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’ INTRODUCTION

Carbon nanotubes (CNTs) are emerging materials with high
potential in several disciplines, in particular, electronics and
photovoltaics.1 Their unique structural features, such as high
aspect ratio, have established them as novel materials in
nanotechnology.2 The structure and, in particular, the helicity
determine the electronic and optical properties of a single-walled
carbon nanotube (SWNT), the conductance, the lattice struc-
ture, and other properties.3

Because the helicity (chirality) dictates different electronic
properties, we explored the role of “helicity” of SWNTs in charge
transfer chemistry and evaluated the impact of functional
groups/defects on the charge transport and, thereby, on the
stability of the charge transfer product.4

The spectroscopic characterization of SWNTs and their
metastable states is made difficult by the polydispersed nature
of SWNT samples and the inevitable presence of SWNT in
bundles of different sizes.5 In addition, SWNTs are completely
insoluble in organic and aqueous solvents, so that suitable
methodologies for their dispersion are necessary.6 To this aim,
two general approaches, covalent functionalization7 and non-
covalent interactions,8 are commonly used. The two approaches
may eventually lead to similar results, but differ substantially in
the change of hybridization from sp2 to sp3 in SWNT carbon
atoms, which occurs only in the course of covalent functionaliza-
tion. Heavy modification of this latter kind can therefore lead to

an extensive loss of conjugation, with dramatic effects on electron
acceptor and/or electron transport properties. This process can
be monitored in the visible to the near-infrared region of the
electronic absorption spectrum, where the characteristic van
Hove singularities are present, due to the electronic transitions
of the π-conjugated system. Alternatively, several hybrids have
been prepared by the noncovalent adsorption of electron donors
to SWNT,9 utilizing supramolecular systems10 such as π�π
stacking and/or electrostatic interactions,11 while keeping the sp2

character of the SWNT network intact.
In principle, the control of the degree of functionalization

might be a suitable way for retaining the physicochemical
properties of SWNTs, while allowing the association of a
sufficient number of organic addends. This control is not always
easy, as it depends on the nature of SWNTs, the type of reaction
employed, and the reaction conditions. We have recently shown
that the 1,3-dipolar cycloaddition of azomethine ylides is a milder
reaction than the radical arylation, as it affects less the extended
π-system of SWNTs.7e On the other hand, in earlier work, we
had reported the preparation of the first SWNT-based hybrid
material with electroactive moieties, ferrocene units extending
from an ethyleneglycol chain attached to the nitrogen of the
pyrrolidine ring.12 The photophysical evaluation of that hybrid
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ABSTRACT: Electron-donating ferrocene units have been attached to SWNTs, with
different degrees of functionalization. By means of a complementary series of novel
spectroscopic techniques (i.e., steady-state and time-resolved), we have documented
that mutual interactions between semiconducting SWNT and the covalently attached
electron donor (i.e., ferrocene) lead, in the event of photoexcitation, to the formation of
radical ion pairs. In the accordingly formed radical ion pairs, oxidation of ferrocene and
reduction of SWNT were confirmed by spectroelectrochemistry. It is, however, shown
that only a few semiconducting SWNTs [i.e., (9,4), (8,6), (8,7), and (9,7)] are sus-
ceptible to photoinduced electron transfer processes. These results are of relevant
importance for the development of SWNT-based photovoltaics.
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material revealed its great potential toward the construction of
solar cells. However, in that case, due to the peculiar reactivity
of the batch of SWNTs used, the covalent grafting of a plethora
of ferrocene units onto the skeleton of SWNTs was achieved.
Although the comprehensive characterization and the solu-
tion study of the material was possible, it was clear that the
material had lost most of its electronic properties, as excited-
state electron acceptor, and ferrocene, as ground-state electron
donor.

In the present work, we employ the 1,3-dipolar cycloaddition
of azomethine ylides to graft different quantities of ferrocene
onto SWNT, using a rigid spacer to ensure a fixed and short
distance between the SWNT surface. We demonstrate, for the
first time, the electron transfer activity in individual SWNT,
charge separation and charge recombination, as a function of
SWNT type and as a function of SWNT functionalization. In
practice, without the need to separate the SWNTs in groups of
homogeneous chirality, we were able to discriminate the excited-
state behavior of the entire batch. To this end, a benefit of the
immobilized ferrocenes is their excellent reversible redox behavior,
which enables the reversible modulation of their electron-donating
ability by electrochemical oxidation. The results reported here are of
primary importance when considering nanotechnological applica-
tions in solar energy conversion schemes.

’RESULTS AND DISCUSSION

Ferrocene grafting to the SWNT sidewalls was performed
using the 1,3-dipolar cycloaddition of azomethine ylides. The
synthesis is sketched in Scheme 1. Three series of materials,
SWNT-Fc (3), SWNT-Fc (4), and SWNT-phenyl (5), were
prepared. SWNT-Fc (3) and SWNT-Fc (4) carry ferrocene units
linked to the α-carbon of the pyrrolidine moiety with different
degrees of functionalization.We have learned that, by fine-tuning
the reaction conditions, we can modulate the extent of functio-
nalization. In the present case, to limit the number of functional
groups on SWNTs, we shortened the reaction times (see below).
As a reference, in SWNT-phenyl (5), phenyl units were attached
at the α-carbon of the pyrrolidine rings instead of the ferrocene

Scheme 1. Structures of SWNT-Fc (3), SWNT-Fc (4), and SWNT-phenyl (5)

Figure 1. Raman spectra of SWNT (red spectrum), SWNT-Fc (3)
(black spectrum), SWNT-Fc (4) (green spectrum), and SWNT-phenyl
(5) (gray spectrum).
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units. In brief, SWNT, amino acid 1 and aldehyde 2a or 2b were
heated in DMF at 115 �C for a period of 5 days to yield SWNT-
based materials 3 and 5, respectively. On the contrary, com-
pound 4was prepared after only 3 days of heating using aldehyde
2a. The functionalized materials, SWNT-Fc (3), SWNT-Fc (4),
and SWNT-phenyl (5), were purified upon filtration on a Teflon
filter. Subsequent washing of the black solid with cycles of
sonication and filtration using DMF, methanol, and dichloro-
methane allowed removal of the excess reagents and byproducts.

The attenuated-total-reflectance IR (ATR-IR) spectra of
SWNT-phenyl (5) and SWNT-Fc (3 and 4) provide evidence
for the characteristic vibrations of the attached groups; see
Figure S1. In particular, the ν(CH2/CH3) and δ(CH2/CH3)
can be seen at 2970�2900 and 1395 cm�1, respectively. In
addition, the ν(C�N) occurs at 1250�1230 cm�1, while the
strong C�O�C valence vibrations are at 1053 cm�1.

In Raman spectroscopy, typical spectra of SWNT-phenyl (5)
and SWNT-Fc (3 and 4) are dominated by two bands, the D- and
G-bands at 1311 and 1593 cm�1, respectively. As documented in
Figure 1, a significant enhancement of the D-band intensity (i.e.,
1311 cm�1) occurs upon functionalization. The increase of the
D/G ratio confirms the transformation of sp2- into sp3-
hybridized carbon atoms, as a result of the successful reac-
tion. Importantly, the D/G ratio turned out to be higher in

SWNT-Fc (3) than in SWNT-Fc (4), a result that is well in line
with the thermogravimetric analysis (TGA), vide infra.

SWNT-phenyl and SWNT-Fc were subjected to TGA, which
allows determination of the relative amount of organic function-
alities attached to the CNT surface. At this temperature, and
under inert atmosphere, it is assumed that all of the organic
fragments are removed, while the SWNT skeleton is still
resistant; for illustration, see the first derivative spectrum of
SWNT.13 Typical thermographs, as they are presented in
Figure 2, reveal weight losses of 29% (SWNT-Fc (3)), 19%
(SWNT-Fc (4)), and 21% (SWNT-phenyl (5)). Accordingly, we
conclude that one unit of the corresponding organic fragment is
attached per every 129 carbon atoms in SWNT-phenyl (5), every
163 carbon atoms in SWNT-Fc (4), and every 94 carbon atoms
in SWNT-Fc (3). These numbers are purely indicative, as the
curves do not reach a steady plateau. However, a less rapid slope
is clearly visible, at least for SWNT-Fc (4) and for SWNT-phenyl
(5). To compare the different degrees of functionalization, the
corresponding weight losses were determined at 550 �C.Notable
is that, in this particular temperature regime, the organic materi-
als covalently linked to SWNTs are fully removed, while SWNTs
remain intact. Corroboration of the latter came from Figure 2a,
which illustrates the first derivative as a function of temperature
for pristine SWNTs.

Transmission electron microscopy (TEM) provides insight
into the morphology of the newly synthesized materials. Linear
micrometer-long structures with diameters of a few nanometers
corresponding to the phenyl and ferrocene modified materials
are discernible in typical TEM photographs; see Figure S2. At
first glance, no significant differences are noticed between the
functionalized SWNTs and the pristine SWNTs. Nevertheless,
apart from some debundling and unroping, a clear improvement
of the SWNT dispersion can be appreciated.

The new SWNT-phenyl and SWNT-Fc conjugates were
analyzed using steady-state absorption. In contrast to our pre-
viously probed SWNT-Fc, which was exhaustively function-
alized,12a the currently investigated SWNT-phenyl and SWNT-
Fc still exhibit the signatures of the characteristic van Hove
singularities throughout the entire near-infrared region (i.e.,
1000�1600 nm) when dispersed in DMF. Despite the presence
of functional groups, the electronic structure is largely preserved,

Figure 2. (a) First derivative of weight of pristine SWNT as a function
of temperature, and (b) TGA curves of SWNT-Fc (3) (black spectrum),
SWNT-Fc (4) (green spectrum), and SWNT-phenyl (5) (gray spectrum)
recorded under inert conditions.

Figure 3. AFM image of a SWNT-Fc (4)/SDBS dispersion in D2O.
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a consequence that underlines a carefully controlled degree of
SWNT functionalization.

To obtain deeper structural information, all SWNT samples
were dispersed in D2O with the help of sodium dodecylbenzyl-
sulfonate (SDBS). This allows recording the absorption and fluor-
escence spectra with an improved resolution as compared to DMF.
Ensuring the homogeneity of the functionalized SWNT suspensions
is critical. To this end, atomic forcemicroscopy is important, because
it provides important insights into this aspect. Throughout the
scanned areas, predominantly short (i.e., 1�5 μm) and very thin
bundles (i.e., 2.3 nm) are discernible, Figures 3, S3, and S4, securing
the fact that the functionalized SWNTs are well dispersed and
individualized. In short, the functionalization proved to be
beneficial in the exfoliation and individualization of SWNTs.

When analyzing the absorption spectra, especially in the red
region (i.e., >900 nm), of SWNT and SWNT-phenyl (5), some
interesting changes are unveiled; see Figure 4. Overall, some
transitions are red-shifted from 1053, 1120, 1196, 1267, 1413,

and 1494 nm in SWNT to 1053, 1122, 1197, 1268, 1414, and
1494 nm in SWNT-phenyl (5). This trend is quantitatively
similar to what has been seen experimentally, upon chemically
doping SWNT, and theoretically established, calculating the
band gap in functionalized SWNT.14 Because of the rather mild
conditions of the 1,3-dipolar cycloaddition of azomethine ylides,
the spectra are well resolved and still exhibit SWNT character-
istics. Taking together all of these considerations, we postulate a
homogeneous distribution of functionalized groups onto differ-
ent types of SWNTs.

It is interesting to note that the attachment of the electron-
donating ferrocene moieties leads to further red-shifts in the
absorption characteristics to 1060, 1129, 1209, 1263, 1418, and
1550 nm in SWNT-Fc (3) and SWNT-Fc (4). Such an observa-
tion suggests appreciable electronic communication between
the electron-donating ferrocenes and SWNTs. Here, the short
donor�acceptor distance is thought to be responsible for the
electronic coupling. It is interesting to note that the presence of
more ferrocene units along the sidewalls of SWNT, SWNT-Fc
(3) versus SWNT-Fc (4), leads to slightly better resolved

Figure 4. Absorption spectra of SWNT-Fc (3) (black spectrum),
SWNT-Fc (4) (green spectrum), and SWNT-phenyl (5) (gray spectrum)
in SDBS/D2O.

Figure 5. 3D-plot and 2D-plot of the differential results (red, increase in
relative absorption/blue, decrease in relative absorption) from spectro-
electrochemistry of SWNT-Fc (4) in SDBS/DMSO (0.1 M tetrabutyl-
ammonium hexafluorophosphate supporting electrolyte). All potentials
were applied vs Ag wire.

Figure 6. Differential absorption changes upon reduction (black
spectrum) and oxidation (red spectrum) of SWNT-phenyl (5) in SDBS/
DMSO (0.1 M tetrabutylammonium hexafluorophosphate supporting
electrolyte).

Figure 7. Differential absorption changes upon reduction (black
spectrum) and oxidation (red spectrum) of SWNT-Fc (4) in SDBS/
DMSO (0.1 M tetrabutylammonium hexafluorophosphate supporting
electrolyte).
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spectra, a fact that we attribute to an overall more homogeneous
impact on the electronic coupling with SWNTs.

Before turning to the emission measurements, we focused on
establishing in situ spectroscopic signatures associated with the
charge transfer chemistry of SWNT suspensions and on explor-
ing the overall reversibility of the underlying processes. With the
application of cathodic potentials, going from 0 to �1.2 V and
back to 0 V (vs Ag wire), a reversibly occurring decrease and
increase in absorption, respectively, is observed in the 1000�
1600 nm range, where the van Hove singularities of the semi-
conducting SWNT-Fc (3), SWNT-Fc (4), and SWNT-phenyl
(5) are located, Figure 5. Figures 6 and 7 allow a closer look
revealing subtle changes during the reductive conditions for
SWNT-phenyl (5) with minima at 835, 900, 970, 1105 (9,4),
1175 (8,6), 1240 (8,7), 1350 (9,7), 1475, and 1600 nm, as well as
for SWNT-Fc (4) with minima at 820, 885, 955, 1055, 1110
(9,4), 1180 (8,6), 1260 (8,7), 1320, 1360 (9,7), 1475, and
1600 nm. Second, transitions located in the red part of the
visible spectrum (i.e., 1418 and 1558 nm) start to change at lower
applied potentials than those at lower wavelength (i.e., 1066 and
1120 nm). This is an important observation, because it indicates
that the smaller band gap SWNTs (i.e., absorbing in the red) are
reduced more easily, that is, at less negative potentials when
compared to those SWNTs that possess larger band gaps (i.e.,
absorbing at lower wavelength in the visible spectrum). Third,
during the back scans, the larger band gap SWNTs (i.e., absorb-
ing at lower wavelength in the visible spectrum) are more
susceptible toward reoxidation than SWNT with smaller band
gaps (i.e., absorbing in the red). In SWNT-Fc (3), the same
trends were realized.15 All of these changes are quantitatively
reversed when resetting the potential to 0 V (vs Ag wire). Finally,
under oxidative conditions, SWNT-phenyl (5) gives rise to
maxima at 810, 880, 945, 1080, 1155, 1215, 1298, 1445, and
1560 nm, while maxima at 825, 890, 955, 1085, 1165, 1220, 1310,
1455, and 1580 nm evolve for SWNT-Fc (4). Reference experi-
ments with SWNT led essentially to a qualitatively similar
picture.14a,c

Figure 8. (a) Steady-state fluorescence spectra (3D), with increasing intensity
from blue to green to yellow and to red, of SWNT in SDBS/D2O (i.e., normal-
ized by a factor of 2). (b) Steady-state fluorescence spectra (3D), with increas-
ing intensity from blue to green to yellow and to red, of SWNT-phenyl (5) in
SDBS/D2O. (c) Steady-statefluorescence spectra (3D),with increasing intensity
from blue to green to yellow and to red, of SWNT-Fc (3) in SDBS/D2O.

Figure 9. A comparison of fluorescence spectra of SWNT-Fc (3) (black
spectrum), SWNT-Fc (4) (green spectrum), and SWNT- phenyl (5)
(gray spectrum) in SDBS/D2O with equal absorption at the excitation
wavelength of 686 nm.
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As a complement to the absorption spectra, 3D fluorescence
spectra were taken. Figure 8a reports the 3D fluorescence
spectrum of SWNTs. These spectra are very informative, because
all of the peaks have been assigned to specific helicity tubes,
so that the composition of the mixture under study can be
discerned.16 In our case, SWNT exhibits the strongest fluores-
cence maxima, ascribed to (9,4), (7,6), (8,6), (11,3), (9,5),
(10,5), (8,7), and (9,7) SWNT. For SWNT-phenyl (5), a 3D
fluorescence landscape, (8,3), (7,5), (7,6), (9,5), (10,2), (9,4),
(8,6), (8,7), (12,1), (10,5), (9,7), (9,8), (10,6), and (12,5),
evolves with appreciable bathochromic shifts when compared
to SWNT; see Figure 8b. For example, the 1197 and 1414 nm
maxima shift to 1209 and 1418 nm, respectively. All of the
associated shifts parallel those seen in the absorption spectrum.

Next, the 1100�1500 nm range was employed as a sensitive
probe to detect excited-state interactions between SWNT and
ferrocene in SWNT-Fc (3) and SWNT-Fc (4). When comparing
the fluorescence intensity of the landscapes at, for example, the
maxima at 1209 and 1428 nm, the following trend is deduced:
SWNT > SWNT-phenyl (5) > SWNT-Fc (4)≈ SWNT-Fc (3).
In addition to the 3D fluorescence landscapes, emission spectra
of SWNT-phenyl (5), SWNT-Fc (3), and SWNT-Fc (4) were

recorded with an excitation wavelength of 686 nm, which are
shown in Figure 9. Interestingly, (9,4), (8,6), (8,7), and (9,7)
give rise to significant fluorescence quenching. Up to 60% and
50% quenching relative to SWNT and SWNT-phenyl (5),
respectively, was noted in SWNT-Fc (3) and SWNT-Fc (4).
On the contrary, the fluorescence of (8,3), (7,5), (10,2), (10,6),
and (12,5) does not seem to be affected by the presence of the
ferrocene units. Interestingly, for those SWNTs that are not
quenched, the overall fluorescence intensity seems higher in
SWNT-Fc (3) than in SWNT-Fc (4). In fact, this trend
resembles the ground-state features, where a larger number of
ferrocenes and, in turn, a more homogeneous electronic coupling
leads to better resolved features.

Further insight into the charge transfer evolving between
photoexcited SWNT as the fluorescent probe and ferrocene
came from faradaic modulation of the SWNT centered fluores-
cence, the repeated (i.e., 20 times) electrochemical reduction and
oxidation of SWNT and SWNT-Fc in suspension. In previous
work by Tanaka et al., redox potentials of individual (n,m)
SWNTs were experimentally determined by electrofluorescence
measurement of modified SWNT films.17a Also, chemical oxida-
tion and reduction of SWNTs were probed by fluorescence
measurements.17b In our own work, the potential-dependent
fluorescence measurements were performed by redox switching
in the range between �0.8 and +0.4 V (vs Ag wire). In SWNT-
phenyl (5), linear scan voltfluorograms, Figure S5, reveal under
both reductive and oxidative conditions a net decrease of
fluorescent emission (i.e., 532 nm laser excitation) due to resona-
nce loss. Importantly, during the measurements, no modulation
of the SWNT concentration took place. Decisive is that in
SWNT-Fc (3) and SWNT-Fc (4) the quenched fluorescence is
reactivated upon electrochemical oxidation of ferrocene; please
compare Figure 10a and b. Now, the fluorescence signal is
proportional to the number of oxidized ferrocenium in SWNT-
Fc. Rereducing the oxidized ferrocenium reinitiates the charge
transfer and, in turn, eliminates once again the fluorescence
quenching. At potentials less negative than the ferrocenium/
ferrocene reduction, the loss of resonance, as the fluorescent
SWNTs are getting charged, results in a further drop of the

Figure 10. (a) Steady-state fluorescence spectra (3D), with increasing
intensity from blue to green to yellow and to red, of SWNT-Fc (4) in
SDBS/D2O at +0.4 V (vs Ag wire). (b) Steady-state fluorescence spectra
(3D), with increasing intensity from blue to green to yellow and to red,
of SWNT-Fc (4) in SDBS/D2O at �0.4 V (vs Ag wire).

Figure 11. A comparison of fluorescence spectra taken at a potential of
+0.4 V (black spectrum) and�0.4 V (red spectrum) of SWNT-Fc (4) in
SDBS/D2O with equal absorption at the excitation wavelength of
532 nm (laser excitation).



18702 dx.doi.org/10.1021/ja205084x |J. Am. Chem. Soc. 2011, 133, 18696–18706

Journal of the American Chemical Society ARTICLE

fluorescence. Complementary inspection of the fluorescent
SWNT generalized this trend, that is, the independence of the
excitation wavelength, Figure 11.

In the final step of the characterization, SWNT, SWNT-
phenyl, and SWNT-Fc were probed by means of transient

absorption spectroscopy. In particular, SDBS/D2O suspensions
of SWNT and SWNT-phenyl (5) were photoexcited at either
387 or 775 nm, and the spectral changes were recorded with time
delays that typically ranged from 200 fs to about 3000 ps.
Suspensions of either SWNT or SWNT-phenyl (5), which were
used as internal reference points, gave rise to a transient bleach,
withminima that are seen for SWNT-phenyl (5) at 456, 502, 554,
596, 644, 724, 880, 944, 1125, 1170, 1264, 1375, and 1480 nm,
that is best described as an exact mirror image of the van Hove
singularities in the visible and near-infrared, Figure 12. Impor-
tantly, the recovery of the ground state is not associated with any
spectral changes (i.e., shifts, etc.) of the metallic and semicon-
ducting SWNTs, whose transitions fall into the visible and near-
infrared regions, respectively. Instead, all features decay similarly
to recover the ground state with two major lifetime components
(i.e., 2 and 65 ps), Figure 13.

Fundamentally different is the spectral behavior for SWNT-Fc
(4), Figure 14, excited either at 387 or at 775 nm. Initially after
the photoexcitation, a picture evolves that bears some resem-
blance with that noted for SWNT or SWNT-phenyl (5), a mirror
image of the ground state. Considering the ground-state absorp-
tion, SWNT-Fc (4) reveals minima at 555, 600, 880, 940, 1055,
1125, 1185, 1275, 1338, and 1490 nm. These features decay in
SWNT-Fc (4) within approximately 2 ps (7.7� 1011 s�1), which
we tentatively assign to electron injection processes into semi-
conducting SWNT and is known from the literature.18 We noted
that, along with these accelerated decays, the transitions undergo
uniform hypsochromic shifts. After the conclusion of the electron
injection, the following features are discernible for SWNT-Fc
(4): 550, 595, 710, 865, 955, 1055, 1120, 1180, 1260, and
1360 nm. The minima at 1120, 1180, 1260, and 1360 nm are
of particular importance, because they relate to (9,4), (8,6),
(8,7), and (9,7). In other words, the same SWNTs reveal
appreciable changes in fluorescence intensity, for which we have
determined charge transfer state energies ranging from �0.64
(9,7) to�0.73 eV (9,4).17a A similar picture evolves for SWNT-
Fc (3), Figure S6, with 935, 1050, 1073, 1125, 1172, 1271, 1338,
and 1490 nm minima that transform into a set of features at 935,
1050, 1134, 1175, 1263, and 1326 nm. Notably, such hypso-
chromically shifted transient features are (i) well in line with
the spectroelectrochemistry and (ii) have been monitored in

Figure 12. (a) Differential absorption spectra (visible) obtained upon
femtosecond flash photolysis (387 nm) of SWNT-phenyl (5) in SDBS/
D2O with several time delays at room temperature; see figure legend for
time delays; black arrows refer to the SWNT excited-state features. (b)
Differential absorption spectra (near-infrared) obtained upon femtose-
cond flash photolysis (387 nm) of SWNT-phenyl (5) in SDBS/D2O
with several time delays at room temperature; see figure legend for time
delays; black arrows refer to the SWNT excited-state features. (c)
Differential absorption spectra (extended near-infrared) obtained upon
femtosecond flash photolysis (387 nm) of SWNT-phenyl (5) in SDBS/
D2O with several time delays at room temperature; see figure legend for
time delays; black arrows refer to the SWNT excited-state features.

Figure 13. Time�absorption profiles of the spectra shown in Figure 12
at 1000 (black line) and 1125 nm (red line) monitoring the excited-
state decay.
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recent examples of SWNT electron donor�acceptor hybrids/
conjugates that bear, for instance, excited-state electron donor
moieties such as extended tetrathiafulvalene (exTTF) or zinc
phthalocyanines (ZnPc).19,20 Implicit are new conduction band
electrons shifting the transitions to lower energies.21 The charge
transfer transients are metastable and recombine on a time scale
of up to 200 ps, suggesting a rather efficient recombination of
charge carriers. Quite interestingly, SWNT-Fc (4) gives rise to an
appreciable stabilization of the charge transfer product when
compared to SWNT-Fc (3) with lifetimes of 89 ps (1.1� 1010 s�1)
and 21 ps (4.8 � 1010 s�1), respectively, Figure 15. In terms of
confirming the presence of the oxidized ferrocenium, we should
direct our attention to the visible part of the spectrum; an
illustrative example is shown in Figure 14. The broad and also
weak absorption that is noted between 600 and 800 nm (i.e., with
a maximum around 650 nm) is reminiscent to that reported for
the one-electron oxidized ferrocenium.22

In summary, we have documented that the selective photo-
excitation of SWNT in SWNT-Fc (3) and SWNT-Fc (4) is
followed by a rapid charge transfer, the formation of reduced
SWNT and oxidized ferrocene. The close spatial proximity
between SWNT and the ferrocenes is the key to power a rapid
charge transfer (i.e., 2 ps) and likewise to impact the charge
recombination (i.e., 100 ps). Controlling the different redox
states of the electron donor, ferrocene versus ferrocenium, with
different potentials enabled the reversible redox switching of
SWNT-Fc.

An obvious correlation of the charge transfer activity prompts
one to inspect the helicities of SWNT-Fc. In this respect, it is
interesting to note that the charge transfer active SWNT-Fc,
(9,4), (8,6), (8,7), and (9,7), has rather large chirality angles that
range from 25.3� to 27.8�, with the exception of (9,4) with 17.5�.
In stark contrast, for those SWNT-Fc that lack charge transfer
activity, that is, (8,3), (7,5), (10,2), (10,6), and (12,5), we have
determined small chirality angles between 15.3� and 24.5�. Here,
the exception seems to be (10,2) with 9.0�. The dependence on
the chirality angles prompts us to the following considera-
tions. Common to SWNT with larger chirality angles is their
increasing arm-chair character. Please note that pure arm-chair
SWNT with a chirality angle of 30� would be metallic and, thus,
not identifiable by our fluorescence and transient absorption
assays. Of particular relevance is the misalignment angle of the

Figure 14. (a) Differential absorption spectra (visible) obtained upon
femtosecond flash photolysis (387 nm) of SWNT-Fc (4) in SDBS/D2O
with several time delays between 0 and 10 ps at room temperature; see
figure legend for time delays; black arrows refer to the SWNT excited-
state features; red arrows refer to the SWNT charge transfer state. (b)
Differential absorption spectra (near-infrared) obtained upon femtose-
cond flash photolysis (387 nm) of SWNT-Fc (4) in SDBS/D2O with
several time delays between 0 and 10 ps at room temperature; see figure
legend for time delays; black arrows refer to the SWNT excited-
state features; red arrows refer to the SWNT charge transfer state.
(c) Differential absorption spectra (extended near-infrared) obtained
upon femtosecond flash photolysis (387 nm) of SWNT-Fc (4) in
SDBS/D2O with several time delays between 0 and 10 ps at room
temperature; see figure legend for time delays; black arrows refer to the
SWNT excited-state features; red arrows refer to the SWNT charge
transfer state.

Figure 15. Time�absorption profiles of the spectra shown in Figure 14
at 985 (black line) and 1120 nm (red line) monitoring the formation of
the radical ion pair state.



18704 dx.doi.org/10.1021/ja205084x |J. Am. Chem. Soc. 2011, 133, 18696–18706

Journal of the American Chemical Society ARTICLE

π-orbitals in SWNT, which ultimately serve as the electron
acceptor. In this regard, recent studies have correlated the
misalignment angles (ϕ) for the inequivalent bonds in zigzag
and arm-chair SWNT as it impacts the π-electron density in,
for example, π-electron interactions/stacking. In general, the
π-orbital misalignment angle tends to be smaller in arm-chair
SWNT than in zigzag SWNT at a given diameter. In addition, in
arm-chair SWNT, the π-electron density converges in the
different π-electron interactions (i.e., stack form and stack form)
with, for example, benzene as the SWNT diameter increases. On
the contrary, the differences in the corresponding zigzag SWNT
remain invariant as the diameter changes.

Less straightforward is the relationship between SWNT-Fc
diameters and/or the corresponding band-gaps. Only the inter-
mediately sized SWNT-Fc (i.e., 0.92�1.1 nm) is susceptible
to accept electrons from ferrocene, while the smaller (i.e.,
0.78�0.87 nm) and larger sized SWNT-Fc (i.e., 1.11�1.2 nm)
are obviously inert toward charge transfer. A different line of
arguments rationalizes the overall dependence on the diameter.
Because of the fact that the electron transfer scenario evolves
from photoexcited SWNT, the size quantization of SWNT is
decisive as it exerts a significant impact on the electron transfer
dynamics. In particular, in small diameter SWNT a per se larger
energy gap favors a strongly exothermic electron transfer. The
driving forces diminish as the diameter increases/band gap
decreases. Very small diameter SWNTs play, however, no
significant role on the basis of the aforementioned argument,
leaving the intermediate diameter as the most electron transfer
active SWNT.

Finally, the stability of the charge transfer product is linked
to the degree of SWNT functionalization. In this regard, it is
interesting to note that a higher degree of functionalization
(i.e., one functional group every 94 carbon atoms versus every
163 carbon atoms), and, as a consequence, a larger number of
defects onto SWNT, causes a significant destabilization of the
charge transfer product (i.e., 21 versus 89 ps). It is likely that the
injected conduction band electrons suffer from a reflection at
these defect sites. Such a scenario exerts limitations to the charge
delocalization and stands in stark contrast to the proposed
ballistic conductance, which would necessitate structural perfec-
tion of SWNT.

’CONCLUSIONS

In summary, by complementary spectroscopic and micro-
scopic techniques, we could show mutual interactions between
semiconducting SWNT and the covalent attached electron
donor unit ferrocene by charge transfer processes and the
formation of radical ion pairs, generated by photochemical
means. Important is the establishment of a versatile methodology
to achieve signatures of reduced/oxidized SWNT as they evolve
in charge transfer reactions in novel chemical as well as light
driven systems by spectroscopic and also the use of new in situ
spectroelectrochemistry techniques, absorption and fluorescence
spectroscopy.Moreover, the lifetimes of the radical ion pairs emerge
as important benchmarks in the context of employing them for
photoelectrochemical/photovoltaic solar energy conversion.

’MATERIALS AND METHODS

General Methods. Steady state UV/vis/NIR absorption spectros-
copy was performed by a Cary 5000 spectrometer (VARIAN) with a

spectral resolution of 0.3 nm. Transient absorption spectroscopy was
performed with 775 and 387 nm laser pulses of an amplified Ti/sapphire
laser system (model CPA 2101, Clark-MXR Inc. � output: 775 nm,
1 kHz and 150 fs pulse width) in the TAPPS, transient absorption pump/
probe system, Helios from Ultrafast Systems with 200 nJ laser energy.
Steady-state fluorescence spectra were taken from samples by a Fluoro-
Log3 spectrometer (HORIBA) with a IGA Symphony (512 � 1 �
1 μm) detector in the NIR detection range. The Raman spectra were run
with a FT-Raman spectrometer RFS100 from Bruker with an excitation
wavelength of 1064 nm and a liquid nitrogen cooled Germanium
detector. Spectroelectrochemistry experiments were performed with a
home-built cell and a three-electrode setup: a light-transparent platinum
gauze as working electrode, a platinum wire as counter electrode, and a
silver wire as quasi reference electrode. Potentials were applied and
monitored with an EG&G Princeton Applied Research potentiostat
(model 263 A). The path length of the cell was determined to 2.3 mm.
The results are finally shown as differential spectra, that is, the difference
between a spectrum with and without an applied potential. The spectra
were recorded with a UV/vis/NIR spectrometer Cary 5000 (VARIAN),
and a FluoroLog3 spectrometer (HORIBA) with a IGA Symphony
(512 � 1 � 1 μm) detector in the NIR detection range. TEM analysis
was performed by placing several drops of a solution of the SWNT
dispersion on a copper grid (3.00 mm, 200 meshes). After vacuum
drying overnight (10�2 bar), the sample was observed with a TEM
Philips EM 208 microscope (accelerating voltage of 100 kV). AFM
images were taken on a scanning probe microscope Solver Pro (NT-
MDT Co). The carbon nanotube material was coated on a oxidized
silicon wafer by spin coating and carefully washed two times with water
for removing excessive SDBS.
Synthesis: SWNT-Fc (3). In a typical experiment, 30 mg of pristine

SWNTs was suspended in DMF (30 mL) and sonicated for 30 min, and
then the amino acid 1 (180 mg) and the ferrocenecarboxaldehyde 2a
(180 mg) were added in small quantities (45 mg every 24 h), and the
reaction mixture was heated at 115 �C for 5 days. After being cooled to
room temperature, the solution was filtered on a Millipore membrane
(PTFE, 0.22 μm), and the black solid was washed several times with
fresh DMF, MeOH, and CH2Cl2 (sonicated, centrifuged, and filtered)
until the supernatant solution remained colorless. The solid on the filter
was washed with diethyl ether, affording functionalized SWNTs 3
(27 mg). One functional group, each 94 atoms of carbon (29%), is
calculated after analysis of TGA thermographs.
SWNT-Fc (4). In a typical experiment, 30 mg of pristine SWNTs was

suspended in DMF (30 mL) and sonicated for 30 min, then the amino
acid 1 (90mg) and the ferrocenecarboxaldehyde 2a (90mg) were added
portionwise (45 mg every 24 h), and the reaction mixture was heated at
115 �C for 3 days. After being cooled to room temperature, the solution
was filtered on a Millipore membrane (PTFE, 0.22 μm), and the black
solid was washed several times with fresh DMF, MeOH, and CH2Cl2
(sonicated, centrifuged, and filtered) until the supernatant solution
remained colorless. The solid on the filter was washed with diethyl
ether, affording functionalized SWNTs 4 (29 mg). One functional
group, each 163 atoms of carbon (19%), is calculated after analysis of
TGA thermographs.
SWNT-phenyl (5). In a typical experiment, 30 mg of pristine

SWNTs was suspended in DMF (30 mL) and sonicated for 30 min,
and then the amino acid 1 (180 mg) and the 3,5-dimetoxiabenzaldehyde
2b (180 mg) were added portionwise (45 mg every 24 h), and the
reaction mixture was heated at 115 �C for 5 days. After being cooled to
room temperature, the solution was filtered on a Millipore membrane
(PTFE, 0.22 μm), and the black solid was washed several times with
fresh DMF, MeOH, and CH2Cl2 (sonicated, centrifuged, and filtered)
until the supernatant solution remained colorless. The solid on the
filter was washed with diethyl ether, affording functionalized SWNTs 5
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(27 mg). One functional group, each 129 atoms of carbon (21%), is
calculated after analysis of TGA thermographs.
Sample Preparation. For the spectroscopic investigations, the

SWNT samples were prepared in two different kinds of procedures. For
SWNT/DMF, sample preparation was carried out by adding SWNT
(0.5 mg) carefully to 10 mL of DMF followed by strong stirring
overnight to presuspend SWNTs. The samples were then treated by a
few cycles of temperature-controlled ultrasonic (112 W) for 30 min and
vigorous stirring for 1 h. After that, unstably suspended material and
large bundles were removed by slight centrifugation (2000g, 10 min).
The resulting deep blackish stable supernatant was taken and again
treated by temperature-controlled ultrasonic (112 W) for 30 min. The
resulting suspensions were used for further investigations. For SWNT/
SDBS samples, 0.5 mg of SWNT was added to 10 mL of SDBS/D2O
(0.1 M, 0.35 g of SDBS in 10 mL of D2O) solution followed by strong
stirring overnight to presuspend SWNTs. After that, we treated the
suspension by five cycles of temperature-controlled ultrasonic (112 W)
for 30 min and vigorous stirring for 1 h. Next, ultracentrifugation
(21 000g, 30 min) was used to ensure the separation of well debundled
SWNT. The resulting deep black supernatant was taken and was again
treated by temperature-controlled ultrasonic (112 W) for 30 min. The
resulting stable black suspensions were set to an equal optical density of
0.35 at 685 nm and were ready for using in further investigations. For
spectroelectrochemical measurements, SWNTs (0.5 mg) and 0.1 mg of
SDBS were stirred vigorously overnight in a solution (10 mL) of 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) that was dis-
solved in DMSO. To remove O2, we degassed with Ar. Subsequently,
the samples were sonicated (112 W) for not more than 30 min at 20 �C
and kept for 60 min to separate larger aggregates. The resulting stable
and deep black SWNT dispersion was added directly in our homemade
spectroelectrochemical cell.
Chemicals. Solvents were purchased from Deutero and Fluka. All

dry solvents were freshly distilled under argon over an appropriate
drying agent before use. Chemicals were purchased from Sigma-Aldrich
or Across Organics and were used as received without further purifica-
tion. Aminoacid 1 was synthesized following the literature procedure.
HiPco SWNTs were purchased from Carbon Nanotechnologies Inc. lot
#R0496 and used without purification.
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