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Synthesis, characterization and photophysical properties of a SWNT-
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We report the synthesis, characterization and photophysical
features of a new nanometer scale carbon nanostructure, that
is, a single-wall carbon nanotube bearing phthalocyanine
chromophores.

Carbon-based nanomaterials are currently under active investiga-
tion for producing innovative materials, composites and electronic
devices of greatly reduced size.! In particular, single-wall carbon
nanotubes (SWNTSs) are one-dimensional nanowires that are either
metallic or semiconducting. They readily accept charges, which can
then be transported under nearly ideal conditions along the
tubular SWNT axis.” The electrical conductivity, morphology and
good chemical stability of SWNTs are promising features that
stimulate their integration into electronic devices.

The combination of SWNTs with electron donors such as
ferrocene,” porphyrins* or TTF® has been achieved, and has led to
new materials giving rise—upon photoexcitation—to intraensem-
ble electron transfer processes. Among the wide variety of electron
donor moieties, phthalocyanines (Pcs),® which are synthetic
porphyrin analogues, exhibit particularly intense absorption
characteristics in the red/near-infrared spectral region, where
porphyrins fail to absorb appreciably. Pcs have been extensively
used as dyes, and more recently have also been integrated as
excited electron donors into donor—acceptor systems, in combina-
tion with electron accepting fullerenes.’

Here, we report the synthesis, characterization and photophy-
sical properties of SWNTs that were decorated with free base
phthalocyanines (SWNT-H,Pc, 1). Covalent functionalization of
carbon nanotubes with Pcs using amido linkages has also been
reported by both us and others.® However, the resulting materials
proved to be nearly insoluble in common organic solvents.

Scheme 1 summarises the synthesis of the SWNT-H,Pc
nanoconjugate (1). The functionalised carbon nanotubes 2 were
prepared by 1,3-dipolar cycloaddition between amino acid 3,
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Scheme 1  Reagents and conditions: (i) Amino acid 3, paraformaldehyde,
DMF, 120 °C, 5 d; (ii) HCI gas, DMF, rt, 1 h; (iii) H,Pc 4, EDC, HOBt,
ethyldiisopropylamine, DMF, rt, 5 d.

paraformaldehyde and purified HIPCO SWNTs!? in DMF. After
5 d, the DMF-soluble material was separated from the reaction
mixture by several sonication, centrifugation and filtration
processes (see the ESI for experiment detailst). The nanotubes
were re-suspended in DMF, and removal of the N-zertbutoxy-
carbonyl protecting groups (Boc) was achieved by bubbling
gaseous HCI through the suspension. The corresponding ammo-
nium chloride salt precipitated during the acid treatment, followed
by filtration. Synthesis of 1 involved reaction of the ammonium
chloride salt with phthalocyanine 4 in the presence of N-(3-
dimethylaminopropyl)-N"-ethylcarbodiimide (EDC), 1-hydroxy-
benzotriazole (HOBt) and ethyldiisopropylamine.

The carboxyphenyl-substituted phthalocyanine 4, on the other
hand, was synthesized in four steps starting from 4-(hydroxy-
methyl)phenylphthalonitrile (5) (see ESIt) and 4,5-tert-butylphe-
noxyphthalonitrile'' (Scheme 2). The statistical tetramerization
reaction of 5 and 4,5-fert-butylphenoxyphthalonitrile in the
presence of lithium led to the (hydroxymethyl)phenyl-substituted
phthalocyanine 6. The latter was then oxidised with MnO, to yield
the formylphenylphthalocyanine 7. In the final step, phthalocy-
anine 4 was obtained by the oxidation of 7 using sulfamic acid and
sodium chlorite. All Pcs (4, 6 and 7) are new and were fully
characterised by UV-vis, 'H NMR and IR spectroscopics,
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Scheme 2 Reagents and conditions: (1) Pd(PPhs)4, K,COs, THF, H,O0,
reflux, 24 h; (ii) Li, 1-pentanol, 150 °C, 18 h; (iii) MnO,, CHCls, 60 °C, 5 h;
(IV) NstO3H, NaClOz, THF, HzO, 1t, 3 h.

MALDI-TOF mass spectrometry and elemental analysis (see
ESIY).

The nanotube derivatives 1 and 2 were characterized by
standard analytical techniques, such as UV-vis-NIR, thermogravi-
metric analysis (TGA), transmission electron microscopy (TEM)
and atomic force microscopy (AFM). The photophysical proper-
ties of 2 and reference phthalocyanine 4 have been also investigated
by steady-state and time resolved fluorescence, as well as by
femtosecond transient absorption.

TGA of compounds 1 and 4 are shown in Fig. S1f. SWNT-
H,Pc nanoconjugate 1 gives rise to a weight loss of about 27% at
600 °C. However, at this temperature, the phthalocyanine is not
completely decomposed (see Fig. S17), with 38% of its original
mass still remaining. If we assume a similar behaviour in 1, we
roughly approximate the real amount of functional groups to be
around 43%; this would correspond to 1 functional group per 190
carbon atoms.

TEM confirmed the presence of SWNT in our samples. Two
representative images of nanoconjugates 1, shown in Fig. S27,
reveal high aspect ratio objects that appear throughout the
scanned regions. The mean length of these objects is typically in
the order of several microns, and their diameters range between a
few nanometers and several tens of nanometers. 1 has also been
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Fig. 1 AFM images of SWNT-H,Pc nanoconjugate 1 prepared by spin
coating on a silicon wafer from a DMF solution.

investigated by AFM. The samples were prepared by spin coating
on a silicon wafer from a DMF solution. The pictures in Fig. 1
reveal the presence of thin bundles of nanotubes, well dispersed on
the substrate, and terminated by individual SWNTs. The line
profile below the right-hand picture shows the typical height of the
objects on the surface, with bundles of nanotubes having diameters
ranging from 3 to 20 nm.

Next, the SWNT-H,Pc nanoconjugate 1 was probed in a
number of photophysical experiments. In this context, an
important test emerges around its absorption characteristics. In
particular, the absorption spectra in THF reveal only features that
correlate with SWNT, despite the strong absorption cross-sections
of H,Pc in the visible region of the solar spectrum. Extinction
coefficients as high as 2 x 10° M~ cm™! are found in the 700 nm
region (Fig. 2, top). It is reassuring that, upon photoexcitation at
680 nm, a steady-state fluorescence spectrum evolves that is
reminiscent of that seen for H,Pc (4), namely, a fluorescence
maximum at 706 nm. This confirms unmistakably the presence of
H,Pc in SWNT-H,Pc (Fig. 2, bottom). When relating the
fluorescence intensity of SWNT-H,Pc (1) to that of H,Pc (4)—
with identical ground state absorption at the excitation wave-
length—a significant quenching of the fluorescence is derived
(~100). An obvious rationale for this trend implies the presence of
electroactive SWNT.

Time-resolved fluorescence measurements further confirmed the
trend of electronic interactions between photoexcited H,Pc and
SWNT. While a long lived fluorescence—with a lifetime of 4.3 ns—
was seen for 4 in the range of the 700 nm fluorescence maximum,
in SWNT-H,Pc, the major component (78%) of fluorescence
decay was 57 ps.i
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Fig. 2 Top: Absorption spectra of the pristine SWNT (pale grey),
SWNT-H,Pc (1) (dark grey) and H,Pc (4) (black). Bottom: Steady-state
fluorescence spectra of 1 and 4 in THF at room temperature with
matching absorptions at the excitation wavelength (i.e., 680 nm).
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Fig. 3 Differential absorption spectrum (NIR) obtained upon femtose-
cond flash photolysis (660 nm) of SWNT-H,Pc (1) in nitrogen-saturated
THF with time delays between 0 and 50 ps at room temperature.

Decisive insights into the nature of the electronic interactions
came from transient absorption measurements, which were
performed with H,Pc (4) and SWNT-H,Pc (1) following
photoirradiation of the H,Pc ground state features around
680 nm. In the H,Pc reference, we saw immediately, with the
conclusion of the excitation, the following spectroscopic features:
maxima at 485/800 nm and minima around 700 nm. However, the
singlet excited state transient was surprisingly stable. In fact, within
the time window of our experimental set-up (1.6 ns), it barely
showed any decay at all. From the fluorescence lifetime data, we
must infer an intersystem crossing to the triplet manifold
somewhere around 4 to 5 ns.

When looking at 1, the transient absorption characteristics that
were seen during the initial stage (i.e., up to 1 ps) were identical to
those summarized above for 4 (Fig. 3). This observation is critical,
since it corroborates the selective formation of the H,Pc singlet
excited state. However, after this initial stage, the spectroscopic
and kinetic features differ substantially from 4, which lack any
SWNT. Kinetically, for example, a much faster singlet decay
evolves. In fact, 45 ps is a good reflection of the fluorescence
lifetime. Spectroscopically, the transients—with maxima at 845
and 920 nm, and minima at 642, 650 and 688 nm-—bear no
resemblance to any H,Pc excited state (ie., singlet or triplet).
Particularly important is the maximum at 920 nm, which
corresponds to the signature of the one-electron oxidized H,Pc
radical cation.

In the context of radical ion pair formation, we turned to the
NIR region, where the most prominent electron transfer changes
are known to occur for SWNT. Here, the following features—a
maximum at 995 nm, and minima at 1080, 1136, 1204, 1290 and
1395 nm—prompt the reductive charging of SWNT. Important in
this context is the blue-shift of the minima relative to their ground
state maxima and excited state minima at 1150, 1215, 1315 and
1435 nm. Implicit are new conduction band electrons—injected
from photoexcited HoPc.*!'> Extending the measurements to
nanosecond time scales allowed determination of the radical ion
pair stability, with a major component of 305 ns.

In conclusion, we have described the synthesis of a new series of
free base phthalocyanines and the attachment of one of them to

SWNTSs. The properties of the SWNT-H,Pc nanoconjugate 1 have
been studied, and we demonstrated that phthalocyanine can
interact photophysically with the nanotube side walls.
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