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Abstract: Water-soluble carbon-nanohorn-tetrathiafulvalene (CNH-TTF) nanoen-

sembles were prepared by utilizing positively charged pyrene as an assembly
medium and characterized by spectroscopy and electron microscopy. Electronic in-
teractions within the nanoensemble were probed by optical spectroscopy, indicat-

Keywords: donor-acceptor sys-
tems - electron transfer - nanohorns -
radical ions - tetrathiafulvalenes

ing electron transfer between the TTF units and CNHs after light illumination.

Introduction

Assembly of individual nanosized molecular building blocks
into higher functional materials by advantageous synergistic
interactions between each individual part is a fundamental
step in nanotechnology.! Nanostructured carbon nanohorns
(CNHs), a newly discovered and recently mass-produced
material,? can be used to complement or sometimes alter-
nate with carbon nanotubes en route towards the construc-
tion of advanced material architectures with novel proper-
ties. Free from any transition-metal contaminants, CNHs
self-aggregate forming a secondary spherical superstructure
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of around 100 nm in diameter.”! The high porosity and large
surface area of CNHs ensure high affinity for organic mate-
rials.*! Furthermore, CNHs hold strong promise both for hy-
drogen and methane storage,” as well as drug delivery sys-
tems. However, the insolubility of CNHs in all solvents has
to be overcome before considering practical technological
applications. Recently, in this context, substantial progress
has been made toward solubilization of CNHs. This has
been achieved by covalent functionalization of the CNH
skeleton”® and highly strained cone-ends” as well as
through supramolecular m-m stacking interactions!'” with
pyrenes and porphyrins.

As the cost of energy and need for energy increases, de-
velopment of new approaches to harness renewable sources
is an important target not only of research interest, but also
of practical applications. Converting solar light to electric
current through photovoltaic solar cells is nowadays attract-
ing enormous scientific attention as a means of addressing
the steadily increasing world’s energy requirements.'!]
Nature, for billions of years, provides the best paradigm for
operating efficient light-driven energy systems. In photosyn-
thesis, solar energy is captured and transferred to the reac-
tion centers, while eventually charge separation for the sub-
sequent electron-transfer process occurs.'?! Electronically
excited energies that reach the reaction centers are convert-
ed to chemical energy in the form of charge separation
across the photosynthetic membrane. In these organized
arrays, electrons flow rapidly over long distances with negli-
gible loss of energy. The photosynthesis in plants is a source
of inspiration for scientists to engineer non-natural systems
that similarly convert light into electrical energy and high
chemical potentials. Similar processes occur in artificial pho-
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toactive and redox-active molecular donor units linked to
acceptors.'® Such systems are considered as promising for
the application in molecular, supramolecular, and nano-elec-
tronics. In this context, it is of paramount importance to
combine a fast rate for charge separation with a slow rate
for charge recombination.

Photoinduced electron-transfer processes in aqueous
media are the primary consideration for designing hybrid
arrays, in the context of miniature photosynthesis-mimetic
systems and photochemical cells for water splitting and re-
duction of CO, to clean fuels.'!l In fact, light-driven hydro-
gen generation from aqueous systems combined with an
electron source represents one of the major challenges in ar-
tificial photoconversion devices.'”

Herein, the preparation, assembly and photophysical stud-
ies of a water-soluble nanohybrid consisting of CNHs and
an organic m-electron donor, namely tetrathiafulvalene
(TTF), are presented. The novelty of the current nanoarchi-
tecture CNH-pyr*-TTF " relies on the formation of the ther-
modynamically stable heteroaromatic 1,3-dithiolium cation
as well as the gaining of aromaticity upon oxidation of TTF
(which is non-aromatic in its ground state).!'¥! Moreover, an
electron-transfer mediator, namely methyl viologen dication
(MV?**), as well as a hole-shifting agent such as 1-benzyl-
1,4-dihydro-nicotinamide (BNAH), are combined with
CNH-pyr*-TTF ™ in order to shed light and follow the for-
mation of charge-separated states and subsequent electron-
mediating and hole-shifting processes.

Results and Discussion

During the course of the current work, the first carbon-
nanotube-based hybrid materials with TTF and extended
TTF were recently reported.™ In our case, the integration
of TTF with CNHs was achieved in two steps. Firstly, we
capitalized on the high affinity of pyrene chromophores to
CNHs, due to m—m stacking interactions.'” Thus, we man-
aged to bring CNHs into an aqueous environment upon
complexation with a positively charged water-soluble tri-
methyl(2-0x0-2-pyren-1-yl-ethyl)ammonium bromide (ab-
breviated as pyr*),'®! forming CNH-pyr* nanohybrids,
stable in water for several months. This procedure, namely
the formation of effective m—m stacking interactions between
highly planar aromatic compounds with the skeleton of
carbon nanotubes (CNTs), is a known and well-established
process for dispersing the CNTs in water without significant-
ly altering their novel m-conjugated electronic network.['”)
Importantly, the role of pyr™ is dual. Besides aiding on the
aqueous solubilization of CNHs, it contributes to the associ-
ation of and coupling with CNHs negatively charged moiet-
ies. Thus, in the second following step, addition of CNH-
pyrt nanohybrids to the lithium salt of 2-(1,3-dithiol-2-yl-
idine)-1,3-dithiole-4-carboxylate (abbreviated as TTF),[
yielded the CNH-pyr*-TTF  nanoensemble, as shown in
Scheme 1.

Chem. Eur. J. 2007, 13, 7600 -7607

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

S q
7S
loss, o €
S SNy S
S / ) (0] §
£ 0 S
® S

N(CH,); 0 ® S’S—\-

O
N(CHs); 5\N

00

=
e _

S D =
S as D=

PRI e

Scheme 1. Partial structure of CNH-pyr*-TTF ™~ nanoarchitecture.

The immobilization of pyr* onto CNHs was achieved by
simply sonicating and stirring an aqueous solution of pyr*
(10 mL) together with CNHs (1 mg). Excess pyrt was re-
moved by a series of centrifugation and decantation cycles,
which is a purification protocol for CNH-pyr*. Moreover,
the latter process minimizes the presence of free pyr* that
would interfere in the following association assays with
TTF.

Electronic absorption spectroscopy was used in the first
place to probe the formation of CNH-pyr* and CNH-pyr*-
TTF™ as well as the ground state electronic interactions be-
tween the individual components in the nanoensemble. The
UV/Vis/NIR spectrum of pristine CNHs exhibits a broad
band that monotonically decreases in the NIR region (see
Supporting Information, Figure S1). Upon complexation of
CNHs with pyr*, the characteristic fine structures due to
n—rt transitions of pyrene (225, 280, 375, and 405 nm) are
collapsed and/or broaden between 230-450 nm, suggesting
efficient complexation between the two components (Fig-
ure 1a). However, taking into consideration the continuous
absorbance of CNHs in the whole UV/Vis/NIR spectrum, it
is rather difficult to compare the actual pyr* concentration
in the CNH-pyr* from the observed absorption intensities.
Upon incremental additions (i.e., 100 uL) of CNH-pyr* to
an aqueous solution of TTF~ (107> mm), the characteristic
weak absorptions of TTF~ in the Vis region (400 and
575 nm) broadened and shifted slightly, while a continuous
absorbance due to the presence of CNH-pyr* emerged (Fig-
ure 1b). In a blank experiment the electrostatic association
of TTF~ with free pyr* was performed, that is, in the ab-
sence of CNHs; only a slight shift and a slight broadening of
the sharp bands were observed. Moreover, when pristine
CNHs interacted with TTF, appreciable complexation be-
tween the two components was not observed, as derived
from the absence of the characteristic absorptions of the
TTF~ unit in the electronic absorption spectrum as well as
from the insolubility of the CNHs that was retained. All
these findings of the electronic absorption spectra, clearly
demonstrate that not only the CNH-pyr*-TTF~ nanoensem-
ble is formed, but also, most importantly there is direct m—mx
electronic communication between the TTF~ m groups with
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Figure 1. Electronic absorption spectra of a) free pyr* (dotted line), pris-
tine CNHs (gray) and CNH-pyr* (black). Inset: an expansion of the
250450 nm region clearly showing the m—m pyrene transitions; pristine
CNHs (gray) and CNH-pyr* (black). b) Free TTF~ (black) and CNH-
pyrT-TTF~ ensemble as formed upon incremental additions of CNH-
pyrT to TTF~, in H,O (progressive spectra recorded from black to gray).

CNHs in this nanoensemble, in addition to ionic interaction
between TTF~ and pyr* on the CNHs.

ATR-IR spectroscopic studies allowed us to follow the ef-
fective electrostatic association between CNH-pyr* and
TTF~ towards the formation of the CNH-pyr*-TTF~ ensem-
ble. As shown in Figure 2, the characteristic carbonyl vibra-

ATR Intensity / a.u.

2000 1500 1000 500
K]
Wavenumbers / cm

Figure 2. ATR-IR spectra of i) free pyr™, ii) TTF", iii) CNH-pyr*, and iv)
the CNH-pyr*-TTF~ nanoensemble.

tion of the carboxylate unit in TTF~ was shifted from
1704 cm™! for the free lithiated TTF~ to 1673 cm™'—over-
lapped with the carbonyl unit of the ketone group in the
pyr*—upon complexation with the oppositely charged pyr™,
while the carbonyl peak in the free pyr* was also slightly
shifted from 1678cm™' in the CNH-pyr* complex at
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1675 cm™, thus verifying the formation of the CNH-pyr*-
TTF ™ nanoensemble. In addition, broadening and decreased
intensities of the IR bands may be also suggestive of direct
interaction between TTF~ and CNH-pyrt.

Both of the aqueous inklike solutions of CNH-pyr* and
CNH-pyr*-TTF~ were probed by HR-TEM as shown in
Figure 3, in which characteristic spherical superstructures of

Figure 3. Representative HR-TEM images of a) CNH-pyr* and b) CNH-
pyr*-TTF™ nanoarchitectures.

CNHs were visualized, suggesting that the unique morphol-
ogy of CNHs persisted; that is, conical tips and dahlia flow-
erlike assemblies with average diameters on the order of
100 nm. Although significant differences between the exam-
ined hybrid materials of CNH-pyr*, CNH-pyr*-TTF~ and
pristine CNHs are not observed (see Supporting Informa-
tion, Figure S2), aqueous solubilization of the first two was
achieved relative to the insoluble pristine material.

Energy dispersive X-ray (EDX) spectroscopy is a power-
ful tool for the elemental investigation of nanohybrids con-
sisting of carbon-rich materials. The EDX spectrum of
CNH-pyr*-TTF~ unambiguously identifies the presence of
sulfur, demonstrating the integration of the TTF  unit
within the nanoensemble (Figure 4). Further support for the
electrostatic complexation of TTF~ to CNH-pyrt arises
from the observation of oxygen in the EDX spectrum of

C Ka

Counts

0.0 0.5 1.0 1.5 2.0 2.5 3.0
keV

Figure 4. X-ray energy dispersive (EDX) spectrum of CNH-pyr*-TTF~ in
which the Ko peak of S at 2.3 keV verifies the presence of TTF in the
nanoensemble. The elements Cu, Fe, Al, and Si are detected because of
their presence in the microscope equipment, sample holder, and crystal
detector.
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CNH-pyr*-TTF~ due to presence of carboxylate and ketone
groups in TTF~ and pyr* moieties, respectively.

Raman spectroscopy of pristine CNHs (Figure 5) reveals
two characteristic bands, namely, the D- and G-bands, with
almost equal strength at 1270 and 1590 cm™!, respectively.!'”)
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3.0¢10™ 4 !

2.0x10™
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—
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Figure 5. Comparison of normalized Raman spectra of pristine CNHs
(light gray), CNH-pyr* (dark gray), and CNH-pyr*-TTF~ (black), re-
spectively.

The G-band is assigned to the E,.-like vibrations of the sp’
hybridized carbon network, while the D-band is associated
with the A,,-related modes as derived due to the loss of the
basal-plane lattice periodicity induced by the conical-shaped
tip of CNHs™! and to sp® single-bonding carbon atoms exist-
ing within CNHs aggregates.”!! Comparison of the Raman
spectra of pristine CNHs with those of CNH-pyr* and
CNH-pyr*-TTF~ demonstrates the noncovalent nature of
interactions between the two components as the D/G ratio
remains unchanged (Figure 5).

Complementary molecular orbital (MO) calculations, in-
volving geometry optimization at the AMI level, demon-
strated that the physisorbed pyr* segment lies at about
1.6 A from the CNHs surface, slightly distorted from planar-
ity (Figure 6). The TTF~ unit recognizes the oppositely
charged CNH-pyr* moiety and lies at approximately 3.5 A
(distance is calculated between the charged atoms forming
the nanoensemble). At this level of the MO calculation, the

Figure 6. Minimum energy structure of CNH-pyr*-TTF~ nanoensemble
resulting from AMI1 geometry optimization calculations: a) view along
the tip, and b) side view. The numbers 1, 2, and 3 represent oxygen, nitro-
gen, and sulfur, respectively.
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minimum energy of CNH-pyr*-TTF~ is predicted to be
more stable compared with the sum of components that
form the nanoensemble.

The strong fluorescence emission of pyr* gave additional
advantage to use it as convenient and sensitive probe for
intra-ensemble interactions in the CNH-pyr* hybrid. Similar
to recent results obtained on covalently linked pyrenes with
CNHs™! and CNTs,*! fluorescence peaks of monomeric
pyrene with fine structures in the 400-450 nm region and ex-
cimer fluorescence in the 450-600 nm region were observed
upon excitation at 360 nm. From the comparison of intensi-
ties intrahybrid fluorescence quenching occurs in the CNH-
pyr* hybrid as shown in Figure 7. Evidently, the effective

6x10°4
5x10" 4
4x10*
3x10"

2x10"

Fluorescence / a.u.

1x10*

0
400 450 500 550 600 650

Wavelength / nm

Figure 7. Steady-state fluorescence spectra of CNH-pyr*-TTF~ (black),
CNH-pyr* (gray) and pyr* (dotted), as obtained in aqueous samples dis-
playing matching absorbances at the excitation wavelength (.. =
360 nm).

quenching of CNH-pyr* fluorescence suggests stronger in-
teraction of pyrene with CNHs. Additionally, further
quenching of the pyr™ fluorescence was observed in the
CNH-pyr*-TTF™ nanoensemble, verifying the importance of
the attractive electrostatic interactions between pyr* and
TTF™ in the CNH-pyr*-TTF~ nanoensemble.

At this point it should be emphasized that additional con-
trol experiments were carried out in order to verify the
above results, that is, simply associating TTF~ with pyr*
through coulombic interactions (i.e. in the absence of
CNHs) gave no significant changes in the fluorescence in-
tensity of the free pyr*. Additionally, no change in the fluo-
rescence spectra was observed when we attempted the inter-
action of neutral TTF with the CNH-pyr* nanohybrid, veri-
fying the importance of the synergistic electrostatic interac-
tions for the realization of the CNH-pyr*-TTF ™ nanoensem-
ble, although this observation does not always exclude the
possible association of TTF with the surface CNHs.

To further support our results and get additional insights
on the electronic communication between individual parts
within the assembled hybrid system, time-resolved fluores-
cence and transient absorption studies were undertaken.
The fluorescence spectra observed with a streak-scope are
shown in the inset of Figure 8, in which the spectral area of
pyrt is almost normalized. The broadening of the fluores-
cence spectral bandwidth was observed between CNHs and
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Figure 8. Fluorescence decay profiles of aqueous solutions of pyr* in
comparison with CNH-pyr* and CNH-pyr*-TTF~ nanoensembles, re-
spectively, in aqueous solution. Inset: Time-resolved fluorescence spec-
tra.

pyrt; furthermore, this trend was slightly increasing for
spectrum between TTF~ and pyr* on the CNH surface. The
fluorescence time profiles in Figure 8 indicate that the pyr*
emission was efficiently quenched by nanohorns in the
CNH-pyr* nanohybrid. The fluorescence decay lifetime, cal-
culated to be 83 ps, is shorter than the 178 ps of unbound
pyrt, which was rationalized by appreciable interaction of
pyrt with the surface of the nanohorn, allowing sufficient
coverage of the CNHs surface with pyr* units. The latter is
responsible for the observed efficient charge separation
within this nanosystem. Further shortening (66 ps) was ob-
served upon integration of TTF~ in CNH-pyr*-TTF", sug-
gesting additional interaction between TTF~ and pyr*™ on
the CNH surface. The most probable interpretation of this
behavior is an increase in the donor ability of the excited
singlet state of pyr™ in combination with TTF~, which re-
duces the electron-withdrawing ability of the ammonium
cation connected to the pyrene unit.

To shed light on the process after the photoexcitation of
CNH-pyrt and CNH-pyr*-TTF-, steady-state absorption
measurements were conducted upon addition of methyl viol-
ogen dication (MV**) and 1-benzyl-1,4-dihydronicotinamide
(BNAH), as electron mediator and hole-shifter, respectively.
Importantly, during photolysis at 355 nm, accumulation of
MVt was observed for both CNH-pyr* and CNH-pyr*-
TTF~ nanohybrids as shown in Figure 9. In combination
with the fluorescence quenching of pyrt in CNH-pyr™, the
charge-separation takes place from the singlet excited state
of pyrt to CNHs, generating a hole in the mt system of pyr*
and an electron in CNHs; this electron then moves to
MV?*. In the presence of BNAH, a hole in pyr* shifts to
sacrificial BNAH; this results in the retardation of the
charge-recombination and, hence, persistent MV'*. Increase
of the BNAH concentration enhances the maximum MV
concentration, indicating that the hole-shifting reagent
indeed assists the accumulation of MV'* (Figure 9), retard-
ing the charge recombination processes. Moreover, in CNH-
pyrt-TTF-, additional MV't was accumulated, suggesting
the increase in the charge-separation, in accord with the higher
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Figure 9. Steady-state electronic absorption spectra of a) CNH-pyr™ and
b) CNH-pyr*-TTF~ nanoensembles, in the presence of 5 mm MV?" and
i) 0 mm BNAH, ii) 1 mm BNAH, iii) 3 mm BNAH, and iv) 5 mm BNAH,
observed during repeated 355 nm laser light (6 ns, 6 mJ) irradiation in
Ar-saturated aqueous solution.

fluorescence quenching. Importantly, in controlled experi-
ments without CNHs such MV'* accumulation was not ob-
served. However, it cannot be excluded that direct excita-
tion of the TTF~ moiety assists the generation of MV"*.

At this point, for which the charge-separation through the
excited state of pyr* is examined, the rate (k) and quan-
tum yield for the charge-separation generating (CNH)-
(pyrt)* were evaluated from the fluorescence lifetimes of
pyrt as 6.4x10°s™' and 0.53, respectively. In the supra-
molecular ensemble formation upon integration of TTF-,
further acceleration of the charge-separation was revealed
by the shortening of the fluorescence lifetimes, from which
the rate and quantum yield for the charge-separation gener-
ating  (CNH)"-(pyr*)"*-TTF~ and/or (CNH) -pyr*-
(TTF )" were evaluated to be 9.5x10° s™! and 0.63, respec-
tively.

In additional experiments utilizing 532 nm laser light,
which excites predominantly the CNHs, similar accumula-
tion of MV'* was observed, although the maximum MV'*
concentration was lower than the one observed with 355 nm
laser light excitation. This finding nicely demonstrates that
direct excitation of CNHs may also generate the charge-sep-
arated state in the presence of the pyr* and pyr*-TTF~ moi-
eties as electron donors, although the efficiencies are lower
than those with 355 nm laser light, which excites the pyr™*
and TTF™ moieties in addition to CNHs.

Chem. Eur. J. 2007, 13, 7600—-7607
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Figure 10. a) Differential pulse voltammograms of CNH-pyr*-TTF~ and
references. b) Cyclic voltammogram of CNH-pyr*-TTF~ in deaerated
H,O with a scan rate of 100 mVs™.

The electrochemistry of CNH-pyr™-TTF~ was investigated
by differential pulse voltammetry (DPV) as well as cyclic
voltammetry (CV). The measurements were performed in
deaerated distilled water containing 0.10m KCl as a support-
ing electrolyte with a scan rate of 100mVs™', a glassy
carbon working electrode and a Pt counter electrode. The
measured potentials were recorded with Ag/AgCl (saturated
KCl) as a reference electrode. The voltammograms revealed
a continuum of diffusion controlled cathodic current,
namely, progressive filling of empty low-energy manifold or-
bitals of CNHs or emptying of the occupied electronic states
of pyr*, TTF", and CNHs. This observation is in line with
previous reports of porphyrin-functionalized CNHs®! as
well as with the first report of covalently associated TTF to
carbon nanotubes.'"¥ As shown in Figure 10, DPV and CV
measurements revealed:

1) The oxidation potential of pyr* in CNH-pyr*-TTF~
found at 0.65V vs Ag/AgCl anodically shifted by ap-
proximately 90 mV relative to the reference of pyr*.
This anodic shift implies considerable electronic interac-
tions in the CNH-pyr™ hybrid, as also proved by UV/Vis
and fluorescence spectroscopy, which render easier the
oxidation of pyr™.

2) Two one-electron reversible oxidation processes of TTF~
at 0.22 V and 0.13 V anodically shifted by 120 mV and
90 mV, respectively, relative to free TTF .

Chem. Eur. J. 2007, 13, 7600 -7607
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3) The voltage onset observed at —0.25 V is attributed to
the limiting reduction potential of CNHs.

The possible charge-separation processes can be support-
ed with the these electrochemical data; the free energy of
the charge-separation through the excited state of pyr*
(2.5eV from 500 nm fluorescence) can be evaluated by the
oxidation potentials of pyr* (0.56 V vs. Ag/AgCl) and re-
duction potential of CNHs (—0.25V vs. Ag/AgCl) to be
—1.6eV for (CNH) -(pyr*)*-TTF~. Thus, this process
would be exothermic through the excited singlet state of
pyrt. The energy of (CNH) -pyr*-(TTF)* from the
ground state is approximately —0.4 eV, which is less negative
than the value (0.81eV) of (CNH) -(pyr*)*-TTF-, al-
though these values depend on the distance. Thus, hole shift
from (pyr*)'* to TTF~ would be anticipated to occur.

Transient absorption measurements were also carried out.
Broad absorption bands, upon 355 nm laser light excitation
of CNH-pyr*-TTF~ were observed in the Vis/NIR regions
and found to decay within 100 ns (Figure 11). The radical

0.08
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] ] N
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400 600 800
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Figure 11. Transient absorption spectra of CNH-pyr™-TTF~ as observed
at 355 nm laser light excitation. Insets: Transient absorption spectra of
CNH-pyr*-TTF~ in the presence of 5mm MV?* and 5mm BNAH and
time profile at 620 nm in Ar-saturated aqueous solution.

cation of the pyrene substituted by a carbonyl group has ab-
sorption peaks at 500 nm with weak absorption in the longer
wavelength as observed for CNH-pyr* (see Supporting In-
formation, Figure $3).** In addition, the broad absorption
bands in the 600-1000 nm region in Figure 11 can be attrib-
uted to the radical cation of TTF moiety. It is reasonable
to ascribe the remaining absorption bands longer than
1000 nm to the trapped electron on the CNHs. Therefore,
the transient spectra gave an evidence to support the gener-
ations of the charge-separated states such as (CNH) ~-pyr™-
(TTF )t and (CNH) -(pyr*)*-TTF". The decay time pro-
files for these transient species gave the charge-recombina-
tion rate (kcg) to be 1.5x10”s™" (see Supporting Informa-
tion, Figure S4), from which the lifetime of the charge-sepa-
rated state can be evaluated to be about 70 ns, which may
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be mainly attributed to long-lived (CNH) -pyr*-(TTF )+
rather than short-lived (CNH) -(pyr*)*-TTF". Upon addi-
tion of MV?* and BNAH, the transient absorption almost
disappeared leaving the characteristic absorption of MV'* at
620 nm (inset Figure 11), which supports the electron migra-
tion from the electron-rich species, such as (CNH) in
(CNH) -pyr*-(TTF")* and (CNH) -(pyr*)*-TTF~. The
rise time profile at 620 nm corresponds to the intermolecu-
lar electron-mediating rate constant (1.0x10m 's™!) from
(CNH)~ to MV?*. Since the ratio of kcs/kcg is higher than
500, the chance of electron migration from (CNH)~ to
MV?* with a diffusion controlled limit in D,O is highly pos-
sible. These processes are summarized in Scheme 2a.

a)

| CNH - "pyr™* - TTF- |
kcs

(CNH)"~ - (pyr*)™ - TTF-
hyv= kcr N
355 nm
{CNH) - pyr* - (TTF7)™ —
CNH-pyr* - TTF~ BNA

b)

| TCNH* - pyr* - TTF™ | kes

(CNH) ™ - (pyr")™* - TTF~

hy= kecr 1
532 nm

(CNH) - pyr*" - (TTF)™

CNH - pyr* - TTF™ BNA*

Scheme 2. Photoinduced processes initiated by a) pyr* excitation and b)
CNHs excitation; BNA™ refers as to 1-benzyl-nicotinamide cation.

Photoexcitation of CNHs was also found to effect the
MVt generation, most likely because the charge-separation
takes place through the excited state of CNHs as shown in
Scheme 2b. Another possibility is direct charge-separation
from CNHs to MV?**. These all mechanisms cooperatively
contribute to the MV'* accumulation as a whole. This phe-
nomenon is quite important for wide carbon-nanotechnolog-
ical application in terms of solar light and energy-conversion
systems. For example, the MV'" generation under visible-
light irradiation of water soluble CNHs may open the way
to hydrogen evolution by solar light and reduction of CO,
to fuels in the presence of appropriate metal catalysts.

Conclusion

Coulombic association of negatively charged tetrathiafulva-
lene carboxylate (TTF~) units with positively charged
pyrene (pyr*) noncovalently associated on the surface of
CNHs allowed dissolution of the nanosized CNH-pyr*-
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TTF™ architecture in aqueous environment. A complete
spectroscopic characterization of CNH-pyr*-TTF~, comple-
mented with electron microscopy analysis and MO calcula-
tions, was performed. The one-electron reduced and oxi-
dized species such as (CNH) -pyr*-(TTF~)"* and (CNH)"-
(pyr*)*-TTF~ were identified directly by the transient spec-
tral measurements and indirectly by the accumulation of
electron on methyl viologen dication (MV?**), giving the
radical monocation (MV'*). Kinetic analyses of the time
profiles of the fluorescence and transient absorptions gave
information regarding charge-separation rate and quantum
yields through the excited singlet sate of pyr* and lifetimes
for the charge-separated state, respectively. In addition, the
photoexcitation of CNHs also afforded the accumulation of
MV'*, suggesting the photoinduced charge-separation
through the CNHs.

Experimental Section

All solvents and reagents were purchased from Aldrich and were used
without further purification. All experiments were performed at room
temperature. The pyrt and TTF~ were synthesized according to pub-
lished procedures.'*!® The preparation of water-soluble CNH-pyr™ was
achieved by adding pristine CNHs (1 mg) to an aqueous solution of pyr*
(10°m, 5 mL). The mixture was sonicated for 5 min and then stirred at
room temperature for 18 h. After that period, it was centrifuged and the
dark-yellow supernatant layer containing free pyr* in solution was de-
canted. Distilled water was added to the black solid residue, which was
re-suspended by sonication for 30s. The same cycle, namely centrifuga-
tion-decantation-suspension was repeated twice to remove completely
the unbound pyr*.

HR-TEM measurements were carried out on a 002B Topcon operated at
an accelerating voltage of 120 kV for imaging. EDX analysis was per-
formed on the same HR-TEM instrument equipped with an X-ray detec-
tor (5538 A-4SUS-SN, Thermo Electron Inc.). Mid-infrared spectra in the
region 550-4000 cm™! were obtained on a Fourier Transform IR spec-
trometer (Equinox 55 from Bruker Optics) equipped with a single reflec-
tion diamond ATR accessory (DuraSamp1IR II by SensIR Technologies).
Steady state UV/Vis electronic absorption spectra were recorded on a
Perkin Elmer (Lambda 19) UV/Vis/NIR spectrophotometer. The Raman
spectra were measured on a Fourier transform instrument (RFS 100
Bruker Optics) employing about 360 mW of the Nd-YAG 1064 nm line in
a backscattering geometry. Steady-state emission spectra were recorded
with a Fluorolog-3 Jobin Yvon-Spex spectrofluorometer (model GL3-
21). The picosecond time-resolved fluorescence spectra were measured
using an argon-ion pumped Ti:sapphire laser (Tsunami) and a streak
scope (Hamamatsu Photonics). Nanosecond transient absorption spectra
in the visible and NIR regions were measured by means of laser-flash
photolysis; 355 and 532 nm light from a Nd:YAG laser were used as the
exciting source and Ge-avalanche-photodiode modules were used for de-
tecting the monitoring light from a pulsed Xe lamp.
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