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A range of mono- and bis-functionalised fullerenes have been synthesised and inserted into single-
walled carbon nanotubes. The effect of the size and shape of the functional groups of the fullerenes on
the resultant 1D arrays formed within the nanotubes was investigated by high resolution transmission
electron microscopy and X-ray diffraction. The addition of non-planar, sterically bulky chains to the
fullerene cage results in highly ordered 1D structures in which the fullerenes are evenly spaced along the
internal nanotube cavity. Theoretical calculations reveal that the functional groups interact with
neighbouring fullerene cages to space the fullerenes evenly within the confines of the nanotube. The
addition of two functional groups to opposite sides of the fullerene cages results in a further increase in
the separation of the fullerene cages within the nanotubes at the cost of lower nanotube filling rates.

Introduction

Filling single-walled carbon nanotubes (SWNTs) has become a
hot topic in the field of nanomaterial science over recent years.
The insertion of molecules and ions into SWNTs is one of the
most powerful methods available for organising matter into
quasi-1D chains at the nanoscopic level. The spatial confinement
imposed by the nanotube can result in dramatic changes in the
structural and dynamic properties of the guest species, facili-
tating the formation of otherwise unobtainable packing motifs’
and significantly altering both molecular translation** and
rotation.® The interior of the nanotube can also be utilised to
alter the reactivity of the encapsulated molecules,* and as a
template, leading to the formation of new nanostructures pos-
sessing exciting properties.®

By far the most common species inserted into carbon nano-
tubes is fullerenes, where the commensurate match of the internal
wall of the nanotube (concave) and the spherical fullerenes
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(convex) results in efficient van der Waals interactions (up to
288 kJ mol ! for Cg)® which act as the driving force for the
irreversible encapsulation of the fullerene molecules. The rich
and varied reactivity of fullerenes has allowed a wide variety of
functional groups to be chemically bound to the carbon cage and
the resultant functionalised fullerenes inserted into SWNTs. This
methodology has been utilised to introduce a host of organic
functional groups,>’* transition metal centres,'®*? and electron
spin-active groups'*'7 into carbon nanotubes.

Such encapsulated molecules can be regarded as dopants,
which can locally perturb and modulate the intrinsic properties
of the nanotubes.'®** This offers a methodology for tuning the
functional properties of nanotubes, such as the electronic band
gap, and the concentration and mobility of charge carriers.”*>

The utilisation of nanotubes as containers for magnetic guest-
molecules is particularly important for several applications such
as spintronics and quantum information processing. As spin
active molecules can be viewed as potential carriers of quantum
information,?* the ability to control the spin concentration and
separation between the spins in carbon nanotubes is crucial to
the successful application of such nanostructures. Previous
attempts to engineer the density of magnetic guest-species within
SWNTs have involved the insertion of a mixture of spin-carrying
endohedral and spin-silent empty fullerene cages, so that the
ratio of these molecules defines the average distance between
spin-carrying molecules.'*'”?* Due to the random nature of the
nanotube filling process, the local structure in such molecular
chains will be disordered with the distance between neighbouring
spin carriers varying statistically from them being located next to
each other to a situation in which they are separated by
numerous spin-silent species. An alternative method of control-
ling the intermolecular separation is to use fullerene molecules
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that have been chemically modified with bulky functional groups
which, once encapsulated within the confines of the nanotube,
will provide a steric barrier between adjacent cages and can be
utilised to controllably increase the cage-to-cage separation of
the arrays of fullerenes and hence precisely control the number of
molecules per unit length of nanotube, Fig. 1.

This strategy was first tested for fullerenes functionalised with
alkyl chains of different lengths.?” These long, flexible chains can
potentially give large interfullerene spacings, measured experi-
mentally as the distance between the centres of two adjacent
fullerene cages within the nanotube (centre-to-centre distance),
however, the flexibility of the alkyl chain, which enables the
spacer to fold up unpredictably, led to a wide variety of inter-
molecular separations and loss of periodicity, Fig. 1b. A second
model used for this approach was based on fullerenes function-
alised with rigid, planar aromatic aryl-groups which, in contrast
to the alkyl chains, could only adopt a very limited number of
conformations.?® However, the aromatic groups were found to be
able to slip between the neighbouring fullerene cages and the
nanotube walls (Fig. 1c). The resultant molecular arrays of
functionalised fullerenes are more uniform but the interfullerene
distances are significantly reduced in these structures (Table 1).

An additional consideration is that, although all previous
attempts to control inter-fullerene separations have involved the
use of mono-functionalised fullerenes, this strategy disregards
the stochastic nature of the process of the individual fullerene
molecules entering the SWNTs, thus making it impossible to
control whether a fullerene enters the nanotube cage (head) first
or side-group (tail) first. In general, both of these cases are
possible, which will result in three possible orientations of two
adjacent fullerenes (Fig. 1a). This increases the variation in the

Fig. 1 Schematic diagrams of functionalised fullerenes inside SWNTs
depicting: (a) head-to-tail (H-T), head-to-head (H-H), and tail-to-tail
(T-T) configurations of mono-functionalised fullerenes, (b) reduced
uniformity of a fullerene array due to buckling of the flexible functional
groups, (¢) mono-functionalised cages with planar side-groups that slip
between the neighbouring cage and the nanotube sidewall, (d) fullerenes
with rigid functional groups with bulky ends to prevent slipping similar to
(c), and (e) bis-functionalised fullerenes which allow only one possible
interfullerene orientation (T-T) providing improved ordering in the
molecular arrays.

Table 1 Mean interfullerene spacings for pristine Cg and alkyl-*” and
aryl-functionalised® fullerenes encapsulated in nanotubes

Mean interfullerene Increase in separation

Type of structure separation (nm) from Cgo@SWNT (nm)

Ceo@SWNT 0.98 £+ 0.01 —
Alkyl fullerenes

Ceo(C14H27,ON)@SWNT  1.29 £ 0.65 0.31
Ce0(Ca3Ha402)@SWNT  1.83 £+ 0.29 0.85
Aryl fullerenes

Coo(C14HoNo)@SWNT  1.15 £ 0.12 0.17
Ceo(CisHN))@SWNT - 1.17 £+ 0.10 0.19

observed interfullerene distances and reduces the uniformity of
the generated 1D arrays.

In this study we utilise functionalised fullerenes specifically
designed to overcome all of the above problems and improve the
precision of the construction of molecular arrays inside
nanotubes.

Three mono-functionalised fullerenes, which contain rigid
aromatic side-groups with non-planar, bulky end-groups, along
with three bis-functionalised fullerenes were synthesised and
their behaviour in nanotubes was explored. The rigid nature of
the attached side-groups and the non-planar end groups is
designed to prevent the close packing of fullerene cages due to
slipping of the functional groups between neighbouring fuller-
enes and the nanotube sidewall (Fig. 1d). Each of the three bis-
functionalised molecules contains two functional groups located
on opposite sides of the fullerene cage, which upon encapsulation
should form a single packing motif resulting in highly periodic
structures with uniform cage-to-cage spacing possible (Fig. 1e).

Results and discussion

In this study three mono-functionalised fullerenes, 7-tert-butyl-
1',2",3" 4'-tetrahydrophenazine-[1,9](Cgo-11,)[5,6]fullerene, 1,
6',7,8',9'-tetrahydro-2,3-di(pyridin-2-yl)benzoquinoxaline-[1,9]-
(Ceo-In)[5,6]fullerene, 2, and 9,10-dihydroanthracene-[1,9]-(Cgo-
1,)[5,6]fullerene (the mono-adduct of anthracene and Cg), 3, and
three bisfunctionalised fullerenes; di((4-tert-butylphenyl)cyclo-
hex-2-enone)-[1,9;55,60](Cgo-11,)[5,6]fullerene, 4, 2'H,2" H-[5,6]
fullereno-Cgo-Iy,-[1,9-¢:49,59-¢’]dipyrrole-1'(5' H)-propanoic
acid,  1”-[2-[[(9H-fluoren-9-ylmethoxy)carbonylJamino]ethyl]-
1”,5"”-dihydro-,1,1-dimethylethyl ester, 5, and di-9’,10’-dihy-
droanthraceno-[9,10;55,60](Ceo-11,)[5,6]fullerene (the transpodal
bis-adduct of anthracene and Cg), 6, were synthesised (Fig. 2).

The synthesis of 1 and 2 was performed using an adapted
synthetic route based on the work by Mattay et al® The
synthesis of 3 and 6 has been reported previously.?*** The bis-
functionalised 4 was prepared by a multi-step synthesis.** 5 was
prepared by first synthesising the (fert-butyl propionate)pyrro-
lidine[60]fullerene and then allowing it to react with N-(2-{[(9-
fluorenylmethoxy)carbonyllJamino}ethyl)glycine in the presence
of paraformaldehyde.?* The bisadducts were separated by flash
chromatography to obtain the trans-2 isomer.

Two of the fullerenes contain rigid aromatic side-groups with
non-planar, bulky ends, 1 and 2, and one has a covalently linked
dihydroanthracene moiety providing significant three-dimen-
sional steric bulk, 3. All molecules have very limited
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Fig. 2 Structural diagrams of functionalised fullerenes, 1-6.

conformational flexibility which reduces the variation of packing
arrangements inside the nanotube, hence leading to periodically
spaced arrays. The incorporation of bulky, non-planar func-
tionality at the end of the side-groups should also lead to more
regular arrays due to the reduced number of ways in which the
groups can be accommodated within the limited space inside the
nanotubes. The two functional groups of each bis-functionalised
fullerene are located on opposite sides of the carbon cage. The
relative position of the two functional groups on the Cgq cage is
important as any other isomers of 4 and 6 would not be able to
enter the narrow channel of the SWNT (typical dyt = 1.2—
1.6 nm). Upon encapsulation the bis-functionalised fullerenes
should form a single packing motif resulting in a regular struc-
ture with only one cage-to-cage spacing possible (T-T).
Comparison of the molecular arrays formed by fullerenes 3 and
6, the mono-adduct and trans-podal bis-adduct of anthracene
and Cg respectively, will enable the effect of mono- and bis-
functionalisation of Cg using the same side-group to be
quantified.

For pristine Cgg (and other molecules), the most effective
method of insertion into a SWNT is from the gas phase.*® The
opened nanotubes are placed with an excess of fullerene powder
inside an evacuated quartz tube and heated to a temperature
above the sublimation point of the fullerene. The gas phase
fullerene molecules enter the SWNTs and become irreversibly
encapsulated, resulting in an extremely high ratio of filled
nanotubes (up to 100%). However, for functionalised fullerenes,
which decompose at elevated temperatures rather than sublime,

this route is not viable.? Therefore, a solution-based method has
been developed in which functionalised fullerene molecules can
be inserted into SWNTs at room temperature which ensures that
the thermally sensitive molecules remain intact during the
encapsulation process.'’ Fullerenes 1-6 were inserted into
nanotubes by suspending freshly opened SWNTs in a saturated
suspension of the respective fullerene species in chloroform
followed by evaporation of the solvent, which enables the
molecules to irreversibly enter the nanotube interior.!* Extensive
washing with carbon disulphide removes any fullerene material
from the outside of the nanotube and ensures that any fullerene
molecules retained in the sample are located within the nano-
tubes.?” A sample of Cg@SWNT was also prepared for
comparison using the same conditions.

The resultant structures were characterised by X-ray diffrac-
tion (XRD) and high resolution transmission electron micros-
copy (HRTEM) at 100 kV in which the fullerene cage can be
clearly observed as a circle within the confines of the nanotube
(seen as two parallel lines in Fig. 3). HRTEM demonstrates
filling ratios for all mono-functionalised fullerenes, 1, 2 and 3,
comparable to those previously observed for functionalised
fullerenes (Table 2).27*® Arrays of fullerenes (>20 molecules)
which extend beyond the field of view of the TEM image are
observed for all samples. As in previous studies,>”?® it was not
possible to resolve the functional groups but the elongated shape
of the fullerene cage and the increased interfullerene spacing were
taken as conformation of functionalised fullerene encapsulation.
Quantitative analysis of the interfullerene distances for the
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Fig.3 HRTEM images of (a) l@SWNT, (b) 2@SWNT, and (c) 3@SWNT. Scale bar 2 nm. In the lower images, the fullerene positions are highlighted

by circles.

mono-functionalised fullerenes (Fig. 6 and Table 2) indicates
that all functionalised fullerenes show an increase in separation
compared to Ceo@SWNT which is proportional to the size of the
functional group (Table 2).

In comparison to the mono-functionalised, alkylated fuller-
enes studied previously (Table 1) we observe similar-sized inter-
fullerene spacings for I@SWNT and 2@SWNT but with much
improved uniformity, as indicated by the significantly smaller
standard deviations in the measured separations (0.06 and
0.05 nm vs. 0.65 and 0.29 nm for fullerenes 1 and 2 and the
previously reported alkyl fullerenes respectively). In fact, the
uniformity of the intermolecular spacing for 1 and 2 is better than
that of the previously reported aryl-functionalised fullerenes
containing rigid groups.”® 3@SWNT demonstrates a similar well-
ordered structure. Non-planar, sterically bulky end groups,
introduced in 1-3, successfully prevent any slipping of the
functional groups past neighbouring molecules, which results in
larger and much more regular spacings in their molecular arrays.

The filling ratios for all three bis-functionalised fullerenes, 4-6,
were dramatically lower than for the mono-functionalised
fullerenes. However, sufficient numbers of molecules were found
in nanotubes for samples 4@SWNT and 6@SWNT to allow
statistical analysis to be conducted (Table 2). The slightly angular
shape of 5, resulting from the two functional groups not being

located directly opposite each other on the fullerene cage, and
possible non-covalent interactions between the functional groups
of 5 and SWNT exteriors appear to prevent the molecules from
entering the nanotube.

As expected from the respective sizes of the functional groups,
4@SWNT exhibits the largest spacing between the adjacent
fullerene cages observed so far for all functionalised fullerenes
(1.98 nm, ESI filef and Table 2). Additionally, molecules of 4
appear to be well ordered (standard deviation = 0.14 nm), which
compares favourably with the values previously reported for
mono-functionalised fullerenes (standard deviations = 0.12—
0.65 nm) (Table 1). For 6@SWNT the measured spacing was
1.19 4+ 0.16 nm (Fig. 4 and Table 2) which is in the same range as
for the aryl functionalised fullerenes and is only slightly larger
than for the mono-anthracene adduct, 3@SWNT.

The interfullerene separation distances for fullerenes 1-4 and 6
encapsulated in a (10,10)SWNT (dswnt = 1.39 nm) were esti-
mated using a simple space filling model in which the geometri-
cally optimised functionalised fullerenes are arranged in a (10,10)
SWNT so that they are packed in close contact with neigh-
bouring fullerene molecules within the confines of the nanotube
sidewalls. The resultant interfullerene spacings for pairs of
functionalised fullerene molecules were calculated for all three
potential packing arrangements (ESI filet) and are summarised

Table 2 Filling ratios and fullerene spacings for molecular arrays of 1-6 in SWNT (a sample of Cso@SWNT was prepared under the same conditions
for comparison): filling ratios were determined by HRTEM; expected interfullerene spacings as calculated (ESI filet); interfullerene spacings as
measured by HRTEM; interfullerene spacings as measured by XRD (s indicates a strong peak and w a weak peak); effective increase in interfullerene

spacing vs. Cso@SWNT from HRTEM

Expected interfullerene

HRTEM interfullerene XRD interfullerene HRTEM increase

Type of structure Filling ratio/% spacing (H-T orientation)/nm spacing/nm spacing/nm in spacing/nm
Ceo@SWNT 60-65 1.0 0.98 £ 0.01 — —

1@SWNT 15-20 1.9 1.41 £ 0.06 1.55s; 1.13w 0.43
2@SWNT 10-15 2.0 1.46 £ 0.05 1.59s; 1.12w 0.48
3@SWNT 20-25 1.2 1.14 £ 0.14 1.45; 1.16 0.16
4@SWNT 2-3 2.6 1.98 £0.14 2.67 1.00
5@SWNT 0 — N/A N/A N/A
6@SWNT 10-15 1.6 1.19 £ 0.16 3.45 0.21
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Fig. 4 HRTEM image 6@SWNT. Scale bar 2 nm. In the lower image,
the fullerene positions are highlighted by circles.

in Table 2. The values obtained are consistently larger (5-35%)
than those measured experimentally by HRTEM, indicating that
upon encapsulation the fullerene molecules are compressed into
higher energy conformations within the confines of the
nanotube.

HRTEM analysis provides accurate information about the
intermolecular spacing of fullerenes in nanotubes, but this
information is limited to the local scale. In contrast, XRD
provides structural information averaged over a very large
number of molecules. Detailed analysis of XRD data can give
information on the SWNT-SWNT distances within nanotube
bundles and, therefore, on the nanotube diameter, the bundle

a)
20
— 1@SWNT
— 2@SWNT
— 3@SWNT
15 -
S
®
Lo
2 10
®
c
@
Qo
=
5 -
[ — : . y
2 4 6 8

q/nm”

diameter and the percentage of nanotubes filled with molecules.?”
As the accurate evaluation of the interfullerene spacing requires
sizable periodic structures, the filling ratio is a crucial parameter.
Partial filling of an individual nanotube, i.e. a nanotube in which
the molecules are not tightly packed, allows the individual
molecules to translate along the nanotube quicker than the
acquisition time of the XRD, making it impossible to obtain a
diffraction peak for fullerenes in partially filled SWNTs. The
filling rate for functionalised fullerenes is significantly lower than
for pristine Cgo (Table 2), presumably due to the presence of the
functional groups which hinder entry into the nanotube.
However, periodic structures in which functionalised fullerenes
are packed regularly inside individual nanotubes were observed
by HRTEM, which allowed XRD measurements to be per-
formed for all of the structures in this study.

The XRD patterns for both mono- and bis-functionalised
fullerenes in SWNTs are shown in Fig. 5. The interfullerene
distances in real space for fullerenes within a SWNT (dp,y) are
calculated from the respective maxima in reciprocal space (¢max)
by the formula:

drun1 = 270/ qmax tull (1

and the centre-to-centre distance between SWNTS (dog) within a
large, hexagonally arranged bundle of monodispersed nanotubes
with diameter (dswnt) by the formula:

dioo = 270/ qmax.swar and dswnr = 2dio0/ V3 @)}

where the scattering vector, ¢ = 4m/Asin 6, 20 is the scattering
angle (the angle between the incident and diffracted beams) and A
is the wavelength of the X-rays.*®

Care must be taken when analysing the diffraction patterns as
the first peak from a hexagonal arrangement of the nanotubes
within a bundle (typically in the range of ¢ = 4-4.5nm™!) is in the
same region as peaks due to encapsulated molecular arrays
within an individual SWNT with a periodicity of about 1.5 nm.
The overlap of these two XRD diffraction peaks can lead to peak

b)

20
—— 4@SWNT
——— 6@SWNT
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S
©
S
2 10
(7]
c
3]
X0}
£
5 -
0 , 2 . .
2 4 6 8
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Fig.5 The XRD patterns recorded for structures of (a) mono-functionalised fullerenes I@SWNT, 2@SWNT and 3@SWNT and (b) bis-functionalised

fullerenes 4@SWNT and 6@SWNT.
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broadening, thus making it difficult to obtain precise spacings for
molecular arrays. For example, in structures 1@SWNT and
2@SWNT, where the fit of the peak maximum gives dp,;; = 1.55
and 1.59 nm respectively, these values have to be taken with
caution, as the peak associated with the nanotube bundle and
that from the chain of molecules within the nanotubes cannot be
separated. Additionally, a very small peak is observed at ¢ =
5.5 nm™! which can be attributed to a periodic distance of dg,; =
~1.1 nm. This corresponds to a head-to-head configuration in
which the two fullerene cages are facing each other. In the case of
3@SWNT, the XRD peak at a higher ¢g-value gives a distance of
dray = 1.16 nm for the molecular spacing, which is in excellent
agreement with the spacing measured by HRTEM analysis
(Table 2 and Fig. 6).

The XRD patterns for bis-functionalised fullerenes 4 and 6
encapsulated in SWNT are shown in Fig. 5b. Due to the lower
filling rate of 4 and 6, the peaks related to the interfullerene
spacings are proportionally smaller and can only be distin-
guished clearly after background subtraction. For the back-
ground subtraction of the small-angle X-ray scattering, a power-
law function with an exponent n = 4 and a fit constant, a, was
used:

Ibackground(q) = aq*” (3)

A value of four for the exponent describes the scattering from
objects with a sharp boundary and is known as Porod’s law,*®
whereas a value between three and four arises from a surface
fractal or from a rough surface.* In our case, the value of n ~ 4 at
very small g-values indicates agglomerated SWNTs with a
bundle diameter larger than 100 nm.

The XRD patterns for structures 4 and 6 both show a peak
between 4 and 4.5 nm ! assigned to the hexagonal arrangement
of nanotubes within a bundle. The peak observed for 4@SWNT
at ¢ = 2.3 nm~' corresponds to a spacing distance of dpy =
2.7 nm in real space, which is significantly larger than the value
obtained by HRTEM of 1.98 nm. In the XRD pattern recorded
for 6@SWNT, the peak position of ¢ = 1.8 nm ' corresponds to

22 -
ENTEM
£ 21T
c B XRD
<18 u
= ]
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=1 ]
§1.4
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] ]
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K] |
So06
t 4
004
& ]
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Fig. 6 Spacing between the fullerene cages for the mono-functionalised
fullerenes 1, 2, and 3 and the bis-functionalised fullerenes 4 and 6 inside
SWNTs as determined from HRTEM and XRD. The bars at the top of
each HRTEM column indicate the standard deviation in the measure-
ments. The double-peaked XRD results are indicated with black and light
grey (see text).

a spacing of dp,; = 3.45 nm between neighbouring fullerenes
which is also significantly larger than the value obtained by
HRTEM of 1.19 nm (Table 2).

This could be explained by considering a packing orientation
in which adjacent fullerenes are rotated by 90° with respect to
each other (Fig. 7a). In this configuration, the repeating unit
would consist of two molecules of 6 which explains the larger
distances measured by XRD. However, as the origin of this
spacing is impossible to verify, the abnormally large inter-
molecular distance for 6@SWNT is not used for comparison
with other systems.

The most intriguing comparison is between the structures
formed from the mono- and bis-adducts of C4g and anthracene, 3
and 6. As there are three possible orientations for pairs of
fullerene 3 to adopt within a nanotube, HT, HH, and TT, one
would expect it to give a less regular structure than 6@SWNT,
which can only adopt one orientation (TT). However, experi-
mentally measured interfullerene spacing for the mono-adduct in
3@SWNT (1.14 nm) is in fact only slightly smaller than the bis-
adduct, 6@SWNT (1.19), with the standard deviation of the
spacing being lower for 3, indicating that 3@SWNT has a more
regular structure than 6@SWNT. An explanation for this result
is that, upon nanotube filling, a considerable fraction of the bis-
adduct decomposes to generate the mono-functionalised
fullerene via a retro-Diels—Alder reaction (Fig. 7b) which can
occur in mild conditions.*® This would result in a mixture of
mono- and bis-functionalised fullerenes within the nanotube
generating a less regular structure. The observation that the
mono-adduct, 3, can be formed via decomposition of 6 has been
reported previously in a Raman spectroscopy study of the two
molecules.?*

The interfullerene spacing in fullerene@SWNT arrays can be
considered to be primarily controlled by the physical size of the
side-group attached to the fullerene cage.?’-*® Previously reported
crystallographic data obtained from single crystals of 6°**' (ESI
filet) can be used to quantify the size of the side-groups and a
fullerene-to-fullerene separation (where the cages are separated
by the side-group of one of the fullerenes) can be determined as
1.29 nm. Comparison with the experimentally observed separa-
tions for 3@SWNT (1.14 nm) and 6@SWNT (1.19 nm) reveals
that the observed interfullerene separations are significantly

a) Repeating unit (d¢,, =3.08 nm)

YO+ @)D {rD0) B

Fig. 7 (a) Schematic diagram depicting the potential packing of
6@SWNT. Due to the 90° rotation of each fullerene cage with respect to
the neighbouring fullerene, the repeating unit is two fullerene cages in
length (dpy; = 3.08 nm approximated by a space filling model, see ESI
filet). (b) Scheme showing the retro-Diels—Alder reaction of 6 to yield 3
and anthracene.
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Fig. 8 Lowest energy configurations of 3 inside a (19,0)SWNT (dnt =
1.49 nm), for (a) head-to-head, (b) tail-to-tail and (c) head-to-tail orien-
tations and (d) 6@SWNT showing the predicted interfullerene spacings.

shorter in both cases than the distances observed in the 3D
crystal structure of 6.

To investigate this, further theoretical simulations were per-
formed for the three different potential orientations of 3 and the
packing of 6 inside a (19,0)SWNT with a diameter of 1.49 nm
matching well the diameters of typical nanotubes in our experi-
mental sample (Fig. 8). The shape of the dihydroanthraceno
group enables neat packing of the molecules. In contrast to the
previous study in which the planar aromatic tails of the func-
tionalised fullerenes were located between the neighbouring
fullerene cage and the nanotube sidewall,?® the functional groups
of 3and 6 are located between the cages providing steric bulk and
causing a significant increase in the interfullerene separation. In a
head-to-tail orientation, the calculated interfullerene separation
is 1.28 nm which is in excellent agreement with the distance
observed in the crystal (1.29 nm).

Therefore, as the interfullerene spacings predicted by mole-
cular models for 3@SWNT and 6@SWNT and the distances
observed from the single crystal data of 6 both predict larger
spacings than those experimentally observed, the nanotube must
play an important role in compressing the fullerenes closer
together in fullerene@SWNT structures than in 3D crystals. This
phenomenon has been observed in a previous study in which
smaller than expected interfullerene spacings were reported for
functionalised fullerenes encapsulated in SWNTs. This close
packing was attributed to the nanotube cavity imparting force
upon the fullerenes, forcing them closer together in order to
accommodate more fullerene species per unit length of SWNT as
a result of the strong van der Waals interactions formed between
the fullerene-guest and the host-nanotube.!!

Experimental

Arc-discharge produced SWNTs (NanoCarbLab) were used for
the experiments. Cgg (99.5%) was purchased from SES Research.
All other reagents and solvents were purchased from Aldrich and
were used without further purification. Infrared spectra were
measured as either KBr discs or a solution cell using a Nicolet
Avatar 380 FT-IR spectrometer over the range 4004000 cm™!.
"H- and "*C-NMR spectra were obtained using a Bruker DPX
300 spectrometer. Mass spectrometry was carried out using a
FAB-LSIMS spectrometer and a MALDI-TOF spectrometer.
The synthesis of 1 and 2 is based on the work by Mattay et al.*®

Synthesis of  7-tert-butyl-1'2",3' 4'-tetrahydrophenazine
[1,9](Cso-1;,) [ 5,6 ]-fullerene, 1. Cgo (120 mg, 0.17 mmol) and
1,2-bis(trimethylsiloxy)cyclobutene (63 mg, 0.27 mmol) were
heated under reflux in ortho-dichlorobenzene (10 mL) under
argon for 16 hours. The solvent was removed under reduced
pressure to yield a brown solid which was re-dissolved in
carbon disulfide (20 mL), degassed with argon and cooled to
—77 °C. Bromine (16 mg, 0.10 mmol) was added dropwise and
stirred for one hour at —77 °C and the solvent was then
removed under reduced pressure. A solution of triethylamine
trihydrofluoride (40 mg, 0.25 mmol) in ortho-dichlorobenzene
(10 mL) was degassed for 30 minutes and was added to the
reaction mixture, which was then stirred for 1 hour under
argon. 4-(tert-Butyl)benzene-1,2-diamine (56 mg, 0.34 mmol) in
glacial acetic acid (5 mL) was added and the mixture was
heated at 60 °C for three hours. The solvent was removed and
purification using silica gel column chromatography with
toluene as an eluent yielded the product, 1, as a dark brown
solid (56 mg, 0.06 mmol, 35%). 'H NMR {400 MHz, dg-
toluene, 300 K} 6y 8.44 (d, 4J = 2.4 Hz, 1H, aromatic H), 8.32
(d, 3J = 8.8 Hz, 1H, aromatic H), 7.63 (dd, >J = 8.8 Hz, *J =
2.4 Hz, 1H, aromatic H), 4.74 (m, 4H, cyclohexane linker H),
1.33 (s, 9H, #-butyl H) ppm. >*C NMR {100.6 MHz, dg-toluene,
300 K} o¢c 153.5, 153.0, 152.8, 147.6, 146.4, 146.1, 145.3, 144.5,
142.5, 142.0, 141.7, 140.2, 64.8, 47.4, 47.3, 34.8, 30.7 ppm.
MALDI-MS: 932.9 m/z [M]™ C;4HN,.

Synthesis  of  6,7-bis(bromomethyl)-2,3-di( pyridin-2-yl) qui-
noxaline, 2a. A solution of dimethyl-2,3-di-(2-pyridyl)-quinoxa-
line (500 mg, 1.60 mmol), benzoyl peroxide (36 mg, 0.15 mmol)
and N-bromosuccinimide (1.14 g, 6.41 mmol) in carbon tetra-
chloride (50 mL) was heated to 110 °C for 40 hours under an
argon atmosphere. The reaction mixture was then cooled to 0 °C
and filtered by gravity. The filtrate was purified using silica gel
column chromatography using chloroform with 1% methanol as
the eluent. The solvent was then removed to leave the product,
2a, as an orange solid (372 mg, 0.79 mmol, 49%). 'H NMR {400
MHz, dg-DMSO, 300 K} 6y 8.42 (m, 2H, aromatic H), 8.26 (m,
2H, aromatic H), 8.20 (m, 2H, aromatic H), 8.06 (m, 2H,
aromatic H), 7.41 (m, 2H, aromatic H), 5.15 (s, 4H, CH2) ppm.
13C NMR {100.6 MHz, d¢-DMSO, 300 K} 6¢ 157.1, 153.7,
148.5, 140.4, 140.0, 137.5, 131.7,129.7, 129.4, 129.1, 128.7, 124.4,
124.1, 124.0, 79.7, 30.7 ppm. ESI-MS: 470.9 m/z [M]"
C20H14N4Br2.

Synthesis of 6,789 -tetrahydro-2,3-di( pyridin-2-yl ) benzo-
quinoxaline-[1,9]( Cgo-1,,) [5,6 [fullerene, 2. A solution of Cg
(100 mg, 0.14 mmol), 2a (82 mg, 0.18 mmol), 18-crown-6
(300 mg, 1.14 mmol) and potassium iodide (50 mg, 0.30 mmol) in
dry toluene (50 mL) was refluxed for 16 hours. The solvent was
removed under reduced pressure and purification using silica gel
column chromatography with toluene and ethyl acetate (3 : 1) as
the eluant yielded the product, 2, as a brown solid (35 mg, 0.034
mmol, 24%). "H NMR {300 MHz, CDCl;, 298 K} 6y 8.49 (s, 2H,
aromatic H), 8.32 (d, 3J = 4.2 Hz, 2H, aromatic H), 8.13 (d, *J =
4.2 Hz, 2H, aromatic H), 7.87 (t, 3J = 7.8 Hz, aromatic H), 7.26
(t, °J = 7.8 Hz, 2H, aromatic H), 5.17 (d, 2J = 13.8 Hz, cyclo-
hexane linker H), 4.77 (d, 2J = 13.8 Hz, cyclohexane linker H)
ppm. *C NMR {75 MHz, CDCl;, 298 K} 6 148.1, 145.6, 136.2,
128.2, 124.2, 122.8, 45.4, 30.2 ppm. MALDI-MS: 1030.50 m/z
M]™ CgoH 4Ny
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The synthesis of 3 and 6 is based on the work of Kréutler and
co-workers.?**3 The bis-functionalised fullerene 4 was prepared
utilizing a multi-step synthesis outlined by Qian and Rubin.?*
Details for the synthesis of 5 are reported in the work of Mili¢
and Prato.*

Filling of single-walled carbon nanotubes

SWNTs (diameter of 1.39 nm) were used for the experiments.
The purified nanotubes (supplied 80% pure) were annealed in air
at 540 °C for 20 minutes to remove amorphous carbon and to
open their termini; a weight loss of approximately 20% was
observed. The sample was then stored at 400 °C to prevent water
from condensing in the internal cavities of the nanotubes.

A three-fold excess of fullerene was dispersed in CHCI; (1 mL)
using an ultrasonic bath to form a super-saturated solution
which was added dropwise to the freshly annealed nanotubes in
an agate mortar allowing each drop to evaporate before adding a
further drop. The resultant black solid was allowed to dry
thoroughly in air and then ground using a pestle and mortar for 5
minutes before being washed with carbon disulfide (20 mL) to
remove any nonencapsulated fullerenes and then washed with
methanol (20 mL). Approximately 0.5 mg of each sample was
dispersed in methanol (2 mL) using an ultrasonic bath and the
resultant suspensions were drop cast onto amorphous carbon
coated copper TEM grids.

TEM imaging

HRTEM analysis was performed on a JEOL-2100F TEM
microscope with a resolution limit of 0.2 nm. The imaging
conditions were carefully tuned by lowering the accelerating
voltage of the microscope to 100 kV and reducing the beam
current density to a minimum. Under these conditions the
positions of fullerene cages in nanotubes could be clearly
observed, which were used for determining intermolecular
separations. The filling rates were determined by taking micro-
graphs of 100 nm? areas from different regions of the specimen,
estimating the proportion of filled nanotubes for each area and
by averaging the filling factors over several areas.!

XRD measurements

XRD measurements were performed in three or more different
positions for each sample with X-rays from a rotating anode
generator equipped with a pinhole camera (Cu Ko radiation with
a wavelength of A = 0.1542 nm, monochromatised and colli-
mated with crossed Gobel mirrors from Bruker AXS, Karls-
ruhe). All X-ray diffraction patterns were radially averaged and
corrected for background scattering to obtain the scattering
intensity /(q), where ¢ = (47/A)sin 4, the magnitude of the scat-
tering vector ¢ = |g], and 26 is the angle between the incident and
diffracted beams.

Molecular models calculations

The theoretical calculations were carried out by simulating the
nanotubes with the Brenner potential.** The functionalised
fullerenes were described by a general potential for organics.*?
The van der Waals interactions between nanotubes and

molecules were also described by a nonbonding potential that
was calibrated to reproduce the interactions in graphite and in
benzene dimers* using the potential energy function:

|:1840 exp (712 L) —2.25 (L)
V(r) = e, " " @)

where r is the inter-atomic distance, r, = 1.960 A and &, = 0.056
keal mol .

All of the calculations were performed using a modified
version of the TINKER molecular mechanics dynamics software
package**¢ with enforced periodic boundary conditions. The
nanotube unit cell was extended to 4 nm and the cut-off of the
potential energy functions was set to 1.2 nm. In order to fully
explore the potential energy hypersurface, a computer program
originally developed to investigate fullerenes in nanotubes
employing the Rigid Molecule Random Explorer (RMRE)
algorithm was used. This randomly arranges the molecules
within the nanotube and rigidly minimizes the energy for a large
number of potential configurations.*’**® Initially at least 1000
cycles of RMRE were used to generate the starting points for the
functionalised fullerene structures, and then full geometry min-
imisation of the fullerene@nanotube was performed. The
geometries were optimised to a root mean square deviation of the
energy gradient below 0.01 kcal mol~' A"

Conclusions

This study presents the synthesis of six functionalised fullerenes
designed to facilitate the controlled ordering of molecular chains
within nanotube cavities. The fullerenes were inserted into
SWNTs using a solution-based filling method under mild
conditions. The resultant structures were characterised using
HRTEM and XRD, demonstrating that the spacing between
neighbouring fullerene cages can be effectively controlled by
using steric bulk of functional groups attached to the fullerenes.
The orientation of molecules within SWNTSs appears to be
crucial for controlling the intermolecular distance. The problem
of random orientations was successfully addressed by intro-
ducing bipodal functionalised fullerenes bearing sterically bulky,
conformationally rigid groups on opposite sides of the Cg cage.
Our methodology offers a powerful approach for constructing
1D molecular arrays which can be potentially exploited in
molecular spintronics or quantum information processing
devices.
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