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Organic molecules are rapidly finding their way into elec-
tronic architectures and photovoltaic devices. In recent years
a pronounced increase in efficiency has been achieved, which
is largely due to the virtually unlimited tunability of the build-
ing blocks. Indeed, by selecting specific molecular structures
and chemically optimizing their interaction with substrates
and each other we can dramatically affect the macroscopic
properties of novel assemblies. Metallo-organic molecules,
like the phthalocyanines, are of particular interest as they can
also carry localized magnetic moments.

Phthalocyanines are a class of stable, blue-green synthetic
pigments which can be synthesized with a variety of metal
ions at their center. They are related to the biologically impor-
tant porphyrin family, which includes molecules like heme
and chlorophyll. Within molecular nanotechnology their
strong optical absorption is already being exploited in photo-
voltaic devices containing phthalo-fullerene mixed phases.!
However, they also display other useful bulk optical proper-
ties including dichroism and luminescence,? and are used in
gas-detection.[3] We have focused our experiments on cobalt
phthalocyanine (CoPc) which consists of a planar carbon and
nitrogen macrocycle with a single cobalt ion (see Fig. 1, inset).
The cobalt ion has a partially filled 3d-orbital and is magneti-
cally active.[*”]

With this in mind, restricting phthalocyanine assemblies to
one or two dimensions raises a variety of exciting issues as to
what will happen to the electronic structure and hence to their
optical, magnetic and transport properties. A particularly
powerful method of forming one-dimensional molecular ar-
rays is the encapsulation in a carbon nanotube.®! The selec-
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Figure 1. TEM images of CoPc filled nanotubes: a) The narrowest ob-
served nanotube (15 A inner diameter) filled with CoPc; b,c) Two multi-
walled nanotubes showing a near optimal degree of filling. Note that all
nanotubes have pristine surfaces. Inset: schematic drawing of a CoPc mol-
ecule, central ion: cobalt, black: nitrogen, grey: carbon, white: hydrogen.

tion of carbon nanotubes as the container structures is moti-
vated in part by the fact that nanotubes can act as a confining,
as well as a shielding, environment.”! Since we are dealing
with planar molecules the precise internal stacking order will
be important in assessing the physical properties of this as-
sembly. Previously, planar molecules with a large aspect ratio,
such as rectangular perylene-3,4,9,10-tetracarboxylic-3,4,9,10-
dianhydride (PTCDA) have been shown to align virtually par-
allel to the nanotube axis,’®! whereas the elliptical fullerene
C;o will align their long axis with the nanotube axis in narrow
nanotubes (diameter 13.6 A), but stand up in wider nanotubes
(214.9 A).*% Magnetic effects have been observed recently
in the encapsulation of azafullerene (CsoN).!'!!

Similarly, from the metallic point of view, both cobaltocene
and ferrocene have been successfully encapsulated in nano-
tubes.'>!3 For both these molecules a strong interaction with
the nanotubes is observed, resulting in electron doping of the
nanotubes, which is confirmed by density functional calcula-
tions.'4!

Square planar CoPc occurs in two bulk forms.'> The first
one, a-CoPc, has a stacking angle y=26° and is a metastable
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form, but can become energetically favoured below a critical
volume.!"® The second bulk form, p-CoPc, is the stable phase
and has a stacking angle y=45°. Measurements on thin films
and monolayers of phthalocyanines on various substrates have
found orientations varying smoothly from flat-lying mole-
cules, "% to 4- and f-CoPc forms oriented with their stacking
axis parallel to the surface depending on the particular sub-
strate and growth parameters.[lg‘m

In Figure 1 transmission electron microscopy (TEM) micro-
graphs of selected individual nanotubes show the encapsula-
tion of CoPc. Although the tubes are clearly filled, no obvious
ordering of the encapsulated molecules could be observed in
TEM. This could, however, be due to the fact that the intense
electron beam used in TEM disturbs or even damages the
CoPc molecules whilst imaging. Kataura et al. report similar
problems employing TEM in imaging nanotube encapsulated
Zn-diphenylporphyrins.”? The narrowest filled nanotube ob-
served is a double-walled carbon nanotube (DWCNT) with
an inner diameter of 15 A (see Fig. 1a). We can approximate
the CoPc molecule by a square, with a planar van der Waals
surface measuring 11 x 11 A21218 Ag the van der Waals ra-
dius of an sp’-bonded carbon inside the nanotube wall is
~1.5 A, this renders the nanotube with an effective inner van
der Waals diameter of ~12 A, which is smaller than the diago-
nal dimension of the CoPc molecule. In this case CoPc cannot
enter the nanotube in a face-on configuration, and is con-
strained to angles <53° with respect to the nanotube axis in
order to enter. Once inside, it also cannot flip to align with
neighbouring CoPc molecules. In the larger diameter multi-
walled carbon nanotubes (MWCNT), however, CoPc mole-
cules can enter freely and subsequently form a lowest equilib-
rium ordering state with neighboring molecules. As a
consequence larger filling densities were indeed observed (see
Fig. 1b and c). It is also clear from these three TEM pictures
that no remaining CoPc adheres to the outside of the nano-
tubes and we can therefore assume that our near-edge X-ray
absorption fine structure (NEXAFS) signal, discussed below,
stems solely from encapsulated molecules.

The morphology of the sample used for
NEXAFS measurements was investigated by scan-
ning electron microscopy (SEM), and the results a)
are shown in Figure 2. The nanotubes are mostly
aggregated together in large bundles and are sub-
sequently deposited lying predominantly parallel
to the substrate surface. The bundles themselves,
however, are not aligned with respect to each other
and therefore the nanotubes can be considered to
have random azimuthal orientation in the deposi-

Figure 2. SEM images showing the arrangement of individual nanotubes
in aligned bundles that lie predominantly parallel to the surface.

when localized electronic dipole resonances are excited by lin-
early polarized light near threshold. In organic molecules
these resonances correspond to transitions from atomic 1s
core levels into unoccupied n* or ¢* levels which are highly
localized on the individual molecules. For molecules with pla-
nar aromatic rings, like the phthalocyanines, the lowest unoc-
cupied molecular orbital (LUMO) is a n* orbital formed by
the antibonding combination of atomic p, orbitals and is ori-
ented perpendicular to the plane of the molecule. The dipole
excitation from a spherically symmetric 1s level into the
LUMO can therefore be represented by a vector O, character-
ized by a polar angle v with respect to the surface normal, and
an azimuthal angle ¢ defined by the projection of O, onto the
surface and the plane of X-ray incidence, spanned by the sur-
face normal and the dominant electric field vector component
Ej| (the xz plane, see Fig. 3a). The incident light is character-

) , 6, the m* vecto%

tion plane. Separate attempts to align filled nano- ¢

P y

tubes using electrophoresis or electrospray did not 4

provide dense enough samples for NEXAFS mea-
surements and no reliable N K-edge signal could
be observed.**?!

The determination of molecular orientations on

Figure 3. a) Coordinate system defining the used geometry in calculating the theoreti-

cal dependence of K-edge NEXAFS measurements (see text). The vector O is perpendic-

surfaces using NEXAFS with linearly polarized
light is well established.”® The theory is applicable
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ular to the CoPc molecular plane. b) Graphic depiction of the additional roll angle (V)
dependence necessary for describing nanotube-encapsulated molecules in NEXAFS.
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ized by an angle 0 between Ej and the surface normal, or
equivalently, by the angle between the substrate and the in-
coming X-ray beam. The resonance intensity is then given
by:?%!

I'= A(cos*0 cos®y + sin®0sin®y cos’ + 2 sinv cosv sind cosf) cos¢)

(1)
I = Asin®vsin’ ()
I «<PIl+ (1-P)I* 3)

where A is the angle integrated cross section. The intensity I*
arises from the minor electric field component perpendicular
to the plane of X-ray incidence (along the y axis), in the case
that the polarization factor P of the light is less than 1.

With nanotube-encapsulated molecules there is, however,
another angle that needs to be considered. Even when the mol-
ecules inside are characterized by a fixed angle with respect to
the nanotube axis, the nanotube itself can still sit in several
“rolled” positions on the surface. This will also influence the
measured value of v as outlined in Figure 3b. With rotation
around the z-axis contained in the azimuthal dependence we
only need to consider the roll of a nanotube aligned along the
x-axis. By introducing an angle ¥ (Fig. 3b), we can establish
that the equations are modified in a way analogous to the azi-
muthal dependence, but now with a rotation around the x-axis:

I'= A(cos’0 cos®y cos* ¥ + sin’0 sin’v cos?¢ +
2 sinv cosvsinf) cosf cos¢ cos ) 4

I = Asin’vsin’¢ sin® ¥ (5)

We can then simplify these equations considerably, with
added knowledge regarding the azimuthal and roll angles.
The SEM images have established that the nanotubes lie pre-
dominantly parallel to the surface, but have, however, a ran-
dom azimuthal angle. This is equivalent to a system with cylin-
drical symmetry around the z-axis and thus the equations can
be simplified as done by Stohr and Outka for threefold or
higher symmetry, resulting in a replacement of cos’¢ by its
average 1/2 and cos¢ averaging to zero. Similarly, the random
roll position of the nanotubes introduces a cylindrical symme-
try around the x-axis with the same consequences for cos’¥
and cosY, giving (with B =1/2 A)

I'= B(cos0 cos?v + sin®0 sin?v) (6)
=12 Bsin®v (7)

and the total intensity / as given before. By varying the angle
0 of the incident X-rays, we can now extract a value for v if
the degree of polarization is known. From an angle dependent
measurement of a monolayer of CoPc on silver terminated
silicon obtained during the same beam time, we have estab-
lished P to be 0.975+0.005 over the N K-edge region.
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The N K-edge NEXAFS spectra of CoPc filled multi-walled
nanotubes are shown in Figure 4 for #=90° and §=28°. In or-
der to extract v we have first normalised the raw spectra to
the intensity profile of the incoming X-ray beam, /;, measured
simultaneously on a refocusing mirror mounted before the
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Figure 4. Nitrogen K-edge NEXAFS spectra showing the dependence of
the m* and o* intensity on the polar incidence angle 6 of the light. The
presented spectra have been normalized to coincide at the cross-over
point between the m* and o* regions (405.2 eV).

analysis chamber. This still left a linear slope which was sub-
tracted by fitting a straight line through the low photon ener-
gy side of the spectra, before the onset of the n* resonance.
The final step was done in three different ways: 1) normaliz-
ing the spectra to the high photon energy background; 2) nor-
malizing to the integral under the curve from 395 to 420 eV;
3) normalization to the n*—o* cross-over point at 405.2 eV. In
each case measurements of the maximum intensity of the n*
peak were taken, as well as the value of the integral from
395 eV to the cross-over point. These were then divided to
give points that fall onto the theoretical curves, as plotted in
Figure 5. The value for the angle v between the vector perpen-
dicular to the CoPc molecular plane and the surface normal is
then read as v=54°£5° which makes the stacking angle, in-
side the nanotube y=36°%5°. Using our theoretical formula,
a completely random distribution of stacking angles would
yield v=45° and two identical N K-edge spectra. However, we
do need to note this would be indistinguishable from a major-
ity B-CoPc type filling, which also carries a stacking angle of
45°. Our measured stacking angle is exactly in between the
two bulk form stacking angles of 26° (a-CoPc) and 45°, which
could indicate that both stacking forms occur inside the nano-
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Figure 5. Normalized NEXAFS intensity at 0=90° and 28° obtained from
Fig. 4 in different ways (see text) and plotted onto the theoretical curves
obtained with Eq. 6 giving an average value of v =54£5°. Top: schematic
drawing of encapsulated CoPc viewed side-on, defining the measured po-
lar angle v and internal stacking angle y inside the nanotube.

tubes. If we, however, assume that a significant portion of the
molecules is disordered this would have the effect of pushing
the measured average angle v closer to 45 degrees and in turn
implying a stronger relative weight of the a-CoPc phase.
Lastly, we cannot at this point control the spread in internal
diameters of the nanotubes, which can also add to the prefer-
ence of different internal phases and hence a spread in v. Ex-
periments with double-walled nanotubes of smaller diameter,
and therefore a more forced type of filling, revealed too low a
degree of filling to support trustworthy NEXAFS measure-
ments. This mainly stems from the spread of internal diame-
ters of double-walled nanotubes which is such that for an ap-
preciable percentage of DWNTs filling cannot occur. This
results in formation of “dilute” samples, i.e., mixtures of filled
and empty nanotubes which cannot be separated, and there-
fore are difficult to characterize accurately by NEXAFS, as
compared to multi-walled nanotubes.

In conclusion, we have presented the first example of en-
capsulation of metal-phthalocyanines in carbon nanotubes.
No internal order could be discerned by TEM measure-
ments, however, NEXAFS measurements reveal non-ran-
dom stacking of the molecules inside the tube, characterised
by a stacking angle y=36°%+5°. We believe this indicates a
mixture of phases, coexisting in nanotubes, with a majority
component possessing the o-CoPc ordering if we assume
disorder in the film is significant. We would also like to note
here that we have performed preliminary SQUID measure-
ments on unaligned CoPc-containing nanotube samples,
which suggest that there is a possible weak spin-glass transi-
tion occurring below 200 K (as evidenced by the difference
between zero field cooled and field cooled runs). We are
currently trying to solve practical problems and working to-
wards advanced SQUID characterization of these materials
which should provide additional information about their
properties.
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Experimental

Synthesis: Low residual catalyst, thin multi-walled carbon nano-
tubes (MWCNT) were obtained from Nanocyl. The tubes have an
average number of layers between 3 and 6, and an average inner di-
ameter of (24+3) A. Purified carbon nanotubes were first oxidized in
air at 400 °C for 40 min, resulting in a weight loss of around 40 %. This
thermal treatment opens the nanotube caps and also partly removes
amorphous carbon from the surface of the tubes. They were then
mixed with an excess of sublimation purified CoPc (Sigma-Aldrich) in
a quartz tube, sealed in a vacuum of 107® Torr and heated at 375°C
for three days. CoPc that had settled on the outside of the nanotubes
was successfully removed by repeated rinsing with a mixture of
chloroform and 1 % trifluoroacetic acid. A small portion of the filled
nanotubes was then dispersed onto a transmission electron microsco-
py (TEM) grid. Dried nanotubes were resuspended in methanol and
sonicated for 30 min before being drop-deposited onto Si/SiO, sub-
strates.

Transmission Electron Microscopy: TEM measurements were per-
formed in a JEOL4000EX LaB6 microscope. In addition to the multi-
walled nanotubes described above, a batch of double-walled carbon
nanotubes (DWCNT), also from Nanocyl, with internal diameters
ranging from 14-17 A were filled in a similar way and used for the
TEM studies only.

Near Edge X-ray Absorption Spectroscopy: The NEXAFS measure-
ments were performed via Auger electron yield at the BACH beam-
line in Elettra with linear horizontal polarized light [27]. The beam-
line has an overall resolving power of 8000 around the nitrogen
K-edge. The spot size at the sample was 15 x 300 pm?. Photon calibra-
tion was established by measuring the well-known Si 2p core level in
photoemission at various photon energies in the N K-edge range. All
measurements were performed at room temperature.

Scanning Electron Microscopy: After the synchrotron measure-
ments the morphology of the sample was checked in a JEOL JSM-
7000F scanning electron microscope(SEM).
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