec-
tions with I > 2¢(I), 1224 parameters and 0 restraints.
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Appendix A. Supplementary material

CCDC 891126 contains the supplementary crystallographic data
for ScsN@D3y(5)-C75-Ni'(OEP)-2(benzene). These data can be ob-
tained free of charge via http://www.ccdc.cam.ac.uk/conts/retriev-
ing.html, or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033;
or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data associated
with this article, which show the C;g numbering scheme as well as
details of the pyramidalization (POAV) calculation, can be found, in
the online version, at http://dx.doi.org/10.1016/j.poly.2012.08.035.
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