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Introduction

Covalent functionalization of single-wall carbon nanotubes
(SWCNTs) is a general tool to prepare macromolecular en-

tities with defined morphology and adequate response.[1–3]

These entities represent a bridge between molecules and
materials and hold a large promise for development of
novel nanometric optoelectronic devices.[4–6] One of the po-
tential applications of SWCNTs is as active components in
photovoltaic cells for solar energy conversion.[7–14] For this
application, and considering the optical spectra of SWCNT,
it is necessary to combine SWCNTs with an appropriate dye
to act as light harvester.[8,9, 13,15–17] In solar cell technology,
ruthenium polypyridyl complexes are the universal dyes to
harvest sunlight in dye-sensitized semiconductor solar cells
(DSSCs).[18–25] The high efficiency of current DSSCs depends
largely on the ability of ruthenium polypyridyl complexes to
absorb a broad region of the solar spectrum, leading to a
fast and efficient electron injection into the semiconductor
conduction band.[18] The unique performance of ruthenium
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polypyridyl complexes as solar-light harvesters has triggered
wide interest in exploring the potential of SWCNT covalent-
ly tethered to ruthenium polypyridyl complexes in organic
or hybrid solar cells. Thus, not surprisingly, one of the
SWCNT derivatives that has been explored for hybrid solar
cells consists of a ruthenium polypyridyl complex covalently
attached to the carbon nanotube.[10, 14,26–29] One material con-
sisting of a SWCNT with covalently attached ruthenium
complexes has already been used in combination with TiO2

for the preparation of a hybrid solar cell with promising re-
sults.[10, 14,28, 29] However, to understand the process limiting
the efficiency, and eventually improve further the perfor-
mance of SWCNT-based solar cells, one needs to character-
ize the photochemistry of these ruthenium polypyridyl
SWCNT complexes. In particular, it is important to deter-
mine which photochemical events take place upon irradia-
tion of well-characterized samples of Ru-SWCNT and if
these samples perform similarly or differently than the
ruthenium polypyridyl complexes anchored on titania surfa-
ces.[18,19] An additional interest in the ruthenium polypyridyl
complexes attached to SWCNT stems from the fact that
[Ru ACHTUNGTRENNUNG(bpy)3]

2+ complexes are favored chromophores because
their photochemistry is understood in a large variety of ho-
mogeneous and heterogeneous systems, as well as in the
presence of a wide range of electron acceptors.[30] Therefore,
the photochemistry of a system comprising the combination
of ruthenium polypyridyl complexes and SWCNT is also of
importance from a fundamental point of view, especially
considering the current interest in SWCNT-derived materi-
als and the way in which the nanotube interacts with elec-
tronically excited chromophores.[31,32] On the other hand, as
in many derivatives of SWCNT having a chromophore cova-
lently attached, one specific point is to establish the benefits
of having a covalent linkage between the chromophore and
the SWCNT compared to a simple mixture of the two com-
ponents. In the present work we describe the synthesis and
photochemistry of a well-defined macromolecule derived
from a short, soluble SWCNT, which has a covalently at-
tached ruthenium polypyridyl complex (Ru-SWCNT). One
crucial issue relating to SWCNT materials is to provide suf-
ficient structural data to ensure reproducibility and reliabili-
ty in their preparation and their properties. This includes
the purity and morphology of the SWCNT and evidence in
support of the success of the covalent anchoring between
the chromophore and the nanotube. In this regard, in the
one precedent of using a Ru-SWCNT material, no charac-
terization data was provided,[10,29,33] thus limiting the useful-
ness of the results. Also the electrochemiluminescence of a
Ru complex covalently bonded to SWCNT has been recent-
ly reported.[34] Herein we have found unique photochemical
behavior of Ru-SWCNTs compared to related materials
studied so far in terms of the dependence of the photochem-
istry on the light intensity and on the excitation wavelength.
Ru-SWCNT exhibits an unprecedented two-photon photo-
chemistry that arises from a combination of factors includ-
ing the long-lifetime of the ruthenium-localized exciton, the
relative energy of the HOMO/LUMO [Ru ACHTUNGTRENNUNG(bpy)3]

2+ orbitals

with respect to the SWCNT, and the ability of the SWCNT
as electron conductor. The unique two-photon chemistry ob-
served for Ru-SWCNT is distinctive from the behavior of
the individual components and nicely illustrates the novel
photonic properties that chromophore-CNT materials can
possess.

Results and Discussion

Synthesis of Ru-SWCNT: The key step in the synthetic ap-
proach used to covalently join [Ru ACHTUNGTRENNUNG(bpy)3]

2+ complexes and
short, soluble SWCNT, is the radical addition of a thiol on a
terminal C=C double bond. This reaction occurs in very
high yields under mild conditions in the absence of oxygen
and without the need of acid, bases, or redox reagents.
Owing to the compatibility of the thiol addition to C=C
double bonds with many functional groups, the reliability of
the process as well as its high yields, this reaction has been
widely used to covalently attach organic moieties to insolu-
ble supports including high surface area modified silicas and
polymers.[35, 36] Based on this convergent strategy we pro-
ceeded to prepare an allyl derivative of the Ru polypyridyl
complex, as well as a thiol-terminated single-wall carbon
nanotube. The synthetic route for the preparation of Ru-
SWCNT is shown in Scheme 1.

To prepare the vinyl derivative of the ruthenium complex,
we first prepared a 2,2’-bipyridyl ligand, which has a 3-bu-
tenyl chain at the 4-position of the 2,2’-bipyridyl. The syn-
thesis of this ligand was accomplished, starting from 4,4’-di-
methyl-2,2�-bipyridine by lithiation with lithium diisopropyl-
amine (LDA) and subsequent nucleophilic substitution with
allyl bromide. The resulting 4-(3-butenyl)-4’-methyl-2,2’-bi-
pyridine was used as a bidentate ligand to replace chloride
in commercially available bis-(2,2’-bipyridine)dichlororuthe-
nium(II).

To prepare thiol-derivatized carbon nanotubes, we started
with commercially available high pressure carbon monoxide
(HiPCO) SWCNT that was submitted to purification and
subsequent shortening of the nanotube by using HNO3 and
sonication, following well-established procedures.[37–40] The
resulting short, soluble SWCNT was free from inorganic im-
purities and carbonaceous materials and was highly soluble
in water, forming indefinitely persistent black inks. The
average length of these short single-wall nanotubes
(500 nm) was determined by using TEM and AFM. This ma-
terial was submitted to functionalization through peptidic
bonds by using 2-mercaptoethylamine. The resulting thiol
derivative of SWCNT (SH-SWCNT) has been previously
described as a suitably functionalized carbon nanotube for
anchoring covalently organic units.[40]

Characterization of Ru-SWCNT: The resultant Ru-SWCNT
material was characterized by using electron microscopy,
chemical and TGA analyses, and spectroscopic techniques.
Analysis of the TEM images reveals a short SWCNT with
an average length of 500 nm and a low degree of agglomera-
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tion. Selected representative TEM images obtained for the
Ru-SWCNT sample are presented in Figure 1. They show
the high quality of our sample, particularly the absence of
adventitious particles and carbonaceous material. The aver-
age length of Ru-SWCNTs in comparison to the much
longer nanotubes present in the original commercial
SWCNT samples (several microns), its purity, the presence
of oxygenated functional groups on the treated carbon
nanotubes, and the presence of highly water-soluble rutheni-
um polypyridyl units explains the high solubility of the Ru-
SWCNT in water (>10 mgmL�1).

Thermogravimetric (TG) analysis supports the success of
the purification procedure. The profiles of the original
SWCNT and Ru-SWCNT are displayed in Figure 2; the raw
commercial SWCNT sample (Figure 2a) contains about
50 % of the material that does not burn upon heating under
an air-flow at 800 8C. This residual weight after heating at
high temperatures is assumed to correspond to inorganic
particles present in the commercial SWNT. In contrast, the
TG profile of purified SWCNT (Figure 2b) and SH-SWCNT
(Figure 2c) already shows that an almost complete combus-
tion of the material occurs upon heating the sample in air,
the residual weight being less than 2.1 %. In the case of Ru-
SWCNT a different TG profile is observed that indicates the
presence of Ru complexes (Figure 2d). Also the percentage

of residual weight at 800 8C of Ru-SWCNT is 7.5 %, that is,
higher than that for SH-SWCNT. We attribute the increase
in the non-carbonaceous material in Ru-SWCNT to rutheni-
um oxides arising from the combustion of Ru-SWCNT.
Combustion chemical analysis of purified short, soluble
SWCNT shows that the sample is free of detectable
amounts of nitrogen and sulfur. Upon functionalization with
thiol units, the combustion chemical analysis of SH-SWCNT
shows the presence of the expected one-to-one nitrogen-to-
sulfur atomic ratio in stoichiometric amounts in 0.28 and

Scheme 1. Route for the synthesis of short SWCNTs functionalized by
vinyl ruthenium complexes (Ru-SWCNTs).

Figure 1. Selected TEM images of a) Ru-SWCNTs and b) the limited
bundling of the sample. c) The statistical length distribution graph of the
Ru-SWCNTs.

Figure 2. TG profile measured under air of a) raw SWCNT, b) purified
short SWCNT, c) SH-SWCNT, and d) Ru-SWCNT. Note the residual
weight remaining after combustion, particularly for raw SWCNT and Ru-
SWCNT.
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0.54 wt %. The presence of N and S in SH-SWNT agrees
with the peptidic functionalization. Combustion chemical
analysis of Ru-SWCNT also shows an increase in nitrogen
content. The experimental N/S atomic ratio of 6.8 deter-
mined for Ru-SWCNT is in agreement with an almost com-
plete functionalization of the thiol groups of SH-SWCNT,
and indicates that the ruthenium complex loading estimation
based on N analysis in Ru-SWCNT is 15.6 wt %. This load-
ing is remarkable considering that in previous occurrences
of covalent functionalization of SWCNTs the loadings ob-
tained were around 4 wt %; it is reasonable to anticipate
that the ruthenium complex loading can affect the perfor-
mance of the material with respect to its activity in solar
cells.

The presence of ruthenium and its oxidation state in Ru-
SWCNT was determined by X-ray photoelectron spectrosco-
py (XPS). Figure 3 shows the ruthenium(II) 3p3/2 band ap-

pearing at a binding energy of 463.24 eV. The peak area and
the intensity of the signal are in agreement with the loading
around 15.6 % and with the relatively low sensitivity of the
XPS technique. However the binding energy clearly estab-
lishes that the oxidation state of ruthenium is 2+ . This
value is found to be between the ruthenium(0) peak position
at about 461 eV and the ruthenium(IV) peak at 465 eV.
Therefore, our experimental measured value is in agreement
with the 2+ oxidation state of ruthenium in Ru-SWCNT.

Raman spectra of the series of samples are shown in
Figure 4, which reveals the expected three characteristic
peaks present in the SWCNT corresponding to the tangen-
tial vibration at ñ=1585 cm�1 (G), the broader band corre-
sponding to wall defects at ñ= 1285 cm�1 (D), and the typi-
cal weak radial breathing mode (RBM) peak at ñ=

180 cm�1. The relative intensity of the G/D peaks is consid-
ered as a parameter related to the presence of wall defects.
In the series of spectra shown in Figure 4, it is remarkable
that purification and shortening of the SWCNT increases
this G/D ratio.

This increase of the G/D ratio indicates that the shorten-
ing of the nanotubes occurs at the defect sites in the gra-
phene wall, leading to an apparent healing of the sample.
Subsequent functionalization of the purified, short SWCNTs

does not change the G/D intensity ratio a great deal, al-
though some sharpening of the G band and shift in the posi-
tion of the D peak is observed. These facts can be interpret-
ed if you consider that functionalization does not affect the
graphene walls and occurs most often at the D sites. With
respect to the RBM peak considered as a hallmark specific
of the SWCNT, a variation of its position and splitting is ob-
served upon covalent functionalization (Figure 4c,d). This
can be interpreted as a reflection of the interaction of the
organic moieties with the graphene wall of the nanotube.
However alternative explanations exist, particularly prefer-
ential functionalization of conducting/semiconducting
SWCNT, although this is less likely, in view of the chemical
route depicted in Scheme 1, it cannot be ruled out.

Typically Raman spectra do not show any vibration corre-
sponding to the attached subunits. This is generally attribut-
ed to the larger intensity of the peaks corresponding to the
nanotube at the laser wavelength used for excitation of the
sample (l= 785 nm). In contrast, pristine SWCNTs are
almost IR-silent, thus, IR detection of covalently attached
units is relatively easy. FT-IR spectroscopy provides infor-
mation complementary to that obtained by Raman spectros-
copy. Figure 5 shows the set of IR spectra recorded for the

Figure 3. Ru 3p3/2 region of the X-ray photoelectron spectrum of Ru-
SWCNT.

Figure 4. Raman spectra of a) the raw SWCNT, b) the purified short
SWCNT, c) the SH-SWCNT, and d) the Ru-SWCNT.

Figure 5. FT-IR spectra of a) the raw SWCNT, b) the purified short
SWCNT, c) the SH-SWCNT, d) the vinyl [Ru ACHTUNGTRENNUNG(bpy)3]

2+ derivative, and
e) the Ru-SWCNT.
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commercial SWCNT to the final Ru-SWCNT. They show
that purification and shortening of the SWCNT increases
the intensity of the peaks corresponding to OH (3650–
3200 cm�1) and C=O (1750–1650 cm�1), indicating the for-
mation of carboxylic acid groups (Figure 5b). Upon forma-
tion of the peptidic bonds, the carboxylic acid groups com-
pletely disappear and are replaced by the characteristic S�H
stretching vibration at ñ= 2300 cm�1 (Figure 5c). The IR
spectrum of Ru-SWCNT shows the disappearance of the SH
bonds and the presence of aromatic and aliphatic CH
(1600–1400 cm�1 region) as well as an intense C=O peak
and aromatic vibrations (Figure 5e). The apparent increase
in the intensity of the C=O stretching vibration in the FT-IR
spectrum of Ru-SWCNT with respect to SH-SWCNT is
probably attributed to the coincidence of the C=O peak
with another intense vibration present in the Ru complex.

The remarkable solubility of Ru-SWCNT allowed us to
record the 1H NMR spectrum in solution (Figure 6). In

SWCNT research it is very uncommon to provide NMR
data of the SWCNT derivatives after functionalization.
However we have recently succeeded in providing credible
1H NMR data in support of the covalent functionaliza-
tion.[41,42] Furthermore, besides the complex 2.0–3.5 ppm
region assigned to solvents, the 1H NMR spectrum of Ru-
SWCNT shows the disappearance of the vinylic hydrogens
present in the Ru complex used as the precursor and nota-
ble variations in the aromatic region. The inset of Figure 6
shows a comparison of the aromatic region of the solution
1H NMR spectrum of the vinylic Ru complex precursor and
the resulting Ru-SWCNT. A downfield shift of up to
0.45 ppm is observed for some signals. We interpret these d

shifts as reflecting the anisotropy experienced by the bipyr-
idyl Ru ligands as a result of the proximity of the graphene
walls. Particularly important is the fine resolution of the
1H NMR signals that contain structural information support-

ing the covalent linkage between the Ru complex and the
graphene walls.

Altogether the characterization data presented above in-
dicates that the Ru-SWCNT sample under study is constitut-
ed of highly soluble, short nanotubes, which have covalently
attached ruthenium complex units (15.6 %).

Photoluminescence study : It is well known that ruthenium
polypyridyl complexes in water exhibit a relatively intense
room-temperature phosphorescence emission (lph = 595 nm;
Fph =0.042) upon excitation of the MLCT band (lex

�440 nm).[44] The phosphorescence lifetime (tph) of [Ru-ACHTUNGTRENNUNG(bpy)3]
2+ in water determined from the best fit of the emis-

sion temporal profile to first-order kinetics was 580 ns. We
have determined that purified, short SWCNTs quench the
phosphorescence of the parent [Ru ACHTUNGTRENNUNG(bpy)3]

2+ ion, not cova-
lently bonded in solution, with an apparent quenching con-
stant (kq) of 6.1 �105 mL mg�1 s�1. Figure 7 shows the quench-

ing of [Ru ACHTUNGTRENNUNG(bpy)3]
2+ phosphores-

cence by SWCNT and the cor-
responding Stern–Volmer plot
from which kq was obtained.

As expected, in view of the
general behavior of [Ru-ACHTUNGTRENNUNG(bpy)3]

2+ , Ru-SWCNT also ex-
hibits phosphorescence (lph =

602 nm). The emission intensity
of Ru-SWCNT is, however,
three times lower than that for
an optically matched solution
of [Ru ACHTUNGTRENNUNG(bpy)3]

2+ . Moreover, the
phosphorescence of Ru-
SWCNT is 1.6 times less intense
than that from a mixture of
[Ru ACHTUNGTRENNUNG(bpy)3]

2+ and SWCNT at
the same concentrations. The
decrease of the emission inten-
sity of Ru-SWCNT compared
to the [Ru ACHTUNGTRENNUNG(bpy)3]

2+/SWCNT
mixture serves to estimate in

quantitative terms the influence of the covalent attachment
enhancing the interaction between [RuACHTUNGTRENNUNG(bpy)3]

2+ and
SWCNT that is already present (even though somewhat
weaker) without the covalent linkage. The phosphorescence
lifetime determined for Ru-SWCNT is also different and
longer lived (tph = 670 ns) than that measured for [Ru-ACHTUNGTRENNUNG(bpy)3]

2+ . The longer lifetime can reflect the less polar envi-
ronment experienced by the residual population of the still
emissive ruthenium complex on the vicinity of the SWCNT
with respect to water.

In this way, covalent attachment of [Ru ACHTUNGTRENNUNG(bpy)3]
2+ to the

SWCNT does not introduce a new property, but increases
the strength of interaction between [Ru ACHTUNGTRENNUNG(bpy)3]

2+ and
SWCNT by reducing the diffusional freedom and by main-
taining [Ru ACHTUNGTRENNUNG(bpy)3]

2+ and SWCNT in close proximity. The
tethering also provides some protection of the [RuACHTUNGTRENNUNG(bpy)3]

2+

ion from the solvent.

Figure 6. Solution 1H NMR spectrum of the Ru-SWCNT recorded in [D6]DMSO. The inset shows an expan-
sion of the aromatic protons of a) the ruthenium derivative 2 and b) the Ru-SWCNT.
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Transient absorption spectroscopy : The previous phosphor-
escence study proves the interaction of ruthenium poly-
pyridyl triplets with the SWCNT, but does not give indica-
tion of the quenching mechanism and the nature of the in-
termediates involved. In contrast, time-resolved absorption
spectroscopy can provide information about the nature of
the quenching process.[45]

Considering the visible absorption band of the ruthenium
complex, a tunable OPO laser operating from l= 430 to
550 nm was used as the excitation light. The power of the
excitation pulse was constant (10 mJ pulse�1) when the exci-
tation wavelength was varied. Owing to the intense phos-
phorescence occurring from l= 520 to 800 nm and that the
reported absorption spectra of [Ru ACHTUNGTRENNUNG(bpy)3]

2+ triplets (l= 360
and 420 nm) and [Ru ACHTUNGTRENNUNG(bpy)3]

+ (l=360, 500, and 550 nm)
have in common an absorption band around l=360 nm, the
transient signal was initially monitored at this common
wavelength.[46, 47] As anticipated, considering the ground-
state MLCT absorption band of the [RuACHTUNGTRENNUNG(bpy)3]

2+ complex
from l=400 to 500 nm and peaking at l= 490 nm, the inten-
sity of the signal varies with the excitation wavelength fol-
lowing the response expected for excitation of the MLCT of
the [RuACHTUNGTRENNUNG(bpy)3]

2+ chromophore of Ru-SWCNT.
The maximum intensity of the signal was recorded for l=

490 nm laser excitation in agreement with the MLCT lmax

for the [RuACHTUNGTRENNUNG(bpy)3]
2+ subunit of a Ru-SWCNT. Figure 8

shows the transient signals (not-normalized) recorded for
Ru-SWCNT, as a function of the excitation wavelength in
the range l= 430–550 nm and a table of the top DO.D.
values and a description of the signal profile monitored at
360 nm.

Besides the intensity variations, the remarkable changes
observed in the temporal profile of the 360 nm signal, as a
function of the excitation wavelength (Figure 8), were total-
ly unexpected; upon excitation of the MLCT band of the
[Ru ACHTUNGTRENNUNG(bpy)3]

2+ subunit, the signal rises instantaneously and
decays in the first 500 ns after the laser pulse (region A in
Figure 8), followed by a growth from 500 to 1000 ns (region

B), and a final decay (region
C). This temporal profile re-
quires more than a single spe-
cies to be interpreted.

Considering the lifetimes of
the possible transient absorbing
at the monitoring wavelength
species, a reasonable assign-
ment is to attribute the region
A to the decay of the triplet ex-
citon localized in the [Ru-ACHTUNGTRENNUNG(bpy)3]

2+ chromophore, and the
subsequent regions B and C to
the growth and decay of [Ru-ACHTUNGTRENNUNG(bpy)3]

+ that will be generated
with a delay after the laser
pulse.

The transient spectra recorded at several time delays after
the 490 nm laser pulse is characterized by a continuous ab-
sorption spanning the complete wavelength range, very simi-
lar to those previously observed in the laser flash photolysis
of other chromophore-SWCNTs such as azaxanthone cova-
lently attached to a SWCNT.[43] In addition to this continu-
ous absorption, some weaker features in the regions l=

Figure 7. Phosphorescence quenching of the parent [Ru ACHTUNGTRENNUNG(bpy)3]
2+ in water by SWCNTs and the corresponding

Stern–Volmer plot from which kq was obtained. The inset shows the temporal profile of the photolumines-
cence monitored at l=600 nm in water upon excitation at l =440 nm.

Figure 8. a) Transient signals (not-normalized) of a N2-purged solution of
Ru-SWCNT in water (70 mg mL�1) recorded at different laser excitation
wavelengths. The temporal profiles (a, c, d, and f) were selected from the
table (b), which shows the top optical density (O.D.) (absorbance) and
features of the profiles recorded upon excitation of Ru-SWCNT with an
OPO laser every 20 nm.
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350–390 and 500–600 nm compatible with the absorption
spectrum of [Ru ACHTUNGTRENNUNG(bpy)3]

+ were also observed. Figure 9 shows
the transient spectrum recorded for Ru-SWCNT upon exci-

tation at l=490 nm. The spectral temporal evolution did
not allow a more detailed observation of the spectroscopic
features expected for [Ru ACHTUNGTRENNUNG(bpy)3]

+ .
Firm spectroscopic evidence of the formation of [Ru-ACHTUNGTRENNUNG(bpy)3]

+ could be obtained, however, using the l=308 nm
pulses from an excimer laser. By using an excitation wave-
length of l= 308 nm, both [Ru ACHTUNGTRENNUNG(bpy)3]

2+ triplets as negative
signals corresponding to the emission from l=550 to
780 nm and the [Ru ACHTUNGTRENNUNG(bpy)3]

+ absorption were clearly ob-
served. In agreement with this assignment, the l= 480–
560 nm band, specific to [Ru ACHTUNGTRENNUNG(bpy)3]

+ , is not quenched by
oxygen. Interestingly, a control in which a [Ru ACHTUNGTRENNUNG(bpy)3]

2+

aqueous solution is photolyzed in the absence of SWCNT
only shows the negative signal corresponding to the phos-
phorescence emission, whereas the signal at l= 360 nm re-
corded for Ru-SWCNT exhibits some oxygen quenching
with the same quenching rate constant (kq = 1.5 � 106 s�1) re-
ported previously for [RuACHTUNGTRENNUNG(bpy)3]

2+ triplets.[30] If a sufficient-
ly high concentration of SWCNT is added to this [Ru-ACHTUNGTRENNUNG(bpy)3]

2+ solution, then the generation of [RuACHTUNGTRENNUNG(bpy)3]
+ ac-

companying [RuACHTUNGTRENNUNG(bpy)3]
2+ triplets is again observed.

Figure 10 shows the transient spectra recorded upon excita-
tion at l=308 nm of Ru-SWCNT, [Ru ACHTUNGTRENNUNG(bpy)3]

2+ , and a mix-
ture of [Ru ACHTUNGTRENNUNG(bpy)3]

2+ and SWCNT.
The experiments using excitation at l= 308 nm prove the

occurrence of photoinduced electron transfer from SWCNT
to [Ru ACHTUNGTRENNUNG(bpy)3]

2+ and that this process is strongly favored by
the covalent attachment between [Ru ACHTUNGTRENNUNG(bpy)3]

2+ and SWCNT.
We note, however, that the signal trace monitored at l=

360 nm, upon excitation at 308 nm of Ru-SWCNT, was total-
ly different to that previously recorded after a laser pulse at
l=490 nm (see Figure 11). When using the l=308 nm laser,
[Ru ACHTUNGTRENNUNG(bpy)3]

+ is instantaneously formed upon excitation of
Ru-SWCNT without the delayed formation observed at l=

490 nm. These different temporal signal profiles, using l=

308 or 490 nm lasers, indicate that the photochemistry aris-
ing from the [RuACHTUNGTRENNUNG(bpy)3]

2+ MLCT band excitation at l=

440 nm is more complex than the excitation at l= 308 nm.
To understand the origin of the differences in the kinetics

as a function of the excitation wavelength, we performed a
laser-power dependence study of the signal intensity moni-
tored at l=360 nm upon excitation at l=490 nm. Figure 12
reveals a remarkable influence of the laser flux on the shape
of the signal temporal profile, and shows the ratio between
the signal intensities measured at 1400 and 52 ns after the
laser pulse. The ratio follows a quadratic relationship with
the laser power, indicating that the delayed generation of
[Ru ACHTUNGTRENNUNG(bpy)3]

+ results from a two-photon process. Importantly,
when an aqueous solution of [Ru ACHTUNGTRENNUNG(bpy)3]

+ at the same con-
centration as in Ru-SWCNT is photolyzed under the same
conditions and laser power as that in which the two-photon
process for Ru-SWCNT is observed, no delayed [Ru ACHTUNGTRENNUNG(bpy)3]

+

Figure 9. Transient spectrum from an N2-purged aqueous solution of Ru-
SWCNT (70 mL�1) recorded at a) 2.21 ms and b) 5.74 ms after laser excita-
tion at l=490 nm.

Figure 10. Transient spectrum recorded 500 ns after excitation at l=

308 nm of an aqueous solution of a) Ru-SWCNT (70 mL�1), b) [Ru-ACHTUNGTRENNUNG(bpy)3]
2+ , and c) a mixture of [RuACHTUNGTRENNUNG(bpy)3]

2+ and SWCNT. The inset shows
the temporal profile recorded at lem =360 nm from the Ru-SWCNT
aqueous solution upon laser excitation at 308 nm.

Figure 11. Normalized temporal profile of a deaereated aqueous solution
of Ru-SWCNT (70 mL�1) recorded at l= 360 nm using laser excitation at
a) l=308 nm and b) 490 nm.
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growth is observed. This control experiment indicates that
the SWCNT structure plays an active role in this process.
The shape of this trace is reminiscent of those recorded pre-
viously with azaxanthyl-decorated SWCNT; unlike Ru-
SWCNT in that case, however, the signal shape is insensitive
to laser power, and is then attributed to a monophotonic
process.[49]

Mechanistic proposal for the delayed [Ru ACHTUNGTRENNUNG(bpy)3]
+ genera-

tion : The photochemistry of ruthenium polypyridyl com-
plexes has been the subject of numerous studies and is well
understood. The possible transient species includes a triplet
excited state and the reduced [Ru ACHTUNGTRENNUNG(bpy)3]

+ and oxidized [Ru-ACHTUNGTRENNUNG(bpy)3]
3+ ruthenium polypyridyl complexes.[30,49, 50] On the

other hand, it is also known that SWCNTs can behave as
semiconductors, accepting or donating electrons.[51, 52] The
mobility of electron and holes in SWCNTs is also very
large.[43] Based on this previous knowledge, we propose a
plausible mechanism to rationalize the time-resolved spec-
troscopic study of Ru-SWCNT and particularly for how a
two-photon process generates the delayed formation of [Ru-ACHTUNGTRENNUNG(bpy)3]

+ . The proposal is summarized in Scheme 2. Notably,
a study performed with the AZX-CNT sample reported in
reference [41] shows that the temporal profile is independ-
ent of the laser power in the 5–14 mJ pulse�1 range.

As indicated in Scheme 2, excitation of the [Ru ACHTUNGTRENNUNG(bpy)3]
2+

MLCT band by two sequential photons leads to the forma-
tion of two distant triplet [RuACHTUNGTRENNUNG(bpy)3]

2+ excitons. A high-
energy laser pulse, the long lifetime of [Ru ACHTUNGTRENNUNG(bpy)3]

2+ triplets,
and the low energy of the valence band in SWCNT increases
the possibility of having simultaneously two [Ru ACHTUNGTRENNUNG(bpy)3]

2+

triplets at different locations in the same SWCNT.
Initial electron transfer from one of these triplets to the

SWCNT conduction band leads to [RuACHTUNGTRENNUNG(bpy)3]
3+ and one

electron localized on the SWCNT moiety (steps i and ii in
Scheme 2). Electron migration of the electron on the
SWCNT conduction band will move the electron close to
the other triplet excited state. Electron transfer from the

SWCNT conduction band to the HOMO vacancy in the
[Ru ACHTUNGTRENNUNG(bpy)3]

2+ triplet will generate [Ru ACHTUNGTRENNUNG(bpy)3]
+ (Scheme 2,

iii). This [Ru ACHTUNGTRENNUNG(bpy)3]
+ will be formed after some delay with

respect to the laser pulse. In this way, SWCNT can act as an
electron wire or electron relay in the disproportionation of
two [RuACHTUNGTRENNUNG(bpy)3]

2+ triplets in a process that illustrates its per-
formance as a semiconductor. The spin selection rules have
to be fulfilled in the process and, thus, it is likely that the
two-photon process would require triplets with different
spin angular momentum. It is also reasonable to assume that
the first electron transfer from the [RuACHTUNGTRENNUNG(bpy)3]

2+ triplet to
the SWCNT is significantly faster than the second electron
transfer from the SWCNT conduction band to the [Ru-ACHTUNGTRENNUNG(bpy)3]

2+ triplet, owing to the random electron migration
through the nanotube. Thus, the growth observed in the de-
layed formation of [Ru ACHTUNGTRENNUNG(bpy)3]

+ (region B in Figure 8) would
correspond to the migration followed by the electron trans-
fer from the SWCNT to the [Ru ACHTUNGTRENNUNG(bpy)3]

2+ triplet. The rela-
tive kinetics of the electron injection into the SWCNT
LUMO and subsequent electron transfer from the SWCNT
LUMO to the [Ru ACHTUNGTRENNUNG(bpy)3]

2+ triplet HOMO follows the trend
found for these processes as in [Ru ACHTUNGTRENNUNG(bpy)3]

2+-sensitized TiO2

solar cells, in which the electron injection from the [Ru-ACHTUNGTRENNUNG(bpy)3]
2+ triplet into the TiO2 conduction band takes place

in the picosecond time scale, whereas recombination from
the TiO2 conduction band to the HOMO of [Ru ACHTUNGTRENNUNG(bpy)3]

2+

occurs in the microsecond time scale.[53]

The mechanism outlined in Scheme 2 consists, essentially,
of the disproportionation of two [Ru ACHTUNGTRENNUNG(bpy)3]

2+ triplets medi-

Figure 12. Ratio between the signal intensities (~O.D.) recorded at
1400 ns and 52 ns, monitoring at 360 nm upon 490 nm laser excitation of
a deareated aqueous solution of Ru-SWCNT (70 mL�1) with increasing
laser power.

Scheme 2. Proposed mechanism for the biphotonic delayed formation of
the [Ru ACHTUNGTRENNUNG(bpy)3]

+ . i) Two-photon absorption leading to the formation of
two [RuACHTUNGTRENNUNG(bpy)3]

2+ triplets; ii) electron transfer from a [Ru ACHTUNGTRENNUNG(bpy)3]
2+ triplet

to the LUMO of the SWCNT; iii) electron transfer from the LUMO of
the SWCNT to the HOMO of [Ru ACHTUNGTRENNUNG(bpy)3]

2+ triplet; iv) double electron
transfer from [RuACHTUNGTRENNUNG(bpy)3]

+ to [Ru ACHTUNGTRENNUNG(bpy)3]
3+ mediated by the LUMO of

the SWCNT.
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ated by the SWCNT. This requires the formation of the oxi-
dized [Ru ACHTUNGTRENNUNG(bpy)3]

3+ and reduced [RuACHTUNGTRENNUNG(bpy)3]
+ ruthenium

complexes. As shown in Figure 10, excitation of Ru-SWCNT
at l=308 nm provides spectroscopic evidence for the gener-
ation of [Ru ACHTUNGTRENNUNG(bpy)3]

+ , however, we have not been able to ob-
serve a transient spectrum compatible with the presence of
[Ru ACHTUNGTRENNUNG(bpy)3]

3+ upon excitation at l=308 or 430 to 530 nm.
We propose two reasons for the failure to observe [Ru-ACHTUNGTRENNUNG(bpy)3]

3+ : 1) The intense phosphorescence emission from
[Ru ACHTUNGTRENNUNG(bpy)3]

2+ triplets appearing in the same spectral zone as
the MLCT band of [Ru ACHTUNGTRENNUNG(bpy)3]

3+ , thus masking any absorp-
tion for [Ru ACHTUNGTRENNUNG(bpy)3]

3+ . In addition, the two-photon process is
not observed upon excitation at l= 308 nm. 2) The interfer-
ence of the SWCNT electron absorption when the excitation
is carried out with the OPO laser from l=430 to 550 nm.
Exciting at these wavelengths, even the observation of [Ru-ACHTUNGTRENNUNG(bpy)3]

+ is problematic. In this regard, there are precedents
in the literature, in which the formation of [Ru ACHTUNGTRENNUNG(bpy)3]

3+ has
also been undetectable by laser flash photolysis due to simi-
lar interference.[47]

Conclusion

The study of ruthenium polypyridyl complexes attached to
SWCNTs is of wide interest from the fundamental and ap-
plied point of view. In the present work we provide charac-
terization data that supports the structural integrity and
purity of a sample in which a ruthenium polypyridyl com-
plex has been covalently attached to the carbon nanotube.
The loading of this complex (15.6 wt %) is quite large in re-
lation to the known precedents of covalent attachment
through carboxylic acid groups in carbon nanotubes. We
have found that the ruthenium complex triplet excited state
is partially quenched by the SWCNTs and that the covalent
tethering between the two components reinforces this inter-
action. Laser flash photolysis has revealed an unprecedented
laser power dependence that indicates the occurrence of a
unique two-photon mechanism that leads to the delayed
generation of [RuACHTUNGTRENNUNG(bpy)3]

+ . We propose that this delayed for-
mation occurs through the disproportionation of two [Ru-ACHTUNGTRENNUNG(bpy)3]

2+ triplets , which requires the participation of carbon
nanotubes as electron relay. This process illustrates the
unique properties of SWCNT-derived materials, which are
distinctive from the response of the individual components.

In the context of solar-cell applications, it is very unlikely
that the occurrence of the multiphotonic processes can take
place in sunlight. However concerning the monophotonic
process, as illustrated in Figure 10 for excitation at l=

308 nm, our study shows the formation of a triplet excited
state accompanied by the expected photoinduced electron
transfer processes with formation of [Ru ACHTUNGTRENNUNG(bpy)3]

+ and [Ru-ACHTUNGTRENNUNG(bpy)3]
3+ . Of these simultaneous electron transfer processes

only one of them should be useful for the photovoltaic re-
sponse. Therefore we expect the efficiency of Ru poly-
pyridyl complexes and carbon nanotubes to be subject to
much improvement, if the new derivatives triplet excited

states all undergo electron transfer quenching to only one of
the two redox states. In this way our photochemical data
should prove useful in the design of more efficient SWCNT-
based systems for solar cells.

Experimental Section

Materials and instrumentation : All 1H NMR and 13C NMR spectra were
recorded in CD3CN or [D6]DMSO as solvents by using a Bruker 300 ap-
paratus except for Ru-SWCNT, for which a Varian Gemini 400 MHz
spectrometer was used. Chemical shifts are given in d (ppm) using TMS
as standard. UV/Vis absorption spectra were obtained in water using
quartz cuvettes by means of a Shimadzu spectrophotometer. FT-IR spec-
tra were recorded with a Nicolet Impact 410 spectrophotometer using
KBr disks or self-supported wafers compressed to 2 Ton cm�2 for 2 min.
XP spectra were recorded with a SPECS spectrometer equipped with a
Phoibos 150 9MCD detector using a non-monochromatic X-ray source
(Al and Mg) operating at 200 W. The samples were pressed into a small
disc and evacuated in the pre-chamber of the spectrometer at 1�
10�9 mbar. The measured intensity ratios of the components were ob-
tained from the area of the corresponding peaks after nonlinear Shirley-
type background subtraction and corrected by the transmission function
of the spectrometer. Casa software was used for quantification and spec-
tra treatment. The binding energy (BE) of the peaks was corrected by
the charging effect. Single-walled carbon nanotube samples used in this
study were obtained from “Chengdu Alpha Nano Technology Co., Ltd”
and they have a relative carbonaceous purity >90%, SSA >400 m2 g�1,
and 5–20 mm length (supplier data). 4,4’-Dimethyl-2,2�-bipyridine, ruthe-
nium dichloride, allyl bromide, oxalyl chloride, triethylamine, azobisiso-
butyronitrile (AIBN), thionyl chloride, amminoethanethiol, and all the
anhydrous solvents were purchased from Sigma–Aldrich and used as re-
ceived.

Photophysical studies : Laser flash photolysis experiments were carried
out by using a LuzChem LFP-111 System and the fourth harmonic of a
Nd/YAG laser (Surelite-II l =266 nm, 7 ns fwhp, 5 mJ pulse�1) as excita-
tion source. The samples were diluted up to an absorbance of around
0.15–0.20 units and then contained in 1� 1 cm2 cuvettes capped with
septa, they were purged with N2 or O2 for at least 15 min before the
measurements. For excitation, the forth harmonic (7 ns fwhh, 50 mJ
pulse�1) of the primary beam of a Nd-YAG laser or an Nd-YAG pumped
OPO operating at different wavelengths from l= 430 to 540 nm (7 ns
fwhh, 8–14 mJ pulse�1) were used. A Lumonics 535 excimer laser was
used for excitation at l=308 nm (�10 ns fwhm, 20 mJ pulse�1). The
system was controlled by using a PC computer with LuzChem LFPv3
software.

Synthesis of 4-(3-butenyl)-4’-methyl-2,2’-bipyridine (2): A solution of 4,4’-
dimethyl-2,2�-bipyridine (1 g, 5.43 mmol) in dry THF (45 mL) was added
dropwise (15 min) at �78 8C under a nitrogen atmosphere, to a stirred so-
lution of freshly prepared lithium diisopropylamide (LDA) [from iPrNH
(0.8 mL, 5.6 mmol) and nBuLi (1.6 mol L�1 in hexane, 3.5 mL, 5.6 mmol)
in dry THF (10 mL) at �78 8C]; this treatment resulted in a dark brown-
red solution. The mixture was allowed to warm up to 08C before being
stirred further at this temperature for 1 h. A solution of allyl bromide
(0.72 g, 6.0 mmol) in dry THF (15 mL) was added dropwise, while the re-
action mixture turned light yellow. After overnight stirring at room tem-
perature, the redish solution was quenched with MeOH (5 mL) and the
solvent removed in vacuo. The residue was dissolved in CH2Cl2, and the
resulting solution was washed with H2O and brine, and dried over
MgSO4. Removal of the solvent gave the crude product, which was sub-
mitted to column chromatography (SiO2: silica gel as stationary phase—
eluent: CH2Cl2/MeOH/NH4OH, 100:1:0.2) to yield the bipyridine deriva-
tive 2 (0.88 g, 72%) as a brownish oil. 1H NMR (300 MHz, CD3Cl): d=

8.51 (d, J =4.8 Hz, 1H; arom. H), 8.48 (d, J=5.1 Hz, 1 H; arom. H), 8.19
(s, 1H; arom. H), 8.17 (s, 1H; arom. H), 7.07 (d, J=5.1 Hz, 2H; arom.
H), 5.79 (m, 1 H; vinyl. H), 4.99 (d, J =19.5 H, 1H; vinyl. H), 4.95 (d, J=

13.2 Hz, 1H; vinyl. H), 2.74 (t, J=8.4 Hz, 2 H), 2.41 (t, J= 6.9 Hz, 2H),
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2.37 ppm (s, 3H; CH3); 13C NMR (300 MHz, CD3Cl): d=155.67, 155.52,
148.54, 148.44, 147.58, 136.67, 124.20, 123.47, 121.59, 120.86, 115.17, 34.34,
33.80, 20.69 ppm; IR (KBr): ñ =2924, 2858, 1935, 1710, 1602, 1552, 1378,
1261, 1103, 988, 921, 830, 655, 563, 514 cm�1; GC-MS: m/z : calcd for
C15H16N2

+ ([M]+) 224.13; found: 223 ([M+�H]).

Synthesis of 4-(3-butenyl)-4’-methyl-2,2’-bipyridine-2,2’-bipyridine ruthe-
nium(II) bishexafluorophosphate (3): A mixture of [Ru ACHTUNGTRENNUNG(bpy)2]Cl2 (1;
1.2 g, 2.46 mmol) and bipyridine (2 ; 0.5 g, 2.23 mmol) in EtOH/H2O
(60 mL, 3:1 v/v) was heated under reflux and an N2 atmosphere for 24 h.
After removal of the solvent, the residue was purified by column chroma-
tography (silica gel using as eluent a MeOH/NH4Cl (2 mol L�1)/MeNO2,
7:2:1 mixture). Fractions containing the product were collected and con-
centrated in vacuo. The residue was treated with an excess of 50% aque-
ous NH4PF6 solution. The red solid was filtered off, washed with Et2O,
and dried in vacuo to obtain the bishexafluorophosphate RuII–butenyl
complex 3 (1.14 g, 55%). 1H NMR (300 MHz, CD3Cl): d=8.51 (d, J =

4.8 Hz, 1 H; arom. H), 8.48 (d, J =5.1 Hz, 1 H; arom. H), 8.19 (s, 1 H;
arom. H), 8.17 (s, 1H; arom. H), 7.07 (d, J=5.1 Hz, 2 H; arom. H), 5.79
(m, 1H; vinyl. H), 4.99 (d, J =19.5 H, 1H; vinyl. H), 4.95 (d, J =13.2 Hz,
1H; vinyl. H), 2.74 (t, J =8.4 Hz, 2 H), 2.41 (t, J =6.9 Hz, 2H), 2.37 ppm
(s, 3H; CH3); 13C NMR (300 MHz, CD3CN): d =157.57, 157.10, 156.99,
154.30, 152.19, 152.01, 151.95, 151.41, 151.25, 150.96, 138.10, 137.48,
128.78, 128.14, 127.99, 125.46, 124.80, 124.69, 115.94, 34.49, 34.07,
20.73 ppm; IR (KBr): ñ= 3655, 3580, 3440, 3098, 2932, 2866, 1976, 1619,
1436, 1312, 1245, 1162, 1020, 854, 754, 646, 555, 422 cm�1; HR-FAB-MS:
m/z : calcd for [C35H32N6Ru]P2F12

+ ([M]+) 928.1; found: 782.223 ([M+

�PF6]), 637.099 ([M+�2PF6]).

Purification and shortening of commercial HiPCO SWCNT: This proce-
dure is a pre-treatment process because it can only remove the catalyst
particles. The obtained material was used as the initial material for the
following procedures. A 1 g sample of commercially available high-pres-
sure carbon monoxide (HiPCO) single-walled carbon nanotubes
(SWCNTs) was refluxed in HNO3 (500 mL; 3m) for 12 h; a reaction tem-
perature of 120 8C was optimized in our experiment. Then, the black sus-
pension was diluted with distilled water and cooled to room temperature.
Five cycles of centrifugation–redispersion in Milli-Q water were carried
out to remove the excess acid, until the pH of the filtrate was neutral. Fi-
nally, the carbonaceous material was submitted to freeze vacuum over-
night to obtain a black dustlike material. The efficiency of the process
was corroborated by TG analysis. Purified HiPCO SWCNTs were cut by
an ultrasonication/heating method using a mixture of acids. An acid solu-
tion comprising a 3:1 (v/v) mixture of 96% H2SO4 and 30% HNO3 was
prepared immediately prior to use. Then, purified SWCNT (150 mg) was
sonicated at 60 8C in the acid mixture (8 mL) for 45–60 min. After this
time, several cycles of centrifugation–redispersion in Milli-Q water were
performed until the pH of the solution was neutral and finally the sus-
pension was freeze-dried to obtain the soluble, short SWNT as residue.
The average length of the shortened SWCNT is 500 nm (estimated by
TEM).

Synthesis of SH-SWCNT: Chlorination of SWCNTs to transform carbox-
ylic acid groups into acyl chlorides was carried out after purification and
cutting of commercial SWNT. Then, the resulting sample (500 mg) was
first sonicated in anhydrous DMF (60 mL) to give a homogeneous sus-
pension and subsequently thionyl chloride (1.5 mL) was added dropwise
to the SWNT suspension at 0 8C under N2. The mixture was stirred at
0 8C for 2 h and then at room temperature for an additional 2 h. Finally,
the temperature was raised to 70 8C, and the mixture was stirred over-
night. The excess of thionyl chloride was removed in vacuo, and the
black material suspended in CH2Cl2. The chlorinated SWCNT-COCl
sample was collected by filtration through a PTFE membrane (pore size
0.2 mm) and then re-dispersed in anhydrous DMF (60 mL). The mercap-
toethylamide-functionalized SH-SWCNTs were obtained by adding a so-
lution of aminoethanethiol in DMF into the dispersion of SWCNT-COCl
and heating overnight with magnetic stirring at 90 8C. The sample was pu-
rified by consecutive centrifugation/redispersion cycles and final freeze-
drying.

Preparation of Ru-SWCNT: Argon-purged anhydrous acetonitrile
(5 mL) was added to a mixture of the vinyl derivative of ruthenium poly-

pyridyl complex 3 (50 mg), AIBN (20 mg), and mercaptoethylamido-
functionalized SH-SWCNT (100 mg) and the mixture was sonicated for
1 h to obtain a black dispersion. Then, the suspension was stirred at
reflux under an argon atmosphere for 48 h. After this time the reaction
mixture was diluted with acetonitrile and filtered through a 0.2 mm PTFE
membrane. The isolated black material was washed exhaustively several
times with acetonitrile, redispersed in acetonitrile by sonication, and fi-
nally centrifuged at 15000 rpm for 2 h. After this time, the solvent was
decanted and the Ru-SWCNT sample was washed again with a mixture
of toluene and diethyl ether (10:1). The samples were then vacuum dried
at 30 8C for one day. The functionalized nanotubes were quite soluble in
DMSO, giving a dark solution.
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