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Abstract: Photoinduced electron transfer in self-assembled single-walled carbon nanotube (SWNT)/zinc
porphyrin (ZnP) hybrids utilizing (7,6)- and (6,5)-enriched SWNTSs has been investigated. Toward this, first,
zinc porphyrin was covalently functionalized to possess four pyrene entities (ZnP(pyr),). Exfoliation of the
semiconducting nanotube bundles occurred due to 7—am-type interactions with the pyrene and porphyrin
entities in organic solvents. The nanohybrids thus formed were isolated and characterized by TEM,
UV-visible—near-IR, and Raman spectroscopy. Free-energy calculations suggested the possibility of
electron transfer in both the (7,6)- and (6,5)-possessing ZnP(pyr)s/SWNT nanohybrids. Accordingly,
fluorescence studies revealed efficient quenching of the singlet excited state of ZnP in the nanohybrids,
originating from the charge separation, as confirmed by observation of a ZnP z-cation radical in transient
absorption spectra. The rates of charge separation were found to be slightly higher for (7,6)-SWNT-derived
hybrids compared to the (6,5)-SWNT-derived hybrids. Charge recombination revealed an opposite effect,
indicating that the (7,6)-SWNTs are slightly better for charge stabilization compared to the (6,5)-SWNTSs.
The present nanohybrids were further utilized to photochemically reduce the hexyl viologen dication in the
presence of a sacrificial electron donor in an electron-pooling experiment, offering additional proof for the
occurrence of photoinduced charge separation and potential utilization of these materials in light-energy-
harvesting applications. Finally, solar cells constructed using the ZnP/SWNT hybrids revealed higher
efficiency for the ZnP(pyr)4/(7,6)-SWNT hybrid with narrower nanotube band gap compared with the

ZnP(pyr)4/(6,5)-SWNT having a relatively wider band gap.

Introduction

In recent years, major research effort has been devoted to
understanding the physicochemical properties of carbon nano-
tubes, a new dlotropic form of carbon,* with the intention of
devel oping nanomaterial-based devices that could outline future
technologies.?~* In this context, single-walled carbon nanotubes
(SWNTSs) have emerged as attractive candidates because of their
outstanding physical, chemical, and mechanical properties.® The
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SWNTSs consist of graphitic layers wrapped seamlessly into
cylindersthat originate from defined sections of two-dimensional
graphene sheets. The structure of SWNTSs relates to a pair of
indices (n,m), referring to their diameter and chirality.> SWNTs
are semiconducting, except for those in which the difference
between n and m is a multiple of 3, and those are metallic.
Recent efforts involving noncovalent chemical functionalization
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and physical techniques have resulted in the separation of
metallic and semiconducting SWNTs according their (n,m)
index.®~°

Among the different applications of SWNTSs, the unique
structure and the presence of extended sz-delocalization have
made them attractive candidates to develop light-energy-
harvesting and photovoltaic materials.’® Consequently, incor-
poration of SWNTs into donor—acceptor ensembles for the
study of light-induced electron transfer has become an active
area of research. Accordingly, various elegant covaently linked
and non-covaently assembled donor—acceptor hybrids contain-
ing SWNT have been reported.’®~2° However, al of these
studies used mixture of SWNTSs that were both metallic and
semiconducting, with different (n,m) indices, making it impos-
sible to derive meaningful and conclusive structure—reactivity
relationships.
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Additionally, non-covalent self-assembly involving 7— inter-
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since this method would not destroy the electronic structure of
nanotubes significantly.?* To accomplish this, the donor, zinc
porphyrin, has been functionalized with four pendant pyrene
entities (Figure 1; ZnP(pyr),). Due to the presence of four
interacting pyrene entities on the nanotubes surface, stable
ZnP(pyr)/SWNT hybrids are expected to form. As demonstrated
here, this is indeed the case; additionally, the newly formed
ZnP(pyr)/SWNT hybrids have allowed us to investigate the
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Figure 1. (a) Structure of the pyrene-appended zinc porphyrin donor. (b)
ZnP(pyr)4/(6,5)-SWNT and (c) ZnP(pyr)4/(7,6)-SWNT donor—acceptor
hybrids obtained as a result of — interactions of the entities.

photoinduced electron transfer and to compare the electron
acceptor behavior of the two types of nanotubes employed.
Finally, photoelectrochemical responses of these ZnP(pyr)4/
SWNT nanohybrids have been tested.

Results and Discussion

The ZnP(pyr)4/(6,5)-SWNT and ZnP(pyr)4/(7,6)-SWNT hy-
brids were prepared by treating zinc porphyrin appended with
pyrene entities, ZnP(pyr),, with SWNTs (see Experimental
Section for details). Figure 2 shows transmission electron
microscopy (TEM) images of the ZnP(pyr)s-bound (6,5)- and
(7,6)-SWNTs. The SWNT bundles were found to be loosened
upon treatment with ZnP(pyr),, although intertwining during
TEM sample preparation was observed. This suggests an
appreciable decrease in SWNT stacking as compared with that
in the untreated pristine SWNT samples. Each SWNT appeared
thickened with a blur, probably by the adsorbed molecules. To
a large extent, ZnP(pyr)4/(6,5)-SWNT and ZnP(pyr)4/(7,6)-
SWNT hybrids were found to be free from impurities.

The samples were also characterized using laser Raman
spectroscopy to obtain spectroscopic insight into the electronic
structure of the SWNT in the ZnP(pyr)4/(6,5)-SWNT and
ZnP(pyr)4/(7,6)-SWNT nanohybrids. In the Raman spectra of
(6,5)-SWNT and (7,6)-SWNT, the characteristic radial breathing
mode (RBM) bands in the 100—400 cm™? region, disorder-
induced D-mode in the 1350 cm™ region, and Raman-allowed
tangential G-bands in the 1500—1600 cm™ region were
expected.?? As shown in Figure 3, the pristine (6,5)- and (7,6)-
SWNTSs revealed al of these Raman bands, and their values

(22) Dresselhaus, M. S.; Dresselhaus, G.; Jorio, A.; Souza Filho, A. G,;
Saito, R. Carbon 2002, 40, 2043.
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agreed well with the literature reports.?® Interestingly, the Raman
spectra of the noncovaently functionalized ZnP(pyr)./(6,5)-
SWNT and ZnP(pyr)4/(7,6)-SWNT revealed no significant shift
on the peak position, only changing the relative intensities (300
vs 1570 cm™~ for (6,5)-SWNT and 170 vs 1570 cm™ for (7,6)-
SWNT). Thisimplies that the electronic structures of the (6,5)-
SWNT and (7,6)-SWNT are intact after being noncovalently
functionalized with ZnP(pyr),.

Optical Absorption and Emission Studies. Figure 4 shows
the optical absorption spectra of ZnP(pyr)4/(6,5)-SWNT and
ZnP(pyn)4/(7,6)-SWNT in the UV —vis region in dimethylfor-
mamide (DMF). Absorption bands of the semiconducting (6,5)-
SWNTs in the hybrids are at 583 and 1022 nm, and those of
the (7,6)-SWNTs are at 667 and 1170 nm, respectively, showing
red-shifts by 400—600 cm~* from the pristine peaks,®* due to
their interaction with asr-electron of ZnP(pyr),. From the longest
absorption edges, the band gap can be evaluated to be 1.21 and
1.05 eV, respectively, which aso showed narrowing of 0.06—0.08
eV, due to the interaction with a sz-electron of ZnP(pyr),. The
ZnP(pyr)4/(6,5)-SWNT and ZnP(pyr)4/(7,6)-SWNT hybrids also
showed Soret and Q bands of ZnP in the 420 and 550 nm
regions, with UV bands corresponding to the pyrene moieties.*®
Asfor the Soret band of the ZnP units at 420 nm, peak position
shows appreciable shift, and spectral broadenings, suggesting
weak interaction with SWNT.

Severa studies have attempted to estimate the redox potentias
(Eox and E,e) of nanotubes using techniques such as scanning
tunneling spectroscopy, redox titrimetry, photoluminescence, and
spectroel ectrochemistry.?>~2” Nakashima and co-workers?” re-
ported redox potentials of 15 isolated individual SWNTs having
their own chirality indices based on Nernst analysis of the in
situ spectroelectrochemical data. The work function of the
SWNTSs obtained experimentally agreed well with those calcu-
lated on the basis of first-principles.” The reported Eq, and ;e
for the (6,5-SWNT were 5.08 and 4.01 V vs vacuum,
corresponding to a HOMO—LUMO gap of 1.07 eV. The Ey
and E; for the (7,6)-SWNT were 4.94 and 4.03 V vs vacuum,
with a HOMO—-LUMO gap of 0.91 eV. The wider band gaps
for (6,5)-SWNT than for (7,6)-SWNT estimated from the
absorption bands is supported by these reported HOMO—LUMO

gaps.
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Figure 2. TEM images of (A) (6,5)-SWNT, (B) (7,6)-SWNT, (C) ZnP(pyr)4/(6,5)-SWNT, and (D) ZnP(pyr),/(7,6)-SWNT at two magnification scaes;

white bar (left) 100 nm and (right) 5 nm.
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Figure 3. Raman spectra of (a) (i) ZnP(pyr)4/(6,5)-SWNT and (ii)
SWNT(6,5) and (b) (i) ZnP(pyr)4/(7,6)-SWNT and (ii) SWNT(7,6) at the
laser excitation wavelength of 632.8 nm.
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Figure 4. Steady-state absorption spectrain the Soret region of ZnP(pyr)./
(6,5)-SWNT (black line), ZnP(pyr)4/(7,6)-SWNT (red line), and ZnP(pyr),
(blue ling) in DMF.

Steady-State Fluor escence M easur ements. The formation of
the ZnP(pyr)4/(6,5)-SWNT and ZnP(pyr)4/(7,6)-SWNT hybrids
was also confirmed by fluorescence measurements, which also
gave information about the excited state events in the hybrids.
Figure 5 shows the steady-state fluorescence spectra (normalized
to the intensity of the 614 nm band) of ZnP(pyr),, observed by

Normalized Fluorescence Intensity
I

i 1 M 1 L L i
560 600 640 680 720
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Figure 5. Steady-state fluorescence spectra of ZnP(pyr)./(6,5)-SWNT
(black line), ZnP(pyr)4/(7,6)-SWNT (red line), and ZnP(Pyr), (blue line)
in DMF; Ao = 428 nm; normalized at 614 nm.

the predominant excitation of the ZnP moiety (blue line),
exhibiting amain peak around 614—620 nm with an additional
660 nm peak in DMF. Broadening with a slight peak shift was
observed for (6,5)-SWNT and (7,6)-SWNT, supporting weak
interaction between ZnP units and the SWNT surface. In the
hybrids with SWNT, the ZnP fluorescence intensity was found
to be quenched over 80% of its origina intensity, suggesting
the occurrence of excited-state events such as electron transfer
and energy transfer.*°

In order to obtain kinetics data for the singlet excited state
of the ZnP moiety (*ZnP*), picosecond time-resolved fluores-
cence measurements were performed with the streak-scope
method. The time profiles collected in the ZnP fluorescence are
shown in Figure 6. The ZnP fluorescence followed a monoex-
ponential decay with a lifetime of 2100 ps. Addition of (6,5)-
SWNT and (7,6)-SWNT to form the hybrids accelerated the
ZnP fluorescence decay, which could be curve-fitted with a
biexponential decay function. The ZnP fluorescence lifetimes
evaluated under these conditions were found to be 260 (78%)
and 2100 ps (22%) for ZnP(pyr)4/(6,5)-SWNT and 180 (80%)
and 2100 ps (20%) for ZnP(pyr)4/(7,6)-SWNT, in which the
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Figure 6. Fluorescence decays at monitoring region of 600—660 nm for
ZnP(pyr)4/(6,5)-SWNT (black line), ZnP(pyr)4/(7,6)-SWNT (red line), and
ZnP(Pyr), (blue line) in DMF; ¢ = 408 nm.

longer lifetime may be attributed to non-interacting ZnP(pyr),
with SWNTSs. The fast-decaying component provides additional
evidence for the formation the hybrids with SWNTs. By
assuming that the fast-decaying component is due to electron
transfer, the rate of charge separation, kcs, and quantum yield,
dcs, were evaluated according to eqs 1 and 2.

kCS = (l/ Tf)nanohybrid - (l/ Tf)ref (1)

(DCS = [ Tf)nanohybrid - Tf)ref]/ v tf)nanohybrid (2

where (1/Tf)nanohybrid and (Ut¢), are the lifetimes of the 1ZnP*
moiety in the presence and in the absence of SWNTS,
respectively. The evaluated kes and dcs in DMF were found
tobe 3.4 x 10° s™* and 0.88 (0.69 including interacting fraction),
respectively, for ZnP(pyr)4/(6,5)-SWNT, which are dightly
smaller than those for ZnP(pyr)4/(7,6)-SWNT, that is, kes =
51 x 10° s! and ®cs = 0.91 (0.73 including interacting
fraction) in DMF. These findings indicate that (7,6)-SWNT, with
a narrower band gap, is more favorable for charge separation
via 1ZnP* compared with (6,5)-SWNT with wider band gap.
Usually, semiconductors with narrower band gaps possess lower
conduction bands having higher electron affinity, as supported
by the reported E . values.?”

Nanosecond Transient Absorption Studies. Evidence for
charge separation and the rate of charge recombination, kcg,
has been obtained from the transient absorption spectral studies
using a 532-nm laser light, which predominantly excites the
ZnP moiety.® Figure 7 shows the nanosecond transient absorp-
tion spectra of ZnP(pyr)4/(7,6)-SWNT nanohybrids in Ar-
saturated DMF (see Supporting Information, Figures S1 and
S2, for (6,5)- and (7,6)-SWNT in the absence of ZnP).
Importantly, a transient absorption peak corresponding to the
formation of the ZnP radical cation (ZnP'*) around 600—700
nm** was observed, although the ZnP™* absorption may show
dlightly different features from the isolated ones because of
appreciable perturbation from the near-by s-interacting SWNTS.
In addition, the absorption bandsin the near-IR region probably
correspond to the trapped electron on the SWNTSs (expressed
as SWNT"). Indeed, broad absorption bands observed around

(28) The 532-nm laser light excites the shorter wavelength side of the
Q-band of ZnP. Since the most of the broad absorption of SWNTsin
the visible region is usualy attributed to background, only small
absorption of the SWNTSs can be absorbed by the 532-nm laser light.
Itisdifficult to evaluate the excited molecules quantitatively, because
it depends on the abstraction of the background absorption and on
the absorption coefficients, which are not possible to evaluate with
reasonable accuracy for both the SWNT and absorbed ZnP in the
hybrids.
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Figure 7. Nanosecond transient absorption spectra of ZnP(pyr)4/(7,6)-
SWNT observed upon 532 nm (ca. 3 mJ/pulse) laser irradiation in Ar-
saturated DMF. Inset: Absorption—time profile.

1400 nm were frequently assigned to SWNT"~, although further
studies are needed to confirm these assignments. The rise of
ZnP* around 680 nm was estimated to be fast, within the
nanosecond laser pulse (6 ns) (see the time profile in Figure 7
inset), which corresponds to the charge separation within ca. 2
ns as estimated from the ZnP fluorescence decay time profile
(Figure 6), giving ZnP*(pyr)4/(7,6)-SWNT"~. The decay of
ZnP* mostly finished within 200 ns; from the first-order fitting
to the decay curve, the charge recombination rate constant of
ZnP " (pyn)4/(7,6)-SWNT"~ was evaluated to be ker = 2.7 x
107 s L. Using the kg value, the lifetime of the radical ion pair,
trip (= Vker), Was evaluated to be 37 ns, indicating that the
radical ion pairs persist for some extent in the supramolecular
nanohybrid in DMF.

For the ZnP(pyr)4/(6,5)-SWNT, similar transient absorption
spectra were observed (Supporting Information, Figure S3).
From the time profile of ZnP'", keg = 2.1 x 107 st and 7gp =
ca 48 nsin DMF were evaluated. These findings indicate that
Trip Of ZNP(pyr)4/(7,6)-SWNT"~ is dightly shorter than that
of ZnP(pyr),*/(6,5)-SWNT"".

Electron-Pooling M easur ements. In order to further confirm
the occurrence of charge separation leading to the formation of
ZnP*(pyr)/SWNT"~, additional electron mediation experiments
were performed by the addition of the second electron acceptor,
hexyl viologen dication (HV?"), and asacrificial electron donor,
1-benzyl-1,4-dihydronicotinamide (BNAH), to the nanohybrid
solution.?® By steady-state absorption spectral measurements
after repeated laser light irradiation (532 nm), which predomi-
nantly excites the ZnP moiety and SWNT but not the additives
(HV?" and BNAH), the accumulation of HV** was observed at
620 nm, as shown in Figure 8. The concentration of accumulated
HV"* species increased with increasing BNAH concentration,
supporting the role of BNAH as a sacrificial hole-shifting
reagent. In Figure 8, the overall maximal absorbance of HV"*
was observed in the presence of 0.5 mM HV?" and 4.0 mM
BNAH; thus, from the absorbance, the maximal concentration
of HV** was evaluated to be 0.2 mM, which amounts to 40%
conversion of added HV?" for ZnP(pyr)4/(6,5)-SWNT. For
ZnP(pyr)4/(7,6)-SWNT, the accumulation of HV** was similarly
observed at 620 nm, giving the maximal concentration of 0.3
mM and 60% conversion. These observations indicate that
ZnP(pyn)4/(7,6)-SWNT is more efficient than ZnP(pyr)./(6,5)-
SWNT for the accumulation of HV"*.

(29) (@) Fukuzumi, S.; Suenobu, T.; Patz, M.; Hirasaka, T.; Itoh, S,
Fujitsuka, M ; Ito, O. J. Am. Chem. Soc. 1998, 120, 8060. (b) Pagona,
G.; Sandanayaka, A. S. D.; Araki, Y.; Fan, J; Tagmatarchis, N.;
Yudasaka, M; lijima, S,; Ito, O. J. Phys. Chem. B 2006, 110, 20729.
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Figure 8. Steady-state absorption spectra of (A) ZnP(pyr)4/(6,5)-SWNT
and (B) ZnP(pyr)4/(7,6)-SWNT in Ar-saturated DMF solution measured
after five laser shots (6 ns pulse width and 3 mJ/pulse) at 532 nm in the
presence of HV2* (0.5 mM) and BNAH, (i) 0, (ii) 0.5, (iii) 1.0, (iv) 1.5, (V)
2.0, (vi) 2.5, (vii) 3.0, (viii) 3.5, and (ix) 4.0 mM.

Scheme 12
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@ Abbreviations: sSWNT, semiconductor SWNT; CS, charge separation;
CR, charge recombination; EM, electron migration; and HS, hole shift.

The mechanism for this electron-pooling process can be
understood on the basis of the ZnP fluorescence quenching and
transient absorption spectral measurements, suggesting genera-
tion of ZnP* and probable SWNT*~ in the nanohybrids. The
electron trapped in SWNT transfers to HV?", generating HV**
as the electron-pooling product. The hole of ZnP* irreversibly
shifts to BNAH in the nanohybrids, giving BNAH"*, which is
further converted to 1-benzylnicotinamide cation (BNA™). The
efficient photosensitized charge separation/electron migration/
hole shift processes of the ZnP(pyr)/SWNT nanohybrids are
illustrated in Scheme 1. The efficiency of the CS process vs
the CR process can be evaluated from the ratio of keg/keg; the
value of 190 for ZnP(pyr)4/(7,6)-SWNT is higher than the value
of 160 for ZnP(pyr)4/(6,5)-SWNT, which can be defined as
kinetic charge stabilization. This order isin agreement with the
HV** accumulation conversion.

Photocurrent Measurements. A drop-cast method was applied
to fabricate the films of ZnP(pyr)s/SWNT adsorbing on the SnO,
nanoparticles on the optical transparent electrodes (OTE/SnO,
electrode). The absorption spectrum of OTE/SnO./ZnP(pyr)4/
SWNT is amost the same as those of ZnP(pyr)/SWNT shown
in Figure 3 (see Supporting Information, Figure $4), except for
the broadening of the absorption bands in the whole region,
suggesting aggregation on the electrodes.

Photoel ectrochemical measurements were performed in atwo-
compartment cell equipped with a potentiostat, using OTE/SnO,/
ZnP(pyr)/SWNT as the working electrode and Pt wire as the
counter electrode.

The photocurrent action spectra of OTE/SnO,/ZnP(pyr)4/
SWNT electrodes were measured by examining the wavelength
dependence of the incident photon-to-current conversion ef-
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Figure 9. Photocurrent action spectra of IPCE: OTE/SnO./ZnP(pyr)4/(6,5)-
SWNT electrode (blue spectrum) and OTE/SnO,/ZnP(pyr)4/(7,6)-SWNT
electrode (red spectrum). Electrolyte: 0.5 M Lil, 0.01 M |, in acetonitrile.

ficiency (IPCE).*® The IPCE values are calculated by normal-
izing the photocurrent densities for incident light energy and
intensity in the usual manner. As shown in Figure 9, the IPCE
of OTE/SnO,/ZnP(pyr)4/(7,6)-SWNT electrode reaches 1% as
a maximal value at 420 nm, with the second maximum near
460 nm, which is about 3 times larger than that of OTE/SnO,/
ZnP(pyr)4/(6,5)-SWNT electrode (0.35% in 400—450 nm re-
gion). This order is in agreement with those of the HV"*
accumulation conversion and Keg/Kcg.

Summary

The first report on photoinduced electron transfer in self-
assembled zinc porphyrin—SWNT hybrids having (7,6)- and
(6,5)-enriched carbon nanotubes is documented. The zinc
porphyrin, along with four pendant pyrene entities (ZnP(pyr).,),
stacked on the SWNT surface due to z—a interactions, resulting
in exfoliation of the semiconducting nanotubes, as revealed by
TEM measurements. Raman spectral measurements revealed the
electronic structure of the nanotubes to be intact upon hybrid
formation. Free-energy calculations suggested the possibility of
photoinduced electron transfer in both the (7,6)- and (6,5)-
enriched ZnP(pyr)s/SWNT nanohybrids, while steady-state and
time-resolved fluorescence studies reveaded efficient charge
separation quenching via the singlet excited state of zinc
porphyrin, as supported by the nanosecond transient absorption
technique, which confirmed the porphyrin cation radical. The
rates of charge separation, kcs, was found to be slightly higher
for (7,6)-nanotube-derived hybrids than for (6,5)-nanotube-
derived hybrids, while an opposite trend was observed for kcg.
The nanohybrids also photocatal ytically reduced hexyl viologen
dication (HV?") and oxidized a sacrificial electron donor in an
electron-pooling experiment, offering additional proof for the
occurrence of photoinduced charge separation. Finally, solar
cells constructed using the ZnP(pyr)s/SWNT hybrids yielded
an interesting result, showing that the efficiency of the solar
energy conversion was higher for (7,6)-SWNT, with a narrower
band gap, compared with (6,5)-SWNT, having a wider band
gap, following the same trends observed with charge separation
and electron pooling processes.

Experimental Section

Chemicals. The (6,5)- and (7,6)-enriched SWNTs were produced
by CoMoCAT, SouthWest Nano Technologies, Inc. (Norman, OK),

(30) IPCE(%) = 100 x 1240 x lsc/(Wind), where I is the short circuit
photocurrent (A/cm?), Wi, is the incident light intensity (W/cm?), and
A is the wavelength in nm.
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marketed by Aldrich Chemicals (Milwaukee, WI). The bulk solvents
utilized in the syntheses were from Fischer Chemicals, while al
of the chemicals used in the synthesis of pyrene-appended porphyrin
were from Aldrich Chemicals.

Synthesis of Pyrene Functionalized Zinc Porphyrin.
(4-Formyl)phenyl 4-Pyrenylbutanoate (1). 1-Pyrenebutyric acid
(590 mg, 2.05 mmol) and 4-hydroxybenzaldehyde (750 mg, 6.00
mmol) were dissolved in 150 mL of dry CH,Cl,, and then 1,3-
dicyclohexylcarbodiimide (600 mg, 2.25 mmol) and 4-(dimethyl-
amino)pyridine (32 mg, 0.524 mmol) were added. The reaction
mixture was stirred for 18 h. The solvent was then evaporated under
reduced pressure, and the crude compound was purified on asilica
gel column using hexane/CH,CI, (94:6 v/v) as eluent. Yield: 170
mg (20%). *H NMR (400 MHz, CDCl5) (in ppm): 6 9.99 (s, 1H,
—CHO), 8.33—7.83 (m, 13H, pyrene H and phenyl H), 3.50 (t,
2H, —CH,—), 2.75 (t, 2H, —CH,—), 2.33 (m, 2H, —CH,—). Mass
(APCI mode in CH,Cl,): calcd, 392.45; found, 393.80.

H,-5,10,15,20-T etr a(phenyl-4-pyr enylbutanoyl)por phyrin (2).
The title compound was synthesized according to Lee and
Lindsey.3 Pyrrole (100 uL, 1.42 mmol) and 1 (558 mg, 1.42 mmol)
were dissolved in 200 mL of dry CHCIs, and the resultant mixture
was stirred under argon for 1.5 h. BF;+- O(Et), (60 L, 0.473 mmol)
was then added. Porphyrin formation leveled off after 1 h.
p-Chloronil (265 mg, 1.07 mmol) was then added to the reddish-
black reaction mixture, and the resultant mixture was stirred at room
temperature for 1 h. Triethylamine (66 uL, 0.473 mmol) was added,
and the reaction mixture was stirred for 8 h and then concentrated.
Column chromatography on silica gel using hexane/CHCI; (60:40
vlv) as eluent gave compound 2. Yield: 52 mg (5%). *H NMR
(400 MHz, CDCl53) (in ppm): 6 8.89 (s, 8H, § pyrrole), 8.49—7.50
(m, 52H, pyrene H and phenyl H), 3.61 (t, 8H, —CH,—), 2.90 (t,
8H, —CH,—), 2.41 (m, 8H, —CH,—), —2.81 (s, 2H, —NH—). Mass
(APCI mode in CH,Cl,): calcd, 1760.03; found, 1761.0.

5,10,15,20-T etr a(phenyl-4-pyrenylbutanoyl)por phyrina-
tozinc(I1) (3). The free-base porphyrin 2 (25 mg) was dissolved in
CHCI; (10 mL), a saturated solution of zinc acetate in methanol
was added, and the resulting mixture was refluxed for 2 h.3 The
course of the reaction was followed by monitoring the disappearance
of the 512-nm absorption band of 2. At the end, the reaction was
washed with water and dried over anhydrous N&SO,. Chromatog-
raphy on asilicagel column using CHCI; as eluent gave compound
3. Yield: 90%. *H NMR (400 MHz, CDCl3) (in ppm): 6 9.00 (s,
8H, 3 pyrrole), 8.41—7.21 (m, 52H, pyrene H and phenyl H), 3.60
(t, 8H, —CH,—), 2.88 (t, 8H, —CH,—), 2.46 (m, 8H, —CH,—).
Mass (APCI mode in CH,Cl,): calcd, 1823.43; found, 1824.8.

Preparation of ZnP(pyr)4/(6,5)-SWNT and ZnP(pyr)4/(7,6)-
SWNT Nanohybrids. A 1.0 mg sample of SWNT [(6,5) or (7,6)
chirality] was added to 2.10 mg of ZnP(pyr), dissolved in 15 mL
of dry DMF, and the reaction mixture was stirred for 48 h at room
temperature. The resulting mixture was sonicated (Fisher Scientific,
60 Hz, 40 W) for 6 h at 20 °C, followed by centrifugation (Fisher
Scientific, 50/60 CY) for 2 h. The excess of porphyrin was removed
by separating the centrifugate from the black precipitate. Further
purification was carried out by dissolving the black mixture in 5
mL of fresh DMF and sonicating for 30 min at 20 °C, followed by
centrifugation for 1 h and remova of unadsorbed porphyrin by
separation from the black centrifugate. This process was repeated
(at least twice) until the solution in the centrifuge tube turned
colorless. At the end, 10 mL of fresh solvent was added to the
resulting deposit and was sonicated for 15 min at 20 °C. This

(31) Lee, C. H.; Lindsey, J. S. Tetrahedron 1994, 50, 11427.
(32) Smith, K. M. Porphyrins and Metalloporphyrins; Elsevier: Amsterdam,
1972.
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homogeneous black dispersion was stable for severa days and used
as mentioned in subsequent studies.

Instrumentation. The UV —visible—NIR spectra measurements
were carried out with a Perkin-Elmer (Lamda 750) or Jasco V-670
spectrophotometer. The steady-state fluorescence emission was
monitored by using a Perkin-Elmer (L S-55) or aHoriba Jobin Y von
Nanolog UV —vis—NIR spectrofluorometer equipped with PMT (for
UV —vis) and InGaAs (for NIR) detectors. The *H NMR studies
were carried out on a Varian 400 MHz spectrometer. Tetrameth-
ylsilane (TMS) was used as an internal standard. All the solutions
were purged prior to spectral measurements using nitrogen gas.

Transmission electron micrograph (TEM) measurements were
recorded by applying a drop of the sample to a copper grid. Images
were recorded on a Hitachi H-7650 TEM at an accelerating voltage
of 120 kV. A TEM equipped with EDX (H-2300, Hitachi) was
operated at 120 kV, and the elemental map was obtained by using
a scanning spot size of 0.5 nm and a scanning rate of 0.5 nm/ms.

Raman spectroscopy measurements were performed using a
Tokyo Instruments Nanofinder 30) with three different laser
excitations, namely, A = 441.6 (HeCd), 532.0 (Nd:YAG), and 632.8
nm (HeNe), and the laser spot size was about 2 mm in diameter.

The time-resolved fluorescence spectra were measured by a
single-photon-counting method using a streakscope (Hamamatsu
Photonics, C5680) as a detector and a laser light (Hamamatsu
Photonics M 10306, laser diode head, 408 nm) as an excitation
source. Lifetimes were evaluated with software attached to the
equipment.

Nanosecond transient absorption measurements were carried out
using third harmonic generation (532 nm) of a Nd:YAG laser
(Spectra-Physics, Quanta-Ray GCR-130, 5 ns fwhm) as an excita-
tion source. For transient absorption spectrain the near-IR region
(600—1200 nm) and the time profiles, monitoring light from a
pulsed Xe lamp was detected with a Ge-APD (Hamamatsu
Photonics, B2834). For the measurements in the visible region
(400—1000 nm), a Si-PIN photodiode (Hamamatsu Photonics,
S1722-02) was used as a detector.

Photoelectrochemical measurements were carried out in a
standard two-compartment cell consisting of a working electrode
and a Pt wire gauze counter electrode in the electrolyte. The
electrolyte was 0.5 M Lil and 0.01 M |, in acetonitrile. In the case
of IPCE measurement, a monochromator (SM-25, Bunkoh-Keiki
Co., Ltd.) was introduced into the path of the excitation beam
(300-W xenon lamp, Bunkoh-Keiki Co., Ltd.) for the selected
wavelength. The lamp intensity at each wavelength was determined
by using a Si photodiode (Hamamatsu Photonics S1337-1010BQ)
and corrected.
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