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Abstract: A soluble, functionalized Py-SWNT has been synthesized and characterized by solution 1H and
13C NMR, FT-Raman, and electron microscopy. Experimental data indicate that Py-SWNT has short tubes
with pentyl esters at the tips and pyridyl isoxazolino units along the walls. The synthesis of Py-SWNT is
based on a 1,3-dipolar cycloaddition of a nitrile oxide on the SWNT walls, similar to 1,3-dipolar cycloadditions
that are common for fullerene functionalization. The resulting Py-SWNT forms a complex with a zinc
porphyrin (ZnPor ) in a way similar to that reported for pyridyl-functionalized [60]-fullerenes. Formation of
this metal-ligand complex was firmly established by a detailed electrochemical study. However, in contrast
to the behavior observed for the ZnPor/Py-C 60 complex, photochemical excitation of the complex between
ZnPor/Py-SWNT does not lead to electron transfer with the generation of charge-separated states.
Fluorescence and laser flash studies indicate that the main process is energy transfer from the singlet
ZnPor excited state to the Py-SWNT with observation of emission from Py-SWNT. Triplet ZnPor excited-
state quenching by Py-SWNT is only observed in polar solvents such as DMF, but not in benzonitrile.

Introduction

The novel and unique electronic properties1 exhibited by
fullerenes and carbon nanotubes make them excellent candidates
for the development of optoelectronic and photovoltaic devices.2

Currently, there is considerable interest in studying the photo-
physical properties of single-wall carbon nanotube (SWNT)
derivatives obtained by covalent3 and noncovalent4 function-
alization, with the aim of obtaining photoresponsive materials.5

The aim of this research is to search for long-lived charge-
separated states that could be used in the field of photovoltaics.6

Many of the photoactive dyads that have been previously
studied consist of a metalloporphyrin-fullerene donor-acceptor
(D-A) system7 connected through a spacer. These dyads differ
from one another in the nature of the spacer used for attachment
and/or the point of attachment of the porphyrin to the fullerene
core. In these systems, upon excitation with appropriate
wavelength of light, the metalloporphyrin acts as the energy/
electron donor substructure while the fullerene acts as the† Universidad Polite´cnica de Valencia.

‡ Universidad de Castilla-La Mancha.
§ Clemson University.
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corresponding acceptor moiety. Recently, it has been reported
that SWNT and metal porphyrins may spontaneously self-
assemble to form complexes in the ground state.8 Prato, Guldi,
and co-workers have recently reported donor-acceptor nanoas-
semblies of soluble SWNT containing covalently bonded
benzenesulfonate anions interacting through Coulombic forces
with cationic porphyrins.9 Some of these systems have already
been used to construct photovoltaic cells.10

The objective of the present work is to compare and contrast
the interaction ofZnPor with pyridyl-functionalized fullerenes
(Py-C60) and SWNT (Py-SWNT).

We present here an approach for sidewall SWNT function-
alization, which is very similar to one that has already been
used for fullerenes.11 It is well known that metalloporphyrins
interact with pyridyl nitrogens through an apical coordinative
bond between the porphyrin transition metal atom and the
pyridyl ligand. Covalent attachment of the pyridyl ligand to the
graphene walls of SWNT should, in principle, serve to establish
a similar interaction with the metalloporphyrin. In fact, to
provide a valid model for comparison with the SWNT, we have
also studied the same type of supramolecular complexation using
an analogue [60]fullerene derivative as a reference.

For the synthesis of the SWNT covalently linked to a pyri-
dyl group, we have used the 1,3-dipolar cycloaddition reaction
of a nitrile oxide to SWNT. Recently, it has been shown that
cycloaddition of nitrile oxides to SWNT is theoretically pos-
sible, although the reaction is not as exothermic as other types
of 1,3-dipolar cycloadditions.12 In fact, the formation of several
pyrrolidino-SWNT derivatives by cycloaddition of azo-
methine ylides to SWNT has already been described.9a More-
over, we have recently demonstrated that cycloaddition of nitrile
imines to SWNT to form pyrazolino-SWNT derivatives is
possible.13

The isoxazolino-SWNT described in this work is doubly
functionalized: at the tips with multiple alkyl chains to provide
sufficient solubility in organic solvents and at the sidewalls with
4-pyridylisoxazoline rings to coordinate the metallo-porphyrin
to the pyridyl group. The length of the SWNT employed here
is short enough to ensure excellent solubility properties in
organic solvents upon covalent functionalization of the tips.

Results and Discussion

The synthesis of chemically modifiedPy-SWNT was carried
out as indicated in Scheme 1.

The 4-pyridyl isoxazolino-SWNT (Py-SWNT) was synthe-
sized starting from 4-pyridylcarboxaldehyde oxime14 by reaction
with N-chlorosuccinimide (NCS) at 0°C in the presence of a
small amount of pyridine (pyr) using anhydrous chloroform as
solvent. After the addition of NCS, the reaction was stirred for
15 min at room temperature, the solvent was evaporated, and a
solution of the pentyl ester-SWNT15 and triethylamine in
o-dichlorobenzene (ODCB) was added.Pentyl ester-SWNTs
were obtained from commercial HiPco SWNT by treatment with
1 M HNO3 and subsequent esterification of the carboxy groups,
formed in the oxidation process, with pentanol. The HNO3

treatment was optimized to provide SWNT sufficiently short
in length (vide infra the corresponding TEM images) to provide
excellent solubility of the derivatives. The reaction mixture
containingpentyl ester-SWNTand nitrile oxide was irradiated
in a focused microwave oven at 150 W for 45 min to afford
the isoxazolinoPy-SWNT. The solvent was evaporated, and
the solid residue was purified by exhaustive washings with
different mixtures of solvents, chloroform/water, chloroform/
diethyl ether, and chloroform/pentane.

The chemically modifiedPy-SWNTswere characterized by
analytical and spectroscopic methods, all data being consistent
with the proposed structure. TEM images ofPy-SWNT show
the typical morphology of the single-walled carbon nanotubes
(Figure 1). It can be seen that the most salient feature of the
functionalizedPy-SWNT is the short length dimensions in the
range of hundreds of nanometers while the tube morphology is
still preserved and aggregation reduced.

The1H NMR spectrum of isoxazolinoPy-SWNT (Figure 2)
shows two broad signals at around 8.6 and 7.3 ppm correspond-
ing to the protons of the pyridyl group, similar to those observed
for [60]fullerene derivativePy-C60.16 The peaks corresponding
to then-pentyl chains are also observed as broad signals between
3.5 and 0.5 ppm, similar to the spectrum ofpentyl ester-SWNT.

The FT-IR spectrum ofPy-SWNT exhibits the stretching
vibration of the CdO esters at 1700 cm-1, while the band at
1630 cm-1 can be assigned to the pyridyl ring stretching.

The UV-vis spectrum of isoxazolinoPy-SWNT shows a
continuous absorption with decreasing absorbance toward longer
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Scheme 1. Synthetic Route for the Preparation of Py-SWNT
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wavelengths. It shows an absorption maximum at 233 nm and
a weak band at 412 nm (Figure 3). The small peak appearing
at 412 nm may due to the lateral functionalization with the
isoxazoline linker similar to what is observed for the corre-
sponding functionalized fullerene.

Raman spectroscopy is a very important tool to characterize
SWNTs.17 Typically three peaks are observed, one of them
appearing around 1600 cm-1 that corresponds to the tangential
vibration band, which usually decreases in intensity upon

chemical modification. A second peak around 1340 cm-1

corresponds to defects in the graphene walls and increases in
intensity upon chemical functionalization of the graphene walls.
The third peak appears in the 100-300 cm-1 and is considered
specific for single-walled nanotubes, and is related to the radial
“breathing” of the tube skeleton.

Figure 4 shows the Raman spectrum of pyridyl isoxazolino
Py-SWNT as compared to that ofpentyl ester-SWNT. This
figure shows the relative changes in the intensity of the peaks
at 1600 and 1340 cm-1, respectively. As reported,18 the relative
intensity variations of these two peaks frompentyl ester-SWNT
to Py-SWNT are in agreement with the occurrence of extensive
functionalization at the walls. Also remarkable is the broadness
and increased intensity of the peak corresponding to the radial
breathing mode appearing at 170 cm-1.19 The broadness of this
peak is certainly unusual. We believe that this broadness derives
from the specific characteristic of thePy-SWNT sample,
particularly from the combination of short length and extensive
wall functionalization (that could affect the breathing mode of
the nanotubes to a larger extent than the functionalization
occurring at the tips). In support of this rationalization, Figure
4 shows that the radial breathing mode peak ofpentyl ester-
SWNT remains sharp and with intensity similar to that of
pristine purified SWNT. Combustion analyses ofPy-SWNT
were used to quantify the loading of pyridyl units, because
functionalization introduces two nitrogen atoms per pyridyl
isoxazoline unit. Thus, according to the nitrogen content, the
estimated loading was 3.11 mmol of pyridyl units per gram of
Py-SWNT.

For comparison, a fullerene having a covalently attached
pyridyl unit connected through an isoxazoline ring linker (Py-
C60) was also prepared.16 This fullerene derivative (Py-C60) is
very similar to the one previously reported for the study of
photoinduced electron transfer of itsZnPor complex.20 How-
ever, in the present case, the use of an isoxazoline ring as linker
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Figure 1. Representative TEM image showing the length and agglomeration
of Py-SWNT.

Figure 2. 1H NMR spectra of compoundsPy-SWNT, in CD2Cl2, andPy-
C60 (inset) in CDCl3. The signal due to the solvent has been marked with
an asterisk.

Figure 3. Normalized UV-vis spectra ofPy-SWNT (-), 4-pyridylcar-
boxaldehyde oxime (‚‚‚‚‚), andpentyl ester-SWNT (- - -) measured in
dichloromethane. The inset shows an expansion of the IR spectrum ofPy-
SWNT.

Figure 4. FT-Raman spectra of (a)pentyl ester-SWNTand (b)Py-SWNT.
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between the fullerene and the pyridyl moiety leads to a stronger
electron-acceptor interaction when compared to the correspond-
ing pyrrolidine linker analogue.20 The corresponding complex
ZnPor/Py-C60 was prepared by mixingZnPor and thePy-C60.
As already mentioned, the main focus of this work was to
establish the formation of a complex (ZnPor/Py-SWNT)
between the pyridyl ring of functionalizedPy-SWNT and the
5,10,15,20-tetraphenyl-21H,23H-porphine zinc (ZnPor) (Scheme
2). Complex ZnPor/Py-C60 was used as a model for the
electrochemical and photophysical properties ofZnPor/Py-
SWNT.

The formation of complexZnPor/Py-C60 was demonstrated
via 1H NMR and UV-vis techniques. Figure 5 shows the1H
NMR signals corresponding to the pyridyl protons in the
spectrum of complexZnPor/Py-C60, which are shifted to 6.6
and 3.5 ppm. The corresponding protons of this group in
fullerene derivativePy-C60 appear at 8.8 and 8.1 ppm. This
fact has been used by other authors as evidence for the formation
of a similar complex based on [60]fullerene and porphyrin.7a,20

The binding ofPy-C60 to ZnPor results in the formation of
the pentacoordinated zinc porphyrin via axial coordination. This
process was monitored by recording the corresponding changes
in UV-vis spectra of a solution ofZnPor in CH2Cl2 (5.6 ×
10-5 M) upon addition of different amounts ofPy-C60 (Figure
6). The formation of the pentacoordinated complex in dichlo-
romethane was characterized by a slightly red-shifted Soret band
and the appearance of an isosbestic point at 532 nm,20 as shown
in Figure 6. These spectral changes are in complete agreement
with literature values for other fullerenes closely related toPy-
C60.

Analogously, formation of the supramolecular complex
ZnPor/Py-SWNT betweenZnPor andPy-SWNT was evalu-
ated by1H NMR and UV-vis spectroscopy. Figure 7 shows
the 1H NMR spectra ofPy-SWNT and complexZnPor/Py-
SWNT, in CD2Cl2. It can be clearly seen there that the protons
corresponding to the pyridyl group are shifted to higher field
for complexZnPor/Py-SWNT as compared to the same protons

in Py-SWNT similar to the observation for the fullerene
complexZnPor/Py-C60. For the sake of clarity, we have labeled
the chemical shift corresponding to the pyridyl protons in
compound Py-SWNT and complexZnPor/Py-SWNT (in
Figure 7).

The UV-vis spectra showed that the addition ofPy-SWNT
to a solution ofZnPor in CH2Cl2 resulted in spectral changes
characteristic of the presence of pentacoordinatedZnPor. The
Soret and visible absorption bands of compoundZnPor were
red-shifted as shown in Figure 8. This behavior follows the trend
of what has been observed for the fullerene analogue, but the
changes observed forPy-SWNT are significantly more pro-
nounce.

To confirm that the pyridine group inPy-SWNT is involved
in the coordination process, a control experiment usingpentyl
ester-SWNT was performed. No spectral changes were ob-
served upon the titration ofZnPor with compoundpentyl ester-
SWNT, indicating noZnPor coordination. Even though no
spectroscopic changes were observed for the optical spectrum
of ZnPor in the presence ofester-SWNT, we are aware of

Scheme 2. Chemical Structures of Py-C60, ZnPor , and Their
Corresponding Complexes with ZnPor , ZnPor/Py-C 60, and
ZnPor/Py-SWNT

Figure 5. 1H NMR spectra of compoundsPy-C60, ZnPor, andZnPor/
Py-C60 in CDCl3. The signals due to the solvent have been marked with an
asterisk.

Figure 6. Absorption spectra of a solution ofZnPor (5.6 × 10-5 M in
CH2Cl2) upon addition of increasing concentrations ofPy-C60 (from 5.6×
10-5 to 2.75 × 10-4 M). The arrow indicates the direction ofPy-C60

concentration increases. The inset shows an enlargement of the visible bands
in which the effect of complexation can be clearly seen.
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literature precedents21 reporting that metalloporphyrins do
interact with SWNT and that this interaction can be used for
nanotube separation. In our case, however, the low concentra-
tions of ZnPor and pentyl ester-SWNT used for optical
spectroscopy measurements may be responsible for the lack of
detectable interactions.

Electrochemical Studies

Cyclic voltammetric studies (CV) were performed to evaluate
the electronic properties of the compounds and also to visualize
the existence of any electronic interaction betweenZnPor and
Py-C60 andPy-SWNT, respectively.

The CV of ZnPor shows two oxidations and two reduction
processes (see Supporting Information Figure S1). The first and
the second reduction peaks are observed at-1.77 and-2.16
V versus Fc/Fc+, respectively, and the values are reported in
Table 1. The two oxidation processes are seen at+0.39 and
+0.69 V, respectively.

The CV of Py-C60 shows the characteristic behavior of C60

derivatives (see Supporting Information Figure S2). The first
three reduction processes are observed at-1.00, -1.39, and
-1.85 V (Table 1), respectively, referenced versus the Fc/Fc+

couple. The three processes are reversible. No oxidation peaks
are observed within the potential window of the solvent.

Figure 9 shows the comparative CVs ofPy-C60 and the result
of addition of 0.5, 1.0, and 1.5 equiv ofPy-C60 to ZnPor to
form complexZnPor/Py-C60. Table 1 summarizes the observed
potentials. The redox processes of complexZnPor/Py-C60

correspond to those observed for the individual compounds
(ZnPor andPy-C60) but with some noticeable shifts.

The CV resulting from the addition of 0.5 equiv of compound
Py-C60 to ZnPor shows that the first oxidation potential, which
is based on theZnPor, is shifted cathodically by about 30 mV
to +0.36 V as compared to that ofZnPor. A similar shift is
observed for the second oxidation potential, which now appears
at +0.67 V. It is well known that nitrogenous bases will readily
bind to metalloporphyrins having uncharged conjugatedπ
systems.22 Therefore, this shift indicates the formation of a
complex via the axial coordination of the metal in the porphyrin
with the nitrogen in the pyridyl group.

The first reduction process, which is fullerene based, also
shifts cathodically by about 130 mV as compared to the first
reduction potential of compoundPy-C60. The second reduction
also shifts by about 110 mV to-1.5 V. The third reduction
that appears to be an overlap between a porphyrin and a
fullerenes-based redox process appears at-1.96 V. This
corresponds to a shift of about 110 mV versus compound
Py-C60 and 190 mV versusZnPor. This further substantiates
that both the fullerene as well as the porphyrin are affected upon
complexation.

(21) Li, H.; Zhou, B.; Lin, Y.; Lingrong, G.; Wei, W.; Fernando, K. A. S.;
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1981, 20, 1274.

Figure 7. 1H NMR spectra ofPy-SWNT andZnPor/Py-SWNT in CD2-
Cl2; the peaks attributed to the pyridyl group protons have been marked in
the spectra.ZnPor and solvent signals have been marked with triangles
and asterisks, respectively.

Figure 8. Absorption spectra of a solution ofZnPor (9.73× 10-5 M in
CH2Cl2) upon addition of increasing amounts ofPy-SWNT. The arrows
indicate the direction ofPy-SWNT concentration increases. The inset shows
an enlargement of the visible bands in which the effect of complexation
can be clearly seen.

Table 1. Redox Potentials (V vs Fc/Fc+)a Determined by CV of
Compounds Py-C60, ZnPor , and the Different Mixtures of
Compound ZnPor Titrated with Py-C60

oxidation reduction

compound E1 E2 E1 E2 E3

ZnPor +0.39 +0.69 none none -1.77
Py-C60 none none -1.00 -1.39 -1.85
ZnPor + 0.5 equiv ofPy-C60 +0.36 +0.67 -1.13 -1.50 -1.96
ZnPor + 1.0 equiv ofPy-C60 +0.33 +0.70 -1.07 -1.45 -1.90
ZnPor + 1.5 equiv ofPy-C60 +0.32 +0.72 -1.07 -1.46 -1.90

a All potentials are half wave potentials unless indicated otherwise.

Figure 9. Comparative CVs ofZnPor andPy-C60 and the result of addition
of 0.5, 1.0, and 1.5 equiv ofPy-C60 to ZnPor.
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Formation of the porphyrin-fullerene complexZnPor/Py-
C60 is also supported by additional shifts of the oxidation
potential upon addition of larger quantities of fulleropyridine
Py-C60. On further addition for a total of 1.0 equiv ofPy-C60,
the first oxidation shifts further by about 30 mV, thus resulting
in a total cathodic shift of 60 mV, as compared toZnPor. This
again is due to complex formation. However, the second
oxidation peak now shifts anodically by 30 mV instead of the
earlier cathodic shift. The reduction processes show similar shifts
in potentials. The first reduction process shifts anodically by
60 mV. The resultant shift from the first reduction of compound
Py-C60 is 70 mV. A similar shift is seen in the second and third
reductions, which now appear at-1.45 and-1.89 V, respec-
tively. This is expected as further addition of compoundPy-
C60 results in the increase in concentration of freePy-C60 and
the potential is an averaged value between the individual
potentials of bound and unboundPy-C60. Addition of a total of
1.5 equiv of compoundPy-C60 shows a further 10 mV cathodic
shift in the reduction potentials. Note that the trend in the first
and the second oxidation peaks is opposite. Thus, while the first
oxidation peak progressively decreases upon increasing fulle-
ropyridine, the second peak first exhibits 20 mV decreases but
then starts to shift to higher potentials. Probably the peak value
measured in excess of fulleropyridine really corresponds to the
oxidation potential of the complexZnPor/Py-C60, while the
value observed under other conditions reflects the occurrence
of a mixture ofZnPor and complexZnPor/Py-C60 in different
proportions. Thus, axial ligation results in complex formation
between the functionalized fullerene and the zinc porphyrin,
leading to noticeable shifts of the potentials for the complex
with respect to those exhibited separately by both components.

An analogous electrochemical study was done with the
SWNT derivative,Py-SWNT. Py-SWNT and its precursor
pentyl ester-SWNT do not show any oxidation or reduction
peaks. The CV displays cathodic currents beyond-0.6 V, which
can be attributed to the reduction of soluble SWNTs as has been
reported earlier (see Figure S3 in the Supporting Information
for the CV of Py-SWNT).17a

Figure 10 shows the comparative CVs ofZnPor alone and
with 0.5, 1.0, and 1.5 weight equivalents ofPy-SWNT. Addition
of 0.5 weight equivalents ofPy-SWNT to a solution ofZnPor
resulted in remarkable changes in the CV. All of the peaks
undergo considerable broadening, and hence determination of
half wave potentials was difficult. Thus, Osteryoung square
wave voltammetry (OSWV) was used to determine the poten-
tials. Table 2 lists the corresponding oxidation and reduction
potentials.

The first oxidation peak ofZnPor that appeared at+0.39 V
versus the ferrocene/ferrocenium couple shifted cathodically by
almost 100 mV to+0.29 V. It is also seen that the second
oxidation is composed of two individual processes, one at+0.53
V, and another at+0.69 V. The latter peak arises most probably
from the second oxidation process of freeZnPor. Similarly,
the first and second reduction potentials shifted cathodically by
90 and 40 mV and appear at-1.86 and-2.20 V, respectively.

Further addition of 0.5 weight equivalents of functionalized
Py-SWNT results in an additional cathodic shift in the first
oxidation by about 50 mV to+0.24 V. The second oxidation
peak now appears at+0.52 V, and the peak seen earlier at+0.69
V disappears completely. The first and second reduction

processes shift further cathodically to-1.90 and-2.23 V, which
are shifts of 40 and 30 mV as compared to the previously
observed values and a total of 130 and 70 mV as compared to
freeZnPor. However, further addition of 0.5 weight equivalents
of compoundPy-SWNT had no effect on the potentials but
led to broadening of the waves.

When the experiment was conducted by adding analogous
quantities of thepentyl ester-SWNT, no shifts in redox
potentials were observed, indicating that at the concentrations
used in these experiments the shifts obtained were indeed due
to complex formation and not due to noncovalent interactions
between the porphyrins and the SWNTs.

The large shifts in oxidation and reduction potentials firmly
support an interaction of thePy-SWNT with ZnPor via axial
ligation of pyridyl units to the metal center.

Fluorescence Measurements

As expected on the basis of reports ofZnPor emission
quenching by pyridyl-substituted fullerenes,23 the presence of
Py-C60 in benzonitrile quenched the emission ofZnPor (Figure
11a) with a quenching constant of 2.5× 1012 M-1s-1 estimated

(23) (a) El-Khouly, M. E.; Gadde, S.; Deviprasad, G. R.; Fujitsuka, M.; Ito, O.;
D’Souza, F.J. Porphyrins Phthalocyanines2003, 7, 1. (b) D’Souza, F.;
Deviprasad, G. R.; Zandler, M. E.; El-Khouly, M. E.; Fujitsuka, M.; Ito,
O. J. Phys. Chem. B2002, 106, 4952. (c) Armaroli, N.; Diederich, F.;
Echegoyen, L.; Habicher, T.; Flamigni, L.; Marconi, G.; Nierengarten, J.-
F. New J. Chem.1999, 23, 77.

Figure 10. Comparative CV (a) and OSWV (b) plots of ZnPor and 0.5,
1.0, and 1.5 weight equivalents of Py-SWNT.

Table 2. Redox Potentials (V vs Fc/Fc+) Determined by OSWV of
ZnPor and the Different Mixtures of Compound ZnPor Titrated
with Py-SWNT

oxidation reduction

compound E1 E2 E1 E2

ZnPor +0.39 +0.69 -1.77 -2.16
ZnPor + 0.5 equiv ofPy-SWNT +0.29 +0.53 -1.86 -2.20
ZnPor + 1.0 equiv ofPy-SWNT +0.24 +0.52 -1.90 -2.23
ZnPor + 1.5 equiv ofPy-SWNT +0.24 +0.52 -1.89 -2.23
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from a Stern-Volmer plot (Figure 11b). This quenching rate
constant for the emission ofZnPor by the fullerene derivative
is about 2 orders of magnitude higher than the diffusion rate
constant in most common solvents. Thus, this high quenching
rate constant probably reflects the contribution of static quench-
ing to the fluorescence intensity decrease. Static quenching
occurs when formation of a complex prior to light excitation
occurs, causing the immediate deactivation of the fluorophore.
In other words, preassociation between the quencher and the
fluorophore leads to an apparent quenching rate constant that
is higher than that expected for a diffusion-controlled process.24

In fact, this complex formation is the case between compound
Py-C60 andZnPor to form complexZnPor/Py-C60.

Interestingly, theZnPor emission quenching caused by
compoundPy-C60 does not lead to the observation of the
fullerene emission that would appear at 700-900 nm, thus
suggesting that the emission quenching occurs through a
photoinduced electron-transfer mechanism, as previously re-
ported by Ito and co-workers for a closely related system.28a,b

Addition of increasing amounts of compoundPy-SWNT also
quenches theZnPor emission due to the interaction between
ZnPor and Py-SWNT, leading to complex formation. Com-
parison of the singlet excited-state quenching rate constant of
ZnPor by Py-SWNT and Py-C60 is complicated by the fact
that compoundPy-C60 is a discrete molecule; functionalized
Py-SWNT has multiple pyridyl groups. Therefore, rather than
a bimolecular quenching constant, it is better to normalize the
data to the concentration of pyridyl groups present in the
solution. When the quenching rate constant per pyridyl group
is calculated, pyridyl groups ofPy-C60 are better quenchers than
pyridyl groups attached to the SWNT. This is not surprising
considering that in the case ofPy-SWNT, all of the pyridyl
groups are bonded to the same scaffold and they are not free to
diffuse independently. A value for the Stern-Volmer quenching
rate constants was obtained on the basis of the density of pyridyl
groups determined by combustion elemental analysis, to give
Ksv 7.9 × 1011 M-1, which is also “similar” to the Ksv
determined for thePy-C60 (Ksv 2.5× 1012 M-1). Importantly,
while quenching with pyridyl-fullerene (Py-C60) does not allow
the observation of any new emission, Figure 12 shows that in
addition to a decrease of theZnPor emission, the presence of
Py-SWNT gives rise to the concurrent increase of a very broad

(24) Lakowicz, J. R.Principles of Fluorescence Spectroscopy; 1983.
(25) Alvaro, M.; Atienzar, P.; Bourdelande, J. L.; Garcia, H.Chem. Commun.

2002, 3004.
(26) (a) Fraser, D. D.; Bolton, J. R.J. Phys. Chem.1994, 98, 1626. (b) Levin,

P. P.; Batova, E. E.; Shafirovich, V. Y.Chem. Phys. 1990, 142, 279. (c)
Shafirovich, V. Y.; Batova, E. E.; Levin, P. P.Chem. Phys.1992, 162,
155.

(27) (a) Togashi, D. M.; Costa, S. M. B.Phys. Chem. Chem. Phys.2002, 4,
1141. (b) Furuto, T.; Lee, S. K.; Amao, Y.; Asai, K.; Okura, I.J. Photochem.
Photobiol., A2000, 132, 81.

(28) (a) Harada, A.; Yamaguchi, H.; Okamoto, K.; Fukushima, H.; Shiotsuki,
K.; Kamachi, M.Photochem. Photobiol.1999, 70, 298. (b) Rajesh, C. S.;
Capitosti, G. J.; Cramer, S. J.; Modarelli, D. A.J. Phys. Chem. B2001,
105, 10175.

Figure 11. (a) Fluorescence spectra for a benzonitrile (λex ) 560 nm) solution ofZnPor (2 × 10-5 M) upon addition of increasing amounts of compound
Py-C60 (concentration range 0-10-4 M). The arrows indicate the variation in the emission intensity upon increase ofPy-C60 concentration. (b) Plot of the
relative emission intensity measured at 600 nm versus the concentration of compoundPy-C60.

Figure 12. (a) Fluorescence spectra (λex ) 560 nm) for a benzonitrile solution ofZnPor (2 × 10-5 M) upon addition of increasing amounts of compound
Py-SWNT (concentration from 0 to 3.8× 10-4 M). The arrows in the figure indicate the relative variation of the bands upon increasing thePy-SWNT
concentration. (b) Plot of the relative emission intensity measured at 600 nm versus the concentration of compoundPy-SWNT. This concentration refers to
the moles of pyridyl groups attached to SWNT per liter.
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emission. We observed clear isoemissive points at 580 and 680
nm that indicate that the growth of the new emission occurs at
the expense of theZnPor emission decrease. These features
indicate in the case ofPy-SWNT an energy transfer process.
To investigate this further, the emission ofPy-SWNT upon
direct excitation at 390 nm was recorded.

Upon 390 nm excitation of a N2-purged benzonitrile solution
of compoundPy-SWNT, a broad emission spectrum between
400 and 700 nm was observed (see Figure S4 in the Supporting
Information for the emission spectrum ofPy-SWNT). This type
of fluorescence emission spectrum has also been observed for
pristine and unfunctionalized SWNT,25 and it is believed to arise
from excitation of nanotube defects having local structures
analogous to condensed polycyclic aromatic compounds.

On the basis of the existence ofPy-SWNT emissive excited
states, the most likely explanation for the origin of the new
emission when observing the emission ofZnPor is an energy
transfer from the singlet excited state ofZnPor to Py-SWNT.
Emissive excited states ofPy-SWNT are populated, and they
are responsible for the emission increase observed in Figure
12. These excited states ofPy-SWNT can be different from
those reached upon direct excitation at 390 nm. Attempts to
observe emission fromPy-SWNT after exciting at the long
wavelengths used forZnPor excitation failed. Thus, blank
controls even at aPy-SWNT concentration of 3.8× 10-4 M
did not show any detectable emission when directly excited at
560 nm. These blank experiments clearly confirm that the
luminescence observed in Figure 12 really originated by
photosensitization fromZnPor and not from direct excitation
of compoundPy-SWNT at 560 nm.

To characterize the nature of the transients generated in the
quenching ofZnPor by compoundsPy-SWNT andPy-C60, a
laser flash photolysis study was performed. Starting with a
solution of ZnPor in benzonitrile or DMF and in agreement
with literature data,26 upon 355 nm laser flash excitation a
transient spectrum with absorption bands at 470 and 930 nm
was recorded (Figure 13). This transient was assigned to the
triplet excited state ofZnPor on the basis of literature reports.27

In agreement with the triplet nature of this excited state, oxygen
quenches the signal without the appearance of any new transient.
The spectrum also contains negative signals at 430, 560, and
600 nm corresponding to bleaching of the porphyrin ground
state.

Kinetic analysis of the signal profile at different wavelengths
shows that these peaks correspond to a single transient whose

decay matches reasonably well the recovery of the ground
absorption (Figure 12). The triplet signal decay was fitted to a
monoexponential kinetic process with a lifetime of 36 and 25
µs in benzonitrile and DMF, respectively. The signal corre-
sponding to the triplet excited state ofZnPor was quenched
by Py-C60 with an apparent quenching rate constant of 5.1×
108 s-1 M-1 obtained from the plot of the observed monoex-
ponential decay rate constants versusPy-C60 concentration (see
Figure S5 in the Supporting Information). When the concentra-
tion of compoundPy-C60 was sufficiently high, the transient
spectrum changed and the initial peaks of the triplet excited
state were replaced by absorption peaks at 410, 700, and 940
nm, indicating the formation of some different transients (Figure
14).

These spectral changes are compatible with the occurrence
of a photoinduced electron transfer from the triplet excited state
of ZnPor to Py-C60, giving rise toZnPor•+ (peaks at 400 and
700 nm) and the radical anion ofPy-C60 (structured absorption
900-1100 nm) according to Scheme 3. Theλmax values
observed for these species are in agreement with literature data
for the same or similar transients.28

At this high concentration, the half-life of theZnPor•+,
measured a 710 nm, was estimated by fitting the time profile
of the signal to a single-exponential decay, giving a half-life of
7.5 µs.

Figure 13. (a) Transient spectra recorded at 2 (O), 30 (b), and 80 (4) µs after 355 nm laser excitation of a N2-purged benzonitrile solution ofZnPor (2
× 10-5 M). (b) Signal decay monitored at 470 (b) and 940 nm (O).

Figure 14. Transient spectra recorded at 2 (O), 30 (4), 50 (×), and 80
(3) µs after 355 nm laser excitation of a N2-purged benzonitrile solution
of ZnPor (2 × 10-5 M) upon addition of compoundPy-C60 (3 × 10-4 M).

Scheme 3. Quenching Mechanism of ZnPor with Py-C60
a

a isc, intersystem crossing; PET, photoinduced electron-transfer quench-
ing.
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The lifetime of thePy-C60
•- radical anion was, on the other

hand, estimated from the decay of the signal monitored at 910
nm, giving a half-life of 26µs, significantly longer-lived than
ZnPor•+ (see Figure S6 in the Supporting Information for the
actual signal decays ofZnPor•+ andPy-C60

•-). These differ-
ences in the lifetimes suggest that the decays monitored in the
microsecond time scale do not correspond to the back electron-
transfer annihilation fromPy-C60

•- to ZnPor•+ to form the
initial ground states. Most probably, the radical ions monitored
correspond to solvent-separated radical ions.

In contrast to the behavior observed for compoundPy-C60

that quenches both singlet (fluorescence studies) and triplet
excited states (laser flash experiments) ofZnPor, the presence
of increasing amounts ofPy-SWNT in the range 10-100 µM
(based on the concentration of pyridyl groups per gram ofPy-
SWNT) does not affect the triplet excited state ofZnPor when
the study is conducted in benzonitrile. However, working in
DMF, which is a more polar and less coordinating solvent than
benzonitrile, some quenching of theZnPor triplet was observed,
accompanied by a decrease inZnPor triplet signal intensity.
This solvent effect on theZnPor triplet can be explained
considering that the singlet excited state ofZnPor is quenched
by Py-SWNT with a higher quenching rate constant than that
for the triplet and quenching of theZnPor triplet excited state
may or may not occur depending on solvent polarity and solvent
coordination ability. Analogously to what has been observed
here forPy-SWNT, there are sufficient reports in the literature
showing that in the case of fullerene-derived dyad and triad,
the polarity of the solvent plays a decisive role in controlling
the ratio between energy and electron transfer, the quantum yield
for charge separation, and the lifetime of the charge-separated
state.29 Thus,Py-SWNT quenches the fluorescence ofZnPor
and reduces the intensity of the photogenerated triplets. On the
other hand, the influence ofPy-SWNT on the triplet decay
kinetics allowed estimation for the quenching rate constant of
compoundPy-SWNT in DMF at 5.36× 107 M-1 s-1. This
value is significantly lower than the one determined for the
quenching with compoundPy-C60. Furthermore, even at high
concentrations ofPy-SWNT in the range of 10-100 µM, no
changes in the transient absorption spectrum ofZnPor triplets
other than an intensity decrease and a shorter lifetime were
observed, and thus the only transient that is being detected in
these laser experiments corresponds to theZnPor triplets excited
state.

There are remarkable differences in the influence ofPy-C60

andPy-SWNT, in the photophysics ofZnPor. While compound
Py-C60 interacts with the excited state ofZnPor through a
photoinduced electron-transfer mechanism, giving rise to the
correspondingPy-C60

•- radical anion, no evidence for an
analogous process could be observed for compoundPy-SWNT.
In the latter case, it seems that singlet excited and triplet states
are most probably quenched through an energy transfer mech-
anism. Observation of emission fromPy-SWNT upon excitation
of ZnPor supports the occurrence of energy transfer photosen-
sitization. This contrasting behavior between pyridyl-substituted
fullerene and SWNT can be easily rationalized considering that
the C60 core is the electron acceptor (see Table 1 for redox
potentials). Thus, it is not surprising thatPy-SWNT does not

abstract one electron from theZnPor excited state whilePy-
C60 does. Concerning earlier work reporting photoinduced
electron transfer between metalloporphyrins and modified
SWNT attached either not covalently9 or covalently,30 in our
case the lack of observation of photoinduced electron transfer
for the ZnPor/Py-SWNT complex indicates that the structure
of the supramolecular entity and the actual nature of the linkage
betweenZnPor/Py-SWNT plays a decisive role governing the
fate of the electronic excited state.

Conclusions

A highly soluble SWNT derivative being functionalized at
the tips with pentyl esters and on the walls by pyridyl isoxazoline
groups has been prepared and characterized. Particularly
interesting are the TEM images showing the short length of
the tubes and the solution1H NMR showing the presence of
corresponding adducts. Raman spectroscopy showed the ex-
pected peaks for the organic groups and confirmed the occur-
rence of a high degree of lateral functionalization. This pyridyl-
functionalized SWNT forms complexes withZnPor in a way
parallel to that of the pyridyl-derivatized C60. The occurrence
of this complex is clearly revealed by optical spectroscopy and
by the shifts in CV potentials ofZnPor in the presence ofPy-
SWNT, similar but larger than for the corresponding fullerene
analogues. Steady-state fluorescence and nanosecond transient
spectroscopy indicates an energy transfer quenching of the
ZnPor singlet excited state byPy-SWNT and no evidence for
the occurrence of electron transfer.

Experimental Section

General Information. 1H NMR spectra were recorded in CDCl3

on a 200 MHz apparatus. UV-vis absorption spectra were obtained in
acetonitrile using quartz cuvettes on a Shimadzu spectrophotometer.
FT-IR spectra were recorded on a Nicolet Impact 410 spectrophotometer
using KBr disks or self-supported wafers (Py-SWNT) compressed to
2 Ton × cm-2 for 2 min. Photoluminescence measurements were
performed in acetonitrile solution at room temperature in N2-purged
septum-capped quartz cells using an Edinburgh FL3000 spectrofluo-
rometer, a Xe-doped mercury lamp, and a Czerny-Turner monochro-
mator. Laser flash photolysis experiments were carried out using the
third (355 nm) harmonic of aQ-switched Nd:YAG laser (Spectron Laser
Systems, UK; pulse width ca. 9 ns and 35 mJ× pulse-1). The signal
from the monochromator/photomultiplier detection system was captured
by a Tektronix TDS640A digitizer and transferred to a PC computer
that controlled the experiment and provided suitable processing and
data storage capabilities.

The electrochemical measurements for all compounds were per-
formed with a BAS 100B Electrochemical Workstation. Here, 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6, from Fluka) in
CH2Cl2 was used as the supporting electrolyte (degassed with argon
saturated with CH2Cl2 vapors). A platinum wire was employed as the
counter electrode, and an Ag wire was used as the reference electrode.
Ferrocene (Fc) was added as an internal reference, and all of the
potentials were referenced relative to the Fc/Fc+ couple. A glassy carbon
electrode (CHI, 0.5 mm in diameter), polished with 0.3µm aluminum
paste and ultrasonicated in deionized water and CH2Cl2 bath, was used
as the working electrode. The scan rates for CV were 100 mV. The
OSWV was performed with potential steps of 4 mV; a square wave
amplitude of 25 mV at a frequency of 15 Hz was applied. Experiments
were performed at room temperature (20( 2 °C).

(29) Pérez, L.; Garcı´a-Martı́nez, J. C.; Dı´ez-Barra, E.; Atienzar, P.; Garcı´a, H.;
Rodrı́guez-López, J.; Langa, F.Chem.-Eur. J., in press.

(30) Baskaran, D.; Mays, J. W.; Zhang, X. P.; Bratcher, M. S.J. Am. Chem.
Soc. 2005, 127, 6916.
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Synthesis of Pentyl Ester-SWNT.A purified HiPco SWNT sample
(Carbolex 50 mg) was treated with a concentrated HCl solution to
recover all of the carboxylic acid groups in the nanotube, followed by
refluxing in thionyl chloride (2 mL) for 24 h to convert the carboxylic
acids into acyl chlorides. Thionyl chloride was removed by washing
with anhydrous THF, and the solvent was evacuated under reduced
pressure. The acyl chloride nanotube was then mixed in a flask with 2
g of n-pentanol, and the resulting solution was heated to 80°C and
stirred for 72 h under argon. The excess ofn-pentanol was removed
by vacuum distillation. The residue was extracted several times with
chloroform to obtain a dark brown solution that was filtered (Swinney
Millipore 0.2 µm filter) to ensure separation from nonsoluble SWNT.
The solvent was removed on a rotary evaporator yielding thepentyl
ester-SWNT (22 mg).1H NMR (CDCl3): δ 3.80 (bs), 2.19 (bs), 1.28
(bs), 0.89 (bs). UV-vis (CH2Cl2): λmax/nm 229.

Synthesis of Compound Py-SWNT.To a solution of 4-pyridyl-
carboxaldehyde oxime (1), in 40 mL of anhydrous chloroform, was
added 0.01 mL of anhydrous pyridine. The solution was cooled at 0
°C, N-chlorosuccinimide (3.5 mmol) was added, and the mixture was
stirred for 15 min. The solvent was removed, and a solution of
compoundpentyl ester-SWNT15 (30 mg) and triethylamine ino-
dichlorobenzene was added to the solid. The mixture was irradiated in
a focused microwave oven at 150 W for 45 min. The solvent was
distilled, and the solid was purified by washing several times with
chloroform/water, chloroform/ethyl ether, and chloroform/pentane,

yielding compoundPy-SWNT (20 mg). IR (ATR)ν/cm-1: 2930, 1700,
1630.1H NMR (CDCl3): δ/ppm 8.65 (bs), 7.25 (bs), 3.7 (bs), 2.4 (bs),
2.1 (bs), 1.3 (bs), 0.9 (bs). UV-vis (CH2Cl2) λmax/nm: 233. The amount
of pyridyl groupsPy-SWNT was estimated from the comparison of
the combustion chemical analysis data of nitrogen forPy-SWNT
(carbon, 74.32 wt % and nitrogen, 5.71 wt %), assuming that all of the
nitrogen content corresponds to pyridyl-isoxazoline substituents. Ther-
mogravimetric analysis under an air stream of pristine, pentyl esterified,
and Py-SWNT shows in all cases that the material completely
disappears at temperatures below 600°C.

Acknowledgment. Financial support by the Spanish Minis-
terio de Educacio´n y Ciencia (MAT 2003-01226, CTQ2004-
00364/BQU, and FEDER funds), the Junta de Comunidades de
Castilla-La Mancha (Project PAI-05-068), and Generalidad
Valenciana (GV Grupos 03-020) is gratefully acknowledged.
P.A. also thanks the Spanish Ministry for a postgraduate
scholarship. L.E. and A.P. thank the chemistry division of the
US NSF for generous financial support (CHE-0509989).

Supporting Information Available: Cyclic voltammograms,
fluorescence spectra, and graphs of signal decay. This material
is available free of charge via the Internet at http://pubs.acs.org.

JA057742I

Single-Wall Carbon Nanotubes with Pendent Pyridyl Groups A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 20, 2006 6635




