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Abstract: Novel nanohybrids based on
covalently and noncovalently function-
alized single-wall carbon nanotubes
(SWNTs) have been prepared and as-
sembled for the construction of photo-
active  electrodes.  Polymer-grafted
SWNTs were synthesized by free-radi-
cal polymerization of (vinylbenzyl)tri-
methylammonium chloride. Poly[(vi-
nylbenzyl)trimethylammonium  chlo-
ride] (PVBTA"') was also noncova-
lently wrapped around SWNTs to form
stable, positively charged SWNT/
PVBTA"" suspensions in water. Versa-

prepared by using the electrostatic/van
der Waals interactions between cova-
lent SWNT-PVBTA"* and/or nonco-
valent SWNT/PVBTA"* and porphyr-
ins (H,P*" and/or ZnP%"). Several spec-
troscopic, microscopic, transient, and
photoelectrochemical ~ measurements
were taken to characterize the resulting
supramolecular complexes. Photoexci-
tation of the nanohybrids afforded
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nano-

long-lived radical ion pairs with life-
times as long as 2.2 ps. In the final part,
photoactive electrodes were construct-
ed by using a layer-by-layer technique
on an indium tin oxide covered glass
support. Photocurrent measurements
gave remarkable internal photon-to-
current efficiencies of 3.81 and 9.90 %
for the covalent ZnP*/SWNT-
PVBTA"" and noncovalent ZnP®%/
SWNT/PVBTA"* complex, respective-
ly, when a potential of 0.5V was ap-
plied.
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Introduction

Synthetic multifunctional composites are materials designed
to combine multiple performance capabilities in a single
system. In designing such systems, the correct combination
of the individual components plays an enormous role.
Therefore, the choice of materials is of fundamental impor-
tance. Among the materials currently under consideration
for novel photovoltaic devices, single-wall carbon nanotubes
(SWNTs) and porphyrins are undergoing careful screening.
SWNTs are one of the most striking discoveries in chemistry
and materials science due to their outstanding mechanical,
electrical, thermal, and optical properties."” They have
been investigated for numerous potential applications, for
example, molecular electronics,*! nanowires,” field-effect
transistors,” biochemical sensors,”! and memory elements.®l
However, most of these applications can only be realized
through the solid-phase deposition of carbon nanotubes at
the site of action® or by in situ growth.'"”? Strong van der
Waals attractions between individual SWNTs causes the for-
mation of dense aggregates, that is, a robust network of
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ropes of individual 1 nm diameter SWNTs (usually 10-
30 nm in diameter and several pm in length).

Solution-phase processing of SWNTs is very difficult, es-
pecially considering the general insolubility of these materi-
als in most organic and aqueous solvents."!! To fully exploit
the potential of SWNTs as integrative building blocks for
macroscopic functional devices, critical issues such as limited
solubility, dispersibility, and processibility have to be over-
come. To this end several approaches have been developed
in recent years, which include covalent sidewall functionali-
zations!"” and noncovalent exohedral interactions.” Cova-
lent functionalization alters or even destroys the electronic
and mechanical features of SWNTs. In stark contrast, non-
covalent interactions preserve nearly all the intrinsic proper-
ties of SWNTs.'" Among these approaches, covalent side-
wall modification with polymeric structures has shown great
promise for improving the overall solubility of the
SWNTs.''l Additionally, through this approach, the elec-
tronic properties of SWNTs can be maintained by keeping a
low degree of sidewall functionalization because the large
size and solubilization power of the polymeric addends over-
come the solubility problems (this is in contrast to low-
molecular-weight addends that require a higher degree of
functionalization to increase solubility). As a matter of fact,
polymer-functionalized SWNTs are relatively easy to dis-
perse in organic'® and aqueous"”! media. In addition to the
solubility properties, SWNT functionalization has also re-
sulted in the preparation of SWNT-polymer hybrids with
tailored physicochemical™ and mechanical properties.'”)
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Scheme 1. Structures of SWNT-PVBTA"* (left) and PVBTA"* (right).
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These have been applied in the reinforcement of various
polymers.?

Polymer-functionalized SWNTs are expected to find a
prominent position in electro- and photoactive nanocompo-
sites, mainly due to the electron-accepting properties of
SWNTs.?! In fact, it has been established that the combina-
tion of SWNTs and electron-donor groups is an excellent
way to prepare novel materials for applications in solar
energy conversion systems.”! Recently the association of co-
valently and noncovalently linked carbon nanotube (CNT)
nanoconjugates with porphyrins afforded CNT-based donor—
acceptor nanohybrids, which, upon illumination with visible
light, give rise to the formation of long-lived charge-separat-
ed species.*? The lifetimes of the charge-separated states
are so long that these systems have been used with great
success for the fabrication of photovoltaic devices.”

SWNTs can be covalently grafted with water-soluble poly-
[(vinylbenzyl)trimethylammonium chloride] (PVBTA"*) by
the free-radical polymerization of the monomer in the pres-
ence of SWNTs (see Scheme 1), which produces material
that is 62:38 SWNT/PVBTACI by weight and almost main-
tains the inherent properties of the SWNTSs.2l The presence
of the positively charged polymer increased enormously the
solubility in water. Indeed, the resulting aqueous dispersions
are stable for months without showing any appreciable pre-
cipitation. According to atomic force microscopy (AFM) ob-
servations, the aqueous suspensions consist principally of in-
dividual and/or small bundles of SWNTs. An advantage of
SWNT-PVBTA"" is the presence of positive charges on the
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Scheme 2. Partial structure of covalent SWNT-PVBTA"*+/ZnP®" nanohybrids.

grafted polymer, which allows functionalization through
electrostatic interactions with negatively charged species
(see Scheme 2).

In this paper we report on the advantages, in terms of
solar energy conversion in solution and at photoelectrodes,
that emerge from coulombic complexes formed between
polyanionic porphyrin derivatives and covalent SWNT-
PVBTA"* and/or the noncovalent SWNT/PVBTA"* com-
plexes. Very long lifetimes of the radical ion pair accompany
a remarkable photoperformance. In particular, monochro-
matic incident photon-to-current conversion efficiency
(IPCE) values of up to 9.90% for a single sandwich layer of
SWNT/PVBTA"* and a zinc porphyrin are the highest
values ever reported for comparable systems.

Results and Discussion

Figures 1 and 6 show that both components, SWNT and
PVBTA", are present in the absorption spectrum of an
aqueous solution of covalent SWNT-PVBTA"t with fea-
tures of the polymer in the ultraviolet region and the char-
acteristic van Hove singularities of SWNTs (i.e., transitions
in semiconducting and metallic SWNTs) in the visible and
near-infrared regions. The presence of the van Hove singu-
larities indicates that a moderate modification of the elec-
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tronic structure occurred
during the free-radical poly-
merization.

AFM and transmission elec-
tron microscopy (TEM) are
powerful tools for determining
the distribution of the diame-
ters and lengths of CNTs. A
typical AFM image of covalent
SWNT-PVBTA"* is shown in
Figure 2; aggregates and small
bundles are discernable, the
lengths of which vary between
several hundred nanometers
and  several  micrometers.
Figure 3 shows a TEM image
of bundles of nanotubes, which
correlate with the AFM obser-
vations.

The absorptions of ZnP®" or
H,P*", namely, strong Soret-
type transitions in the 400-
450 nm region and weaker Q-
type transitions in the 500-
650 nm range, were monitored
as variable amounts of cova-
lent SWNT-PVBTA"t* were
added (see Figure 4 and Fig-
ure S1 in the Supporting Infor-
mation). Although the porphy-
rin concentration was Kkept
constant during these assays noticeable weakening of the
Soret- and Q-bands was registered, accompanied by a gener-
al broadening of the SWNT absorptions throughout the
entire UV/Vis/NIR region. Similarly, the porphyrin-centered
absorption bands were redshifted and broadened. Isosbestic
points were observed at 429 and 420 nm for ZnP* and
H,P*", respectively (Figure 4 and Figure S2).
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Figure 1. Absorption spectrum of covalent SWNT-PVBTA"* in D,O at
room temperature.
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Figure 2. AFM image of covalent SWNT-PVBTA"* on a silicon wafer.
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Figure 3. TEM image of covalent SWNT-PVBTA"*.

All these pieces of evidence are an indication of a clean
adduct-to-product transformation, which, in the current con-
text, points to the immobilization of photoactive ZnP*~ or
H,P* on SWNT-PVBTA"*. The wavelengths of the iso-
sbestic points were therefore selected to photoexcite the
same solutions (i.e., ZnP*/SWNT-PVBTA"* or H,P%/
SWNT-PVBTA"*) under steady-state conditions (see
Figure 5 and Figure S2 in the Supporting Information).

These fluorescence assays showed a nonlinear, exponen-
tial quenching of the ZnP*" and H,P* fluorescence at 608
and 645 nm, respectively. A quantitative analysis showed
that the fluorescence quenching depends exclusively on the
concentration of SWNT-PVBTA"*. At higher SWNT-
PVBTA"* concentrations the fluorescence quenching lev-
eled off and converged towards a constant value. At this
point, the quenching is quantitative and the immobilization
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Figure 4. Absorption spectra of a dilute aqueous solution of ZnP*~ (5.0 x
107°m) with variable concentrations of SWNT-PVBTA"*. The arrows in-
dicate the progression.
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Figure 5. Steady-state fluorescence spectra of a dilute aqueous solution of
ZnP* (5.0x10°°m) with variable concentrations of SWNT-PVBTA"*
(10.6 mgL™"). The arrows indicate the progression.

is considered to be complete. Importantly, in the corre-
sponding reference experiments with only PVBTA"* (with-
out SWNTs), absorption spectrophotometry confirmed the
electrostatically driven binding (Figure S3 in the Supporting
Information). The absence of the electron-accepting SWNTs
in ZnP>/PVBTA"* and H,P* /PVBTA"* mixtures leaves
the porphyrin fluorescence unchanged during the titration
experiments (Figure S4 in the Supporting Information).

On the other hand, when ZnP** and H,P®* (Scheme 3)
were mixed with covalent SWNT-PVBTA"*, both compo-
nents now have the same charge, repulsive interactions re-
sulted in only minor changes in the absorption and/or fluo-
rescence experiments (Figure 6).

These steady-state measurements were further corrobo-
rated by time-resolved fluorescence experiments in the ab-
sence and presence of variable concentrations of SWNT-
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Scheme 3. Positively charged porphyrins utilized as references.
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Figure 6. Top: Absorption spectra of a dilute aqueous solution of ZnP**
(5.0x107%m) with variable concentrations of covalent SWNT-PVBTA"*.
Bottom: Steady-state fluorescence spectra of a dilute aqueous solution of
ZnP** (5.0x107°M) with variable concentrations of SWNT-PVBTA"".
The arrows indicate the progression.

PVBTA"*. The ZnP?* fluorescence was followed at 608 nm,
whereas that of H,P®*~ was monitored at 645 nm. In the ab-
sence of SWNT-PVBTA"* the fluorescence decays were
best fitted by monoexponential decay functions, giving life-
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times of (2.4+0.2) and (10.1+
0.4)ns for ZnP®*" and H,P*,
respectively. When SWNT-
PVBTA"* was present, the
decay traces could no longer
be acceptably fitted, giving a y*
value of around one with a
simple monoexponential decay
function. Instead, the use of
biexponential fitting functions
was necessary for a satisfactory
fit. This yielded a short and
long fluorescing lifetime. The
long lifetimes are quantitative
matches of the intrinsic ZnP®
or H,P%" lifetimes, whereas the short lifetimes (i.e., 0.15 ns)
have tentatively been ascribed to intrahybrid deactivations
that reflect the expected electron-donor—acceptor interac-
tions.”” Importantly, within tolerable error margins, both
lifetimes remain constant, regardless of the composition,
that is, the relative ratios between ZnP®~ and covalent
SWNT-PVBTA"* or H,P*~ and covalent SWNT-PVBTA"*.

Protonation of the malonic acid head groups of ZnP*~ or
H,P®" through the careful addition of acid led to the cancel-
lation of all the effects described above. More precisely, the
absorption spectra are now best described as the linear sum
of the component spectra; the fluorescence quenching is
marginal. In fact, the weak quenching, relative to ZnP*" or
H,P®" alone, is primarily caused by competitive light absorp-
tion of the different components at the excitation wave-
length. Similarly, in time-resolved experiments, only the
long-lived components that relate to free and unassociated
ZnP* or H,P? were found.

In summary, the titration experiments (the absorption and
fluorescence assays) indicate the reversible association of
ZnP%* or H,P®" with covalent SWNT-PVBTA"*. Electro-
static interactions between oppositely charged head groups
favor the formation of novel series of electron-donor—ac-
ceptor nanohybrids. In the ground state, weak electronic in-
teractions appear as altered absorption spectra when com-
paring the component spectra with that of the nanohybrid.
Much stronger are the interactions in the excited state in
which fast and efficient deactivation of the fluorescing fea-
tures of both ZnP®*~ and H,P®" are observed.

To allow a reliable product assignment, we performed
1) ultrafast femtosecond experiments and 2) slower nanosec-
ond experiments. The former were intended to correlate the
excited-state deactivation dynamics of ZnP®*" or H,P® with
the growth dynamics of any newly formed photoproducts.
The objectives of the nanosecond experiments were to de-
termine the long-term stability of the photoproducts.

In the femtosecond experiments (i.e., 150 fs laser pulses
at 387 nm) we observed the singlet excited-state features of
both porphyrins (data not shown).?*! The singlet features of
ZnP*" or H,P* included transient bleaching of the Soret-
and Q-bands in the 400-450 and 500-650 nm regions, respec-
tively.”!
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In addition, broad but weak absorptions were seen in the
region between 600 and 800 nm. Although the singlet excit-
ed states were formed nearly instantaneously (i.e., within
(1.0£0.3) ps from energetically higher-lying excited states),
they were found to be metastable, that is, they slowly de-
cayed on the timescale of our femtosecond experiments. Be-
cause the detectable time window is limited to time delays
of 1.5 ns, we had to extrapolate the available data to deter-
mine the singlet lifetimes (i.e., ZnP*": (2.240.2) ns; H,P*":
(9.8+1.0) ns). The products of these singlet decays are the
corresponding triplet states that are generated through an
efficient intersystem crossing in both cases (see below).

Initially upon photoexciting ZnP* /SWNT-PVBTA"* or
H,P* /SWNT-PVBTA"* we saw the same singlet attributes
that we observed for ZnP®  or H,P%", respectively (see
Figure 7). Such observations are fundamental because they
attest to the photoexcitation of the two chromophores.”!

The presence of covalent SWNT-PVBTA"*, however, has
a significant impact on the singlet excited decays of ZnP®%"
or H,P*~. Much shorter lifetimes, which are now of the
order of 0.05 ns, point to expedited singlet decays. More-
over, these lifetimes agree well with the values derived from
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Figure 7. Top: Differential absorption spectra (visible and near-infrared)
obtained upon femtosecond flash photolysis (387 nm) of covalent
SWNT-PVBTA"* and ZnP* (5.0x10°°m) in D,O at room temperature
with time delays of 1.8 (@) and 1000 ps (x). Bottom: Time—absorption
profiles of the spectra shown in the upper part at 450 (@) and 525 nm (0)
monitoring the formation of the radical ion pair.
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the time-resolved fluorescence measurements. No particular
resemblance was found when comparing the transients re-
corded at the conclusion of the accelerated singlet decays of
ZnP¥ /SWNT-PVBTA"* or H,P* /SWNT-PVBTA"* with
those of ZnP®*" or H,P®  alone. This dissimilarity holds
equally for the corresponding singlet and triplet excited-
state features. The most dominant characteristics of the new
products are maxima at 460 and 700 nm in the visible range.
These distinctly broad absorptions are quite characteristic of
an electron-transfer product involving either ZnP®*" or
H,P*~ Y Also important is the range beyond 1000 nm (i.e.,
1000-1600 nm), which immediately after photoexcitation is
dominated by a negative imprint of the van Hove singulari-
ties. These spectral characteristics transform into a new
product. In particular, an appreciable blueshift of the transi-
ent with a minimum at 1020 nm was detected. Implicit are
new conduction band electrons, injected from photoexcited
ZnP%* or H,P%", which shifts the transitions to lower ener-
gies. In line with previous reports we postulate charge-trans-
fer interactions between photoexcited ZnP* or H,P®" and
SWNTs.»!

In accordance with the femtosecond experiments, nano-
second excitation (i.e., 5 ns laser pulses at 532 or 355 nm) of
solutions of ZnP*~ or H,P% in the absence of SWNTs re-
vealed exclusively triplet characteristics that evolve, as
shown above, as a result of rapid intersystem crossing pro-
cesses.”*! These spectra are characterized by transient
maxima in the 750-850 nm range.

In particular, 840 nm is the maximum for ZnP*", whereas
for H,P*~ the maximum is slightly blueshifted and is found
at 780 nm. In the absence of molecular oxygen the triplet
lifetimes are substantial with values of around 50 ps. On the
other hand, admitting variable concentrations of molecular
oxygen to these solutions resulted in the diffusion-controlled
formation of singlet oxygen.*’”

Quite different were the changes that we recorded for
ZnP¥* /SWNT-PVBTA"* or H,P* /SWNT-PVBTA"*. In-
stead of registering the triplet features of ZnP®*" or H,P%",
we observed broad transitions that resembled those of the
one-electron oxidized m-radical cations of either porphyrin.
These radical ion features, as displayed in Figure 8, evolve
from intrahybrid electron-transfer quenching. From an anal-
ysis of the decays at various wavelengths the radical ion-pair
lifetimes were determined as 2.2 ps.

For the construction of nanostructured photoelectrodes
we took advantage of our previous experience with the elec-
trostatically driven layer-by-layer (LBL) deposition techni-
que.?*=¥ Quartz slides, indium tin oxide (ITO) electrodes,
and mica wafers were used as substrates to conduct optical
characterization, photocurrent measurements, and AFM
imaging, respectively. Prior to their use, all substrates were
treated with poly(diallyldimethylammonium chloride)
(PDDA) to make them more hydrophilic. Once the surface
is sufficiently overlaid with PDDA, the substrates can inter-
act with SWNT-PVBTA"* or SWNT/PVBTA"". In the final
step, ZnP®" (i.e., aqueous solution, pH 11.2) was electrostati-
cally deposited onto the PVBTA™. At the end of this se-
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Figure 8. Top: Differential absorption spectrum (visible) obtained upon
nanosecond flash photolysis (532 nm) of SWNT-PVBTA"* and ZnP*"
(5.0x107°m) in D,O with a time delay of 100 ns. Bottom: Time—absorp-
tion profiles of the spectrum shown in the upper part at 455 nm monitor-
ing the decay of the radical ion pair.

quential deposition, PDDA/SWNT-PVBTA"*/ZnP* and
PDDA/SWNT/PVBTA"*/ZnP*~ nanocomposites had been
constructed on the solid substrates (i.e., quartz, ITO, and
mica wafers).

Evidence for the successful deposition came from absorp-
tion spectra, which were recorded after the completion of
each deposition step (an example is shown in Figure S5 in
the Supporting Information). As in previous LBL SWNT
cases, which were independently characterized by ellipsome-
try of the film thickness, the absorption spectra showed that
each deposition step is basically limited to a monolayer cov-
erage.F"31

Immediately after their preparation, the modified ITO
electrodes were photoelectrochemically characterized by ap-
plying the following conditions: 0.1mM Na;PO, and 5 mm as-
corbic acid after nitrogen bubbling. Typical current-voltage
characteristics using an Ag/AgCl (0.1m KCl) reference elec-
trode are reported in Figure 9 and photoaction spectra with-
out an applied potential are reported in Figure 10.

From the latter we deduce IPCE values of 3.32 and
580% for PDDA/SWNT-PVBTA""/ZnP*" and PDDA/
SWNT/PVBTA"*/ZnP*", respectively. For comparison, the
maximum IPCE values obtained for our previously tested
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Figure 9. Current-voltage characteristics of the ITO/PDDA/SWNT-
PVBTA"*/ZnP*~ (solid spectrum: photocurrent; dashed spectrum: dark
current) and ITO/PDDA/SWNT/PVBTA"*/ZnP*" (solid/dotted spec-
trum: photocurrent; dotted spectrum: dark current) photoelectrodes.

6 —
n
1\
S+ 1\
[
4L [
, [
L ' 1
IPCE 3L \
% L 1
[ 1
2 r 1
1 ‘| ’\,
‘—_—;_/\\
0 J PRSP i |
400 500 600 700

Wavelength / nm

Figure 10. Photoaction spectra of the ITO/PDDA/SWNT-PVBTA"*/
ZnP*~  (solid spectrum) and ITO/PDDA/SWNT/PVBTA"*/ZnP*"
(dashed spectrum) photoelectrodes.

ITO/PDDA/SWNT/pyrene*/ZnP*~ and ITO/PDDA/SWNT-
PSS™/ZnP** photoelectrodes were 1.8 and 0.25%, respecti-
vely.” Further characteristics of PDDA/SWNT-PVBTA"*/
ZnP% are Voc=—0.57 V and igc=16.7 pA cm 2, whereas for
PDDA/SWNT/PVBTA"*/ZnP* Voe=-0359V and isc=
17.3 pAcm™2 When facilitating the charge collection at the
ITO electrode, that is, applying a bias of +0.5 V, the IPCE
values show a remarkable improvement to 3.81 and 9.90 %
for PDDA/SWNT-PVBTA"*/ZnP*" and PDDA/SWNT/
PVBTA"*/ZnP*", respectively.

We believe that the PDDA/SWNT/PVBTA""/ZnP%" cell
is more effective, in terms of photocurrent efficiency, due to
the presence of a charge gradient. Shorter distances between
ZnP* and SWNTs as well as between SWNTs and ITO
might also be responsible for the better performance. Here,
enhanced hydrophobic interactions between the modified,
hydrophobic ITO surface, the PDDA polymer layer, and the
positively charged SWNTSs are of particular importance.* Tt
is notable that, for the present study, CoMoCat SWNTs
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were employed, whereas our previous work was based
solely on HiPco SWNTs. However, a comparison of the
highest efficient PDDA/SWNT/PVBTA"*/ZnP*" cells with
CoMoCat and HiPco SWNTs produced no notable differen-
ces.

Conclusion

The present work underlines the benefits of employing co-
valent SWNT-PVBTA”"* and/or noncovalent SWNT/
PVBTA"* as integrative components for novel organic pho-
toelectrochemical solar cells that show improved photocon-
version efficiency. The approach is simple and relies on elec-
trostatic interactions: polyanionic porphyrins (photoexcited-
state electron donors) interact with the positively charged
trimethylammonium head groups of the polymer chains
grafted onto the surface of SWNTs or wrapped around
them (as ground-state electron acceptors) to afford SWNT/
PVBTA"*/ZnP* nanocomposites.

Utilization of polymer-grafted or -wrapped SWNTs guar-
antees considerable dispersibility even in aqueous solutions
without, however, compromising the electronic structure of
the SWNTs. Although this aspect appears to be general, the
presence of a charge gradient is unique to PVBTA"*. This
charge gradient has emerged as a powerful means to facili-
tate charge injection from photoexcited porphyrins to
SWNTs. The benefits are as follows: photoexcitation in solu-
tion/D,0O resulted in the rapid (i.e., 0.15 ns) generation of
radical ion pairs with one of the longest lifetimes (i.e.,
2.2 us) ever recorded for such nanohybrid systems and at
photoelectrodes/ITO the highest monochromatic photocon-
version efficiency (i.e., 9.90% at a bias of +0.5 V) seen so
far for a single sandwich-layered device.

Experimental Section

General: Femtosecond transient absorption studies were performed with
387 nm laser pulses (1 kHz, 150 fs pulse width) from an amplified Ti:sap-
phire laser system (Clark-MXR). Nanosecond laser flash photolysis ex-
periments were performed with 532 nm laser pulses from a nitrogen laser
(8 ns pulse width) in a front-face excitation geometry. Fluorescence life-
times were measured with a laser Strobe fluorescence lifetime spectrome-
ter (Photon Technology International) with 337 nm laser pulses from a
nitrogen laser fiber coupled to a lens-based T-formal sample compart-
ment equipped with a stroboscopic detector. Details of the Laser Strobe
systems are described on the manufacturer’s web site. Emission spectra
were recorded by using a FluoroMax-3 spectrophotometer (Horiba Com-
pany). The experiments were performed at room temperature. Each
spectrum represents an average of at least five individual scans and ap-
propriate corrections were applied whenever necessary. Photoelectro-
chemical measurements were carried out in a three-arm cell with working
(ITO), counter (platinum gauze), and reference (Ag/AgCl) electrodes
(only when a bias voltage, from a Princeton Applied Research, model
175 galvanostat/potentiostat, was applied). The sacrificial electron donor
was 5 mM sodium ascorbate in 0.1m Na;PO, (pH 12) and N, was bubbled
into the solution for 10-15 min prior to the photoelectrochemical meas-
urements. Photocurrent measurements were carried out by using a Keith-
ley model 2400 programmable multimeter immediately after illumination.
A collimated light beam from a xenon lamp provided with an AML1.5
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filter was used for the solar radiation illumination. When white light was
used, a 375 nm cut filter was used. To record the photoaction spectra, a
Bausch and Lomb high-intensity grating monochromator was introduced
into the path of the excitation beam to select the required wavelengths.
All measurements were taken after subtracting the stable dark current.
The IPCE, defined as the number of electrons collected per incident
photon, was evaluated from short circuit photocurrent measurements at
different wavelengths versus the photocurrent measured by using a pho-
todiode of the type PIN UV 100 (UDT Sensors).

TEM analysis: A drop of a solution of covalent SWNT-PVBTA"* was
placed on a copper grid (3.00 mm, 200 mesh). After vacuum drying over-
night (1072 bar), the sample was observed with a TEM Philips EM 208
microscope (accelerating voltage of 100 kV).

AFM analysis: The samples were prepared by spin-coating onto silicon
wafers from a solution of covalent SWNT-PVBTA"" in water and then
investigated by using Digital Instruments (Veeco) Nanoscope IIla (Tap-
ping Mode) with Veeco RTESP7 Tips.

Polymerization of VBTA with SWNTs: A mixture of VBTACI monomer
(4.0 g), carbon nanotubes (40 mg; CoMoCat from Southwest Nanotech-
nologies, Norman, OK, USA), and deionized water (65 mL of) in a
100 mL Schlenk flask was sonicated for 15 min and then stirred for 4 h.
Then VA-044 initiator (2,2'-azobis[2-(2-imidazolin-2-yl)propane] dihydro-
chloride; 48 mg) was added. The mixture was degassed under vacuum
and refilled with nitrogen three times. The mixture was degassed once
more and heated with stirring in an oil bath at 75°C for 48 h. The mix-
ture was cooled to 25°C, opened to the air, diluted to 500 mL with water,
sonicated for 1 h, and centrifuged at 5000g for 6 h. The resulting black su-
pernatant liquid was removed. The black sediment was redispersed in
water by stirring and the centrifugation procedure was repeated two
more times. The combined supernatants were concentrated by ultrafiltra-
tion through a 0.45 um cellulose acetate membrane under 10 psi pressure
until the volume was reduced to 60 mL. The concentrated suspension
was centrifuged at 200000g for 2 h to precipitate the SWNTs. The solu-
tion containing residual free polymer was decanted. The precipitate was
redispersed in water and the centrifugation procedure was repeated two
more times at 200000g. The resulting black precipitate was redispersed in
water (100 mL). The concentration of SWNT—polymer in this dispersion
was estimated gravimetrically to be 53 mgL~' SWNTs. Based on the C/N
ratio determined by elemental analysis the SWNT/PVBTA ratio was esti-
mated to be 62:38 by weight. For the optical spectroscopic studies, 50 mL
of the 53 mgL~" dispersion was centrifuged at 40000g for 100 min and
20 mL of the supernatant was removed for analysis. Based on its optical
density, the concentration of SWNTs in the supernatant was 5.3 mgL ™).

Preparation of the SWNT/PVBTA"* mixture suspension: SWNTs (1 mg)
and PVBTA"* (6 mg) were suspended in Millipore water (6 mL), stirred
overnight, sonicated for 6 h, centrifuged for 30 min at 10000 rpm, and
then the supernatant was taken.
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