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Abstract: A supramolecular assembly
of zinc porphyrin—carbon nanohorns
(CNHs) was constructed in a polar sol-
vent. An ammonium cation was cova-
lently connected to the CNH through a
spacer (sp) (CNH-sp-NH;") and bound
to a crown ether linked to a zinc por-
phyrin  (Crown—ZnP). Nanohybrids
CNH-sp-NH;*;Crown—ZnP and CNH-
sp-NH; " were characterized by several
techniques, such as high-resolution
transmission electron microscopy, ther-
mogravimetric analysis, X-ray photo-
electron spectroscopy, and Raman
spectroscopy. The photoinduced elec-
tron-transfer processes of the nanohy-
brids have been confirmed by using

time-resolved absorption and fluores-
cence measurements by combining the
steady-state spectral data. Fluorescence
quenching of the ZnP unit by CNH-sp-
NH;* has been observed, therefore,
photoinduced charge separation
through the excited singlet state of the
ZnP unit is suggested for the hybrid
material, CNH-sp-NH;*;Crown—ZnP.
As transient absorption spectral experi-
ments reveal the formation of the radi-
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cal cation of the ZnP unit, electron
generation is suggested as a counter-
part of the charge-separation on the
CNHs; such an electron on the CNHs
is further confirmed by migrating to
the hexylviologen dication (HV?*). Ac-
cumulation of the electron captured
from HV'* is observed as electron
pooling in solution in the presence of a
hole-shifting reagent. Photovoltaic per-
formance with moderate efficiency is
confirmed for CNH-sp-NH;";Crown—
ZnP deposited onto nanostructured
SnO, films.
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Introduction

Carbon-based nanostructured materials have been exten-
sively investigated for use in nanotechnological applica-
tions.'! The most widely investigated all-carbon materials
are fullerenes and carbon nanotubes.!! Recently, carbon
nanohorns (CNHs), which are single-graphene tubules with
highly strained conical ends, have been synthesized and are
intriguing materials.”! In CNHs, horn-like structures are as-
sembled to form dahlia-like spherical aggregates with diam-
eters ranging between 50 and 100 nm.”! One of the merits of
CNHs is the high carbon purity due to the absence of any
metal impurities, resulting from the synthetic procedure of
using laser ablation methods on highly purified graphite
without any metal catalysts.’! Thus, CNHSs have attracted a
great deal of attention for various potential applications,
such as gas storage, catalyst supports, drug carrier systems,
and optoelectronic devices.”!

To fabricate the CNHSs on substrates, it is important to
disperse CNHs in solution and thus obtain homogeneous
CNH solutions, which then allows various precise studies
with spectroscopic methods to be carried out on the solution
state.’! Besides the dispersion improvements, covalent and
noncovalent attachments of various active compounds both
onto the graphite-like side walls and at the conical-shaped
tips, which only slightly perturb the m-electronic network of
CNHs, have improved the wide applications of the dispersed
CNHs. In this respect, Tagma-
tarchis and co-workers have

succeeded in a number of
chemical modifications of
CNHs.P

To mimic natural photosyn-
thesis, nanohybrids consisting of
carbon-based materials and por-
phyrin pigments are particularly
promising as artificial photosyn-
thetic models,** in which the
visible-light absorbing porphyr-
ins act as light-harvesting an-
tennae and high electron
donors.®*”1 On the other hand,
carbon-based materials, such as
fullerenes and carbon nano-
tubes act as strong electron ac-
ceptors. Thus, the porphyrins
form donor-acceptor nanohy-
brids with carbon nanomateri-
als, which function as photosyn-
thetic reaction centers under
light illumination.*" It has also
been reported that direct exci-
tation of the nanocarbon mate-
rials with light also induces the
charge separation;® thus, gen-
erated electrons on CHNs can
be transferred to the electrodes

CNH-sp-NHz*
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and the hole-shift reagents in the solution, which leads to
photovoltaic cells.™ Recently, it has been confirmed that
photo-illumination of the chemically attached chromophores
on CNHs induces efficient charge separation."”’ We also re-
ported that the chemically modified CNHs are dispersible in
organic solvents, when the attached chromophores are solu-
ble in the solvents.''™ A few studies have reported the ap-
plication of chemically modified CNHs in photovoltaic cells,
with the porphyrins dispersible in solutions;*! however, the
maximum efficiency was relatively low compared with other
nanocarbon structures.™ Thus, it is necessary to modify the
type of connection by using other porphyrins to improve the
stabilization of the photoinduced charge-separated states to
the extent that they persist for appropriately long times to
mediate the electron-hole pair to the appropriate electrodes.
Finally, we have constructed photovoltaic cells to obtain
higher efficiencies.

In the present study, we first synthesized the ammonium
cation-connected CNH through a spacer (sp) (CNH-sp-
NH;*), which is dispersible homogeneously in polar sol-
vents; therefore, CNH-sp-NH;* has potential for various ap-
plications.'®) We further functionalized CNH-sp-NH;* with
a crown ether appended to a porphyrin (Crown—ZnP)!"" to
produce an inclusion complex, CNH-sp-NH;*;Crown—ZnP,
(Scheme 1) to investigate the light-induced charge-separa-
tion processes in polar media.

Crown-ZnP

£t

CNH-sp-NH;" ; Crown-ZnP

Scheme 1. Formation of CNH-sp-NH;*;Crown—ZnP.
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Results and Discussion

Synthesis of Crown—ZnP: Crown ether porphyrin (Crown—
ZnP) was prepared according to the procedures shown in
Scheme 2. The precursor porphyrin with a methyl ester

Oy OMe

N

=

-0 -0 P SON
N HN—

BEEOK a) I\ 3 L
N 7 —\ JNHN=
07 oMe S

Scheme 2. Reagents and conditions: a) BF;0Et,, CHCl;, RT, 1 h; then DDQ, RT, 1 h, EtN;, 16%; b) LiAlH,, at
THEF, RT, 12 h, 98%; c) 4-(chlorocarbonyl)benzo[18]crown-6, CH,Cl,, pyridine, reflux, 4 days, 35%; d) Zn-

(OAc),»2H,0, CHCl,, MeOH, reflux, 2 h, 49%.

group (1) was prepared in 16 %
yield by the Lindsey method!"®!
and the intermediate porphyrin
with an alcohol group (2) was
obtained in 98 % yield by using
a literature procedure.l'”) Por-
phyrin with crown ether (3) was pristine CNH %+
obtained in moderate yield
(35%) by esterification of alco-
hol 2 with 4'-(chlorocarbo-
nyl)benzo[18]crown-6 in reflux-
ing dichloromethane. Finally,
the free-base porphyrin 3 was
treated with zinc acetate to
obtain the desired Crown—ZnP in 49 % yield. All these com-
pounds were characterized by '"H NMR and *C NMR spec-
troscopy, and MALDI-TOF mass spectrometry (see the
Supporting Information). Analysis of the 'H NMR spectra
of Crown—ZnP revealed all the expected signals (see Fig-
ure S2 in the Supporting Information) including the
[18]crown-6 entity hydrogen signals, which appear between
0=3.5 and 4.5 ppm; the typical fingerprint of the porphyrin
appears at 6 =8.87 and 8.75 ppm as two doublets and at 0=

(4m), 12h.
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8.70 as one broad singlet. Finally, the MALDI-TOF mass
spectrometric analysis revealed the molecular ion peak of
Crown—ZnP at m/z 1171.3244 (calcd: 1170.44) (see Fig-
ure S4 in the Supporting Information).

Preparation and characteriza-

tion of CNH-sp-NH;™: As

shown in Scheme 3, the treat-

ment of the CNH-COOH with

tert-butyl-N-(6-aminohexyl) car-

bamate  (N-Boc-1,6-diamino-

® hexane;  Boc=tert-butoxycar-

bonyl) in DMF afforded the

o protected f-CNH. Finally, the

3 Boc protecting group of the f-

2 CNH was easily cleaved upon

\ treatment with HCl/dioxane

o (4m) yielding quantitatively the
| target CNH-sp-NH;t.

The target CNH-sp-NH;*
was characterized by using vari-
ous analytical and spectroscopic
methods, all data being consis-
tent with the proposed struc-
ture. Figure 1 shows the Raman
spectrum of CNH-sp-NH;*,
which reveals the presence of
two prominent bands, one at ¥
~1350 cm™' (D-band) and one
7~1590cm™  (G-band).
These bands are known to be
characteristic of CNHs.?”! The
D-band is attributed to defect
sites, such as sp® carbons, origi-

'CO-NH-(CHy)e-NH;"Cl-

c)

CNH-sp-NH;*

Scheme 3. Reagents and conditions: a) H,O,; b) NH,-(CH,),-NH-Boc, DMF, 50°C, 5 days; c) HCl-dioxane

nating from a one-phonon second-order process producing
an elastic scattering® and is commonly used for monitoring
the process of functionalization (change of C-atom hybridi-
zation from sp® to sp®). An increase in the intensity of the
D-band for CNH-COOH and CNH-sp-NH;*, as compared
to that of the pristine CNH, was observed (Figure 1), which
provides evidence of functionalization of these two materi-
als. Furthermore, the additional increase of the D-band
from CNH-COOH to CNH-sp-NH;" is attributed to the fur-

Chem. Eur. J. 2010, 16, 10752 -10763
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Figure 1. Raman spectra of pristine CNH (solid line), CNH-COOH (dash
dotted line) and CNH-sp-NH;* (dotted line) obtained by excitation at
A=532nm. The spectra are normalized with the peak intensity of the G
band at 1=1590 cm™'; the peak height at A=1350 cm™! increases in the
order of pristine CNH (solid line), CNH-COOH (dash dotted line), and
CNH-sp-NH;* (dotted line).

ther functionalization (and additional sp® carbon atoms)
owing to the presence of the amide group, ethylene spacer,
and -NH, ™.

To further characterize CNH-COOH and CNH-sp-NH, ™,
thermogravimetric analysis (TGA) was employed. In
Figure 2, the obtained thermogram for CNH-sp-NH;* is de-

Weight / %

T |l |l Ll Ll T Ll T Ll
100 200 300 400 500 600 700 800 900
Temperature / °C
Figure 2. TGA curves recorded on raising the temperature at a rate of

10°C min~' under N, of pristine CNH (solid line), CNH-COOH (dash
dotted line), and CNH-sp-NH; " (dotted line).

picted and compared with that of CNH-COOH and pristine
CNH. Pristine CNH is thermally stable under a N, atmos-
phere up to 800°C; CNH-COOH shows weight loss result-
ing from decarboxylation until 700°C by about 8% com-
pared with the pristine CNH. The analysis of CNH-sp-NH;*
presents a higher weight loss of about 27 % at 550°C, owing
to the cleavage of the amide bond connecting the alkyl am-
monium cation. These losses correspond to one functional
group per ~40 carbon atoms (6-7 benzene rings) of the
CNH framework for both compounds. This result confirms
that the attachment of the -sp-NH;" group occurs through
the monoprotected diamine (N-Boc-1,6-diaminohexane) to
CNH-COOH with the amide bonds, followed by the acid
treatment.

X-ray photoelectron spectroscopy (XPS) provided clear
additional evidence of the proposed structure of CNH-sp-

Chem. Eur. J. 2010, 16, 10752-10763

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

NH,™* by identifying and quantifying the functional groups
anchored to the surface of CNHs.”? The high-resolution
C1s, O 1s, N 1s, and Cl 2p core-level spectra of a sample of
CNH-sp-NH;* are displayed in Figure 3a—d, respectively.
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Figure 3. High-resolution core-level spectra of CNH-sp-NH;*Cl: a) C 1s,
b) O 1s, ¢) N 1s, and d) CI 2p.

The C 1s peak was satisfactorily curve-resolved with four
components (Figure 3a) according to the peak assignment
used by Stankovich etal.” The most intense peak at
284.4 eV is attributed to the sp* C—C bonds of graphitic
carbon. The component at 286.4 eV has been often assigned
to C—OH (together with C—N and C—Cl bonds) and the
components at 287.8 and 289.6 eV to C=0 and -COO- spe-
cies, respectively. A weak component at around 291.0 eV
was observed and corresponds to a m—* transition of the
carbon atoms in graphene structures.” Similarly, the O 1s
spectrum has been curve-resolved with two components
(Figure 3b). A main component at 532.4 eV corresponds to
O=C surface groups and a minor one at 533.9 eV is often as-
sociated with O—C bonds,®! demonstrating the existence of
oxygen functional groups on the graphene surface. The
high-resolution N 1s spectrum (Figure 3¢) displays two com-
ponents, one at a binding energy of 400.2 eV, belonging to N
atoms bonded to alkyl chains, and another at 401.8 eV of
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similar intensity originating from the -NH,;* moiety.”! In
addition, the Cl2p core-level displayed the CI2p;, compo-
nent at 198.3 eV (Figure 3d) associated with the CI~ ion,
which acts as counter anion for the -NH;* moiety (see
Scheme 3).%!

Among the atomic percentages derived from XPS (see
the Supporting Information, Table S1), the C percentage is
85.7%, the remaining contributions are: O atoms 11.5%, N
atoms 1.8%, and Cl atoms 1.0%. The Cl atom percentage,
which is related to its presence as a counter ion of -NH;*,
reveals that the -NH;* ion accounts for almost one half of
the N content, as each CNH-sp-NH;* unit includes two
kinds of N atoms (amide N and terminal NH;* in 1:1 ratio);
thus, the ratio NH;*/Cl™=0.9 fits fairly well with the theo-
retical value of 1, as expected from the formula in
Scheme 3. Excess O atoms may result from unreacted
-COOH and/or adsorbed O,

Preparation of the nanohybrid CNH-sp-NH;*;Crown—ZnP:
By mixing Crown—ZnP with CNH-sp-NH;™ in DMF at
room temperature, the nanohybrid CNH-sp-NH;*;Crown—
ZnP was readily prepared as a stable, homogeneous, black
solution. The formation of CNH-sp-NH;*;Crown—ZnP was
substantiated by several techniques, as shown in the follow-
ing sections.

HRTEM characterization of the nanohybrids: The nano-
structures of CNH-sp-NH;*;Crown—ZnP were observed by
using high-resolution transmission electron microscopy
(HRTEM). A typical image is shown in Figure 4 top, in
which the dahlia-like structure is visible, meaning that the
chemical treatments do not destruct much of the original
dahlia-like structure. The existence of Zn atoms was clearly
indicated in the EXD spectrum of CNH-sp-NH;*;Crown—
ZnP, as shown in Figure 4 bottom, which corresponds to

Cu
Zn
Cu Zn
T T T T T T
75 80 85 90 95 100
Energy/ keV

Figure 4. Top: HRTEM image of CNH-sp-NH;*;Crown—ZnP obtained
from DMF solution. Bottom: EDX spectrum of CNH-sp-NH;*;Crown—
ZnP; Cu is due to the grid used for holding specimen.
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blockages near the horns of CNHs, owing to small ZnP mol-
ecules (Figure 4 top right).

Electrochemical characterization: Cyclic voltammetric stud-
ies were performed to understand the redox behavior of the

CNH-sp-NH,;";Crown—ZnP nanohybrid. Figure 5 shows the
oxidation of Crown—ZnP with increasing amounts of CNH-

Oxidation

a—

——_—e Ty L rren
0.0 0.2 0.4 0.6 0.8 1.0

Potential/V vs Ag/AgNog

Figure 5. Cyclic voltammograms of Crown—ZnP (blue line) upon addition
of increasing amounts of CNH-sp-NH;* (red to green line (final concen-
trations = Crown—ZnP (4.27x107"m) and CNH-sp-NH;* (0.5 mg/100 mL;
1720 pL in 2 mL)) containing 0.1M (nBu),NCIO, in DMF. The black line
corresponds to CNH-sp-NH,*. Scan rate: 100 mVs™.

sp-NH;*. The first oxidation potential of Crown—ZnP was
located at E;,=0.37 V versus Ag/AgNO;, corresponding to
the one-electron oxidation of the ZnP moiety. Addition of
CNH-sp-NH, " resulted in a small cathodic shift of the oxi-
dation wave (~20 mV) of the Crown—ZnP moiety, owing to
the interaction with CNH moieties,'” which supports the
fact that the high electron-donor ability of the ZnP moiety
is retained even in the nanohybrids.

Steady-state absorption spectroscopic characterization: Ab-
sorption spectral changes of Crown—ZnP on addition of
CNH-sp-NH;" in DMF solution are shown in Figure 6. The
sharp absorption band at =420 nm is assigned to the Soret
band of the ZnP unit. The intensity of the A=420 nm band
decreases on addition of CNH-sp-NH;*, with featureless
bands in the UV-visible and near-IR regions, which is an ad-
ditional piece of evidence for the formation of the inclusion
complexes with Crown—ZnP.!'"! Also, the presence of the
isobestic points at A =420 and 433 nm implies a predominant
conversion from the Crown—ZnP to the CNH-sp-NH;*;
Crown—ZnP nanohybrid (see Figure 6b).

Steady-state fluorescence measurements: With the excita-
tion at 1=433nm (one of the isobestic points) of the
Crown—ZnP moiety in the nanohybrids, the fluorescence
bands appeared at A =650 and 700 nm, as shown in Figure 7.

Chem. Eur. J. 2010, 16, 10752 -10763
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Figure 6. a) Absorption spectral changes of Crown—ZnP (black line;
427x107’m in DMF) on addition of increasing amounts of CNH-sp-
NH;* (concentration 0.5 mg/100 mL; from 30 to 1720 uL in 2 mL DMF).
b) Spectra of wavelength expansion near Soret-band region, showing two
isobestic points at A =420 and 433 nm.

500
Crown-ZnP

400+ —— +1720 L CNH-sp-NH,*
3
T 3001
Fo
w
200
£

100 J\/\__

0 | 1 H |

550 600 650 700 750 800
Wavelength / nm

Figure 7. Fluorescence spectra of Crown—ZnP (4.27x1077m; 2mL)
before and after addition of CNH-sp-NH;* (0.5 mg/100 mL 1720 pL) in
DMF; 4., =433 nm (isobestic point).

The fluorescence intensities of the Crown—ZnP moiety were
quenched (67%) on addition of CNH-sp-NH;* in DMF,
which provides evidence for the formation of the nanohy-
brid structure of CNH-sp-NH;*;crown—ZnP"”! A control

Chem. Eur. J. 2010, 16, 10752-10763
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experiment performed with the CNH-sp-NH;* precursor (f-
CNH, see Scheme 3) shows only slight quenching of the
Crown—ZnP fluorescence (see Figure S5 in the Supporting
Information). These results suggest that the intramolecular
character of the quenching of the fluorescence is caused by
the photophysical events in the excited singlet state of the
Crown—ZnP moiety (‘ZnP*) in the vicinity of CNHs, such
as a charge-separation process.!"”!

Fluorescence lifetime measurements: The fluorescence time
profiles of the Crown—ZnP moiety in the nanohybrid solu-
tion measured by using the excitation with picosecond
pulsed-laser light at A=400 nm and monitored by streak-
scope are shown in Figure 8, in which the shortening of the

1.0F
0.8
0.6
0.4
0.2

0.0 J . L ‘ .

Time /ns

Fluorecence intensity

Figure 8. Fluorescence-time profiles in the A=600-700 nm region in
DMF solution; A, =400 nm. i) Crown—ZnP (4.27x107*m; 4 mL), ii and
iii) CNH-sp-NH;;Crown—ZnP  nanohybrids  (4.27x107*m: 0.5 mg/
100 mL =3 mL:1 mL for (ii) and 2 mL:2 mL for (iii)).

fluorescence lifetime of the Crown—ZnP moiety was ob-
served. The fluorescence lifetime shortening is almost maxi-
mum under similar concentrations of CNH-sp-NH;* to the
steady-state fluorescence quenching. From the curve-fittings
with bi-exponential functions for both time profiles ii) and
iii), the fluorescence lifetime (7)smpe Of the Crown—ZnP
moiety was evaluated to be 370 ps (fraction=40%) and
1200 ps (fraction=60%), respectively, which are shorter
than that of the unbound Crown—ZnP [(7;),.;=2040 ps (frac-
tion=100%)].

These observations indicate efficient quenching of the
Crown-'ZnP* moiety by CNH-sp-NH;* in the nanohybrids.
The shorter fluorescence lifetime in polar DMF can be at-
tributed to the charge separation within the nanohybrids via
the 'ZnP* moiety, generating CNH-sp-NH;*;Crown—
ZnP'*. The rate constant (k) and the quantum yield
(@5cs) of the charge separation through the 'ZnP* moiety
were evaluated from the shorter fluorescence component by
the difference from that of the unbound Crown—ZnP.*! The
kScs value was determined to be 2.2x10°s™! and the @5
value was 0.81 (a total value was given as @5 x fraction=
0.33), suggesting a moderately efficient charge-separation
process through the Crown-'ZnP*. On the other hand, for
the longer fluorescence lifetime a kS5 value of 3.3x10%s™
was determined and the @3 value was 0.40 (@5 x frac-

— 10757

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

F. Langa, T. Hasobe, M. Yudasaka, O. Ito et al.

A EUROPEAN JOURNAL

tion=0.24), which may be assigned to a slow charge-separa-
tion process for the relatively distant Crown-'ZnP* moieties
from the CNH surface. The total @55 evaluated from the
fluorescence lifetimes is 0.57, which is in satisfactory agree-
ment with the steady-state fluorescence quenching of 67 %,
supporting the reliability of both methods.

Electron-mediating experiments: To confirm the charge sep-
aration in the nanohybrids, steady-state absorption spectral
measurements were performed by irradiation of the nanohy-
brids with light in the presence of hexyl viologen (HV*"),
which is a well-known electron-mediating reagent. The accu-
mulation of HV'* was confirmed by a characteristic band at
A=620 nm (Figure 9), resulting from the electron pooling to
HV?*, when a hole shifter such as 1-benzyl-1,4-dihydronico-
tinamide (BNAH) was added.””

1.2

ii
—~ ii
iv

1.0

0.8 vi
Vi
y’iii

0.6

Absorbance

0.4

0.2

0.0
400 800 1200 1600

Wavelength / nm

Figure 9. Steady-state absorption spectral changes observed after A=
532 nm laser light irradiation of CNH-sp-NH;%;Crown—ZnP (4.27 x
10*m: 0.5mg/100 mL=2mL:2mL) in the presence of HV?**(0.1 mm)
and BNAH. Each spectrum is the maximum one observed with repeated
laser light irradiation. [BNAH]=i) 0, ii) 0.2, iii) 0.4, iv) 0.6, v) 0.8, vi) 1.0,
vii) 1.2, viii) 1.4, and ix) 1.6 mm in Ar-saturated DMF (1.0 cm optical cell
length; the A=532 nm laser light has a 5 ns pulse width and ~3 mJ/pulse
power).

Each absorption spectrum exhibits the maximum value
obtained after the repeated irradiation with A=532 nm
laser-light (usually 2-5 times of 5ns pulsed laser light).
From the observed absorbance at A =620 nm, the maximum
concentration of HV'* was found to be 0.08 mm, from which
the conversion was evaluated to be 80% versus the feed of
HV?* (0.1 mm) in the presence of excess BNAH (1.6 mm).
On the other hand, in the absence of BNAH, no absorption
of HV'T was accumulated even after the laser-light irradia-
tion of the nanohybrids. On increasing the BNAH concen-
tration, amounts of HV'*" increased, which indicates that
back electron transfer from the electron-rich HV'* to the
electron-poor ZnP'* is suppressed by the hole shift (HS)
from ZnP'" to BNAH. After the hole shift, BNAH changes
to BNAH'", which irreversibly converts to 1-benzyl nicoti-
namide (BNA™), as a stable hole trap.
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In a control experiment without CNH-sp-NH;*, such
HV'* accumulation was not observed, although direct pho-
toinduced electron transfer from Crown-'ZnP* (or
Crown->ZnP*) to HV?* is possible, which indicates that
CNH-sp-NH," is indispensable for the accumulation of
HV'.

Nano-second transient absorption spectra: To investigate
the transfer and migration mechanisms of electron and hole,
the transient absorption spectra were recorded upon excita-
tion of the Crown—ZnP moiety of the nanohybrids with 1=
532 nm laser light after a nanosecond pulse duration
(Figure 10). In the CNH-sp-NH;";Crown—ZnP nanohybrids,
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Figure 10. Nanosecond transient absorption spectra of CNH-sp-NH;*;
Crown—ZnP (4.27x107*M : 0.5mg/100 mL=2 mL:2 mL) observed by
A=3532nm (5 ns pulse width and ~3 mJ/pulse) laser irradiation in Ar-sa-
turated DMF. Inset: Absorption—time profiles.

the observed transient absorption band in the A1=600-
800 nm region with a maximum at A =610-640 nm can be at-
tributed to the Crown—ZnP'* moiety.®l The absorption
bands in the near-IR region with a peak at A=1410 nm can
be considered as trapped electrons in the CNHs, as a coun-
terpart to the Crown—ZnP'* moiety, as similar broad ab-
sorption bands were observed for the trapped electrons in
CNH (CNH) in our previous papers.''? The time profile
at A=640 nm shown in the inset of Figure 10 was curve-
fitted by an exponential function, giving a first-order rate
constant of 1.2x107 s for the Crown—ZnP"* moiety in Ar-
saturated DMF. This rate constant can be attributed to the
intra-nanohybrid charge recombination (kcg) within CNH'"-
sp-NH;*;Crown—ZnP'*. In addition, the decay rate at A=
1410 nm is almost the same as that at 1 =640 nm, supporting
the fact that the 1=1410 nm absorption is due to CNH'~ as
a counterpart of the Crown—ZnP't moiety. Thus, the life-
time of the radical ion pair (RIP), tg;p of CNH "-sp-NH;*;
Crown—ZnP'* was evaluated to be 85 ns from the value of
kcgr. In the inset of Figure 10, although complete decay was
observed at A=1410 nm, the slow decay part was observed
at A=640 nm after 200 ns, which may be attributed to sur-
viving Crown—ZnP'* after the fate of CNH -sp-NH;* due
to the encounter of an electron with defects in CNH.
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If both BNAH and HV** were added to the nanohybrid
solutions, the transient absorption bands in the near-IR
region almost disappeared within 100 ns (Figure 11). In-
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Figure 11. Nanosecond transient absorption spectra of Crown—ZnP with
1720 mL of CNH-sp-NH;* (4.27x10*m: 0.5 mg/100 mL =2 mL:2 mL) in
the presence of HV?* (0.1 mm) and BNAH (1.6 mm) observed by 1=
532 nm (=3 mJ/pulse) laser-light irradiation in Ar-saturated DMF. Inset:
Absorption-time profiles.

stead, the increasing absorption was observed in the A=
600-800 nm region with a peak at 1=620 nm. Although the
absorption peak position is similar to the that of Crown—
ZnP't, quite different time profiles suggest that the 1=
620 nm band in the presence of HV?* is ascribed to the
HV'* absorption band. Thus, Figure 11 indicates that the
HV'* absorption band appeared at 1=620 nm with com-
plete annihilation of CNH'~-sp-NH;* at A=1410 nm, sug-
gesting that an electron-mediating process from CNH-sp-
NH;* to HV?* takes place generating HV'*, as an electron
pool in solution. On the other hand, the absorption band of
the Crown—ZnP"" moiety was completely consumed by the
hole shift to BNAH.

The rise of HV'* at 1=620 nm in the inset of Figure 11
may correspond to the intermolecular electron-mediating
process from CNH-sp-NH;* to HV?** within 200 ns
(k™ =5%x10°s7"), almost coinciding with the decay of
CNH' -sp-NH," at A=1410 nm. Taking the HV** concen-
tration into consideration, the bimolecular rate constant for
the apparent HV'* accumulation process was calculated to
be kgy=10m"'s7!, which is close to the diffusion-con-
trolled limit (kpyz=5x10°M~'s! in DMF).®

If BNAH is also present, the formed absorption band of
HV't at =620 nm persists without decay after 2-3 ps as
shown in the inset of Figure 11, indicating that back electron
transfer from electron-rich HV'* to Crown—ZnP'* was
almost suppressed by the excess BNAH, owing to the con-
sumption of Crown—ZnP'" supporting the hole shift from
the Crown—ZnP"* to BNAH.*

On addition of only HV?T to nanohybrids, the transient
spectra showed a decrease of the near-IR bands (see Fig-
ure S6 in the Supporting Information), accompanied by the
rapid decay of the 1=1410 nm band, confirming the elec-
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tron-mediating process from CNH~-sp-NH;* to HV?>* 11112
The most prominent difference is the shorter lifetime of the
generated HV'* (less than 200 ns), suggesting that the back
electron transfer from the Crown—ZnP't to HV'* is working
to consume HV'?.

Electron transfer scheme: These observations, induced by
the illumination of nanohybrids with light, can be explained
by the processes summarized in Scheme 4, in which charge

:CNH-sp-NH3+;Crown-1ZnP* '
'

el Wi NS
! )
\ :CNH@sp-NH{;Crown'Zn@ .

HV'* BNAH :BNAH”’:

|CNH—sp-NH3+;Crown—ZnP

:l Added compounds :r o

Scheme 4. Schematic representation for the photoinduced electron trans-
fer processes of the nanohybrid CNH-sp-NH;*;Crown—ZnP.

separation initially takes place through the 'ZnP* moiety,
generating CNH'~-sp-NH;*;Crown—ZnP'* in DMF solution.
On addition of HV** and BNAH, the electron on CNH me-
diates to HV*", leading to an accumulation of HV'*. From
the one-electron oxidation (/0.4 V) and the lowest singlet
excited-state energy (2.0 eV) of the ZnP, the charge-separa-
tion process becomes exothermic, if the reduction potential
of CNH is less negative than —1.6 V versus Ag/AgNO;,
which is reasonably negative enough to be compatible with
the reported reduction potential of single-walled carbon
nanotubes (SWCNT) of —0.6 V.l'¥l The intermolecular elec-
tron-mediating (EM) and hole-shifting (HS) processes with
additives are also exothermic processes or almost isoener-
getic processes.

Photovoltaic cells: To construct the photovoltaic cells, the
drop-cast method was applied to fabricate films of CNH-sp-
NH;*;Crown—ZnP onto an OTE/SnO, electrode. The ab-
sorption spectrum of OTE/SnO,/CNH-sp-NH;*;Crown—ZnP
(Figure 12a) exhibits the Soret band and Q-band, whereas
OTE/SnO,/CNH-sp-NH;* shows a featureless broad band
in the visible region (Figure 12b). Compared with the ab-
sorption spectra in Figure 6, broadening of the absorption
bands of OTE/SnO,/CNH-sp-NH;*;Crown—ZnP was ob-
served, suggesting the aggregations of the Crown—ZnP moi-
eties in the films.

Photoelectrochemical measurements were performed in a
three-compartment cell equipped with a potentiostat, OTE/
SnO,/CNH-sp-NH;*;Crown—ZnP or OTE/SnO,/CNH-sp-
NH,™* as a working electrode, and Pt wire as a counter elec-
trode.”** The I-V characteristics of the OTE/SnO,/CNH-
sp-NH;*;Crown—ZnP electrode under the illumination with
white light are shown in Figure 13; the photocurrent density
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Figure 12. Steady-state absorption spectra of a) OTE/SnO,/CNH-sp-
NH;*;Crown—ZnP film and b) OTE/SnO,/CNH-sp-NH;* film.
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Figure 13. A) I-V  characteristics of the OTE/SnO,/CNH-sp-NH;*;
Crown—ZnP electrode under illumination with white light (red curve;
AM 1.5 condition; input power=100 mWcm?) and in the dark (black
curve). B) Photocurrent generation responses of a) OTE/SnO,/CNH-sp-
NH;*;Crown—ZnP and b) OTE/SnO,/CNH-sp-NH;* at an applied bias
voltage of 0.2V versus SCE. Electrolyte: Lil 0.5m, I, 0.01M in aceto-

nitrile; input power =100 mWcm 2.

increases compared with the dark current. The photocurrent
density increases with an electrochemical bias, suggesting in-
creased charge separation and the facile transport of charge
carriers in the OTE/SnO,/CNH-sp-NH;*;Crown—ZnP elec-
trode under a positive bias potential. Importantly, the pho-
tocurrent generation density of the electrode can be con-
trolled by using the three-compartment cell (Figure 13), in
which the net photocurrent generation density of the OTE/
SnO,/CNH-sp-NH;*;Crown—ZnP  electrode at +02V
(=~0.58 mAcm?) was higher than the case at 0V
(~0.23 mAcm?).
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In Figure 13a, photocurrent responses of the OTE/SnO,/
CNH-sp-NH;*;Crown—ZnP electrode (response A) and
OTE/SnO,/CNH-sp-NH; ™ electrode (response B) under the
white light illumination are performed by applying bias po-
tential (0.2 V vs. SCE). Both photocurrent responses are
prompt, steady, and reproducible during repeated on/off
cycles of the light illumination. The short circuit photocur-
rent densities (/) at applied bias potentials of 0.2 V versus
SCE are about 0.40 mAcm™ for the OTE/SnO,/CNH-sp-
NH,";Crown—ZnP electrode (see response A) and
0.15mAcm™? for the OTE/SnO,/CNH-sp-NH;" electrode
(see response B). This indicates that the OTE/SnO,/CNH-
sp-NH;*;Crown—ZnP electrode is superior to the OTE/
SnO,/CNH-sp-NH;* one. The photocurrent action spectra
of the OTE/SnO,/CNH-sp-NH;*;Crown—ZnP electrode,
OTE/SnO,/CNH-sp-NH;*  electrode, and OTE/SnO,/
Ccrown—ZnP electrode were measured by examining the
wavelength dependence of the incident photon-to-current
conversion efficiency (IPCE). The IPCE values are calculat-
ed by normalizing the photocurrent densities for incident
light energy and intensity using of the expression given in
Equation (1),!

IPCE (%) = 100 x 1240 x i/ (Wi, X Aey) (1)

in which, i is the photocurrent density (Acm™?), W, is the
incident-light intensity (W cm™2), and A, is the excitation
wavelength (in nm). The photocurrent action spectra were
recorded by using the standard three-compartment cell
under an applied bias potential of 0.2V versus SCE. As
shown in Figure 14, the photocurrent action spectrum of

10

IPEC / %

0 s E TP L 1 e W N
400 500 600 700
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Figure 14. Photocurrent action spectra of IPCE; a) OTE/SnO,/CNH-sp-
NH;*;Crown—ZnP electrode, b) OTE/SnO,/CNH-sp-NH;* electrode,
and c¢) OTE/SnO,/Crown—ZnP electrode at an applied bias potential of
0.2 V versus SCE. Electrolyte: Lil 0.5mM, I, 0.01 M in acetonitrile.

IPCE for OTE/SnO,/CNH-sp-NH;*;Crown—ZnP electrode
follows the same pattern as the absorption spectrum in Fig-
ure 12a; furthermore, the maximum value of IPCE reaches
9% at A=450 nm, which is 4.5 times larger than that of the
OTE/SnO,/CNH-sp-NH; ™ electrode (2% in 1 =400-450 nm
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region) and 2.2 times larger than that of the OTE/SnO,/
Crown—ZnP electrode (4% at 450 nm).

The maximum IPCE value (9%) obtained for the OTE/
SnO,/CNH-sp-NH;*;Crown—ZnP electrode, is comparable
to that for the covalently grafted porphyrin to CNHs.!"!
Even by the comparison with the covalently linked porphy-
rin to the single-walled carbon nanotubes, the obtained
IPCE value for CNH-sp-NH;*;Crown—ZnP is comparable
or better.’>% These results clearly demonstrate that photo-
induced ET processes in the CNH-sp-NH;";Crown—ZnP
hybrid possesses the light-energy conversion ability (vide
infra), supporting considerably high potentials for applica-
tion to photovoltaic devices.

Conclusion

We have prepared a new supramolecular assembly of CNH
and a zinc—porphyrin (CNH-sp-NH;*;Crown—ZnP) for
light-sensitive nanohybrids by relatively simple self-assembly
procedures. By the excitation of the nanohybrids, the gener-
ation of the unique charge-separated state, CNH "-sp-NH;%;
Crown—ZnP'* via the excited singlet state of the Crown—
ZnP moiety was confirmed. As ZnP'* and CNH'™ persist
longer than 100 ns, they have enough time to mediate the
electron on CNH to HV?** to concomitantly shift to the hole
of ZnP to BNAH under appropriate concentration ranges.
Thus, accumulation of HV't was observed by irradiation of
the nanohybrids in light in the presence of a sacrificial hole
shifter, BNAH, as summarized in Scheme 4, in which the
ET mechanisms are confirmed with the transient absorption
and time-resolved fluorescence measurements. Usually, the
accumulated HV'* can be further used as an electron source
transferring to catalysts for H, evolution in aqueous solu-
tion. Additionally, photoelectrochemical cells of the CNH-
sp-NH;;Crown—ZnP hybrid materials were fabricated onto
OTE/SnO, electrodes. The OTE/SnO,/CNH-sp-NH;%;
Crown—ZnP electrode exhibited a maximum IPCE of 9%.
Based on theses experiments, we conclude that organization
of molecular assemblies achieved with the CNH-sp-NH;™;
Crown—ZnP hybrid materials is a key factor in attaining im-
proved light-energy conversion properties.

Experimental Section

Chemicals: CNHs were produced by CO, laser ablation of graphite in
the absence of any metal catalyst under an Ar atmosphere (760 Torr) at
room temperature; the purity of CNHs was as high as 90% with less
amorphous carbons. Then, the CNHs were treated with H,O,, which gen-
erated the corresponding carboxylic acid groups in CNH-COOH. All
other chemicals utilized in the synthesis and spectroscopic measurements
were purchased from Aldrich Chemicals (Milwaukee, WI) and were used
as received. Tetrabutylammonium perchloride, nBu,NCIO, used in the
electrochemical studies, was obtained from Fluka Chemicals.

Synthesis of Crown-H,P, 3 (see Scheme 2): A solution of 4-carboxyben-
z0[18]crown-6 (200 mg, 0.56 mmol), SOCI, (408 pL, 5.6 mmol), and pyri-
dine (1 mL) in dry CH,Cl, (30 mL) was refluxed under argon gas for 3 h.
After the mixture was cooled, the solvent was evaporated and the crude
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residue was washed several times with boiling petroleum ether. Then, the
solvent was evaporated and the resultant colorless solid was redissolved
in dry CH,Cl, (20 mL). Then, pyridine (1 mL) was added followed by
porphyrin 2! (see Scheme 2, 50 mg, 0.05 mmol). The reaction mixture
was refluxed under an argon atmosphere for four days. The solvent was
evaporated, and the crude product was purified by column chromatogra-
phy (silica gel, CH,Cl, followed by CH,Cl,/CH;OH 90:10). Evaporation
of the solvents yielded the desired free-base porphyrin crown-H,P com-
pound 3 as a purple solid (19 mg, 35%); '"H NMR (400 MHz, CDCl;) 6 =
8.81 (d, 2H, B-pyrrole H, J=4.58 Hz), 8.70 (d, 2H, B-pyrrole H, J=
4.58 Hz), 8.65 (s, 4H, B-pyrrole H), 8.23 (d, 2H, phenyl H, /=7.78 Hz),
7.89 (dd, 1H, benzocrown phenyl H, J=8.44 Hz, J=1.60 Hz), 7.81 (d,
2H, phenyl H, J=7.78 Hz), 7.74 (d, 1H, benzocrown phenyl H, J=
1.60 Hz), 7.29 (s, 6H), 6.96 (d, 1H, benzocrown phenyl H, J=8.44 Hz),
571 (s, 2H), 4.34-4.20 (m, 4H, crown ethylene H), 4.05-3.95 (m, 4H,
crown ethylene H), 3.85-3.66 (m, 12H, crown ethylene H), 2.64 (s, 9H),
1.86 (s, 18H), —2.54 ppm (br s, 2H, -NH); MS ( MALDI-TOF, dithra-
nol): m/z: 1109.6 [M+1].

Synthesis of Crown—ZnP: Crown-H,P 3 (16 mg, 0.014 mmol) was dis-
solved in CHCI; (10 mL), saturated zinc acetate in methanol was added,
and the resulting mixture was refluxed for 2 h. Then, the reaction mixture
was washed with water and dried over anhydrous Na,SO, The crude
Crown—ZnP solid was purified by washing several times with chloro-
form—pentane to give pure Crown—ZnP (8 mg, 49%); 'H NMR (CDCl,,
400 MHz) 0=38.87 (d, 2H, B-pyrrole H, J=4.64 Hz), 8.75 (d, 2H, B-pyr-
role H, J=4.64 Hz), 8.70 (br s, 4H, B-pyrrole H), 8.24 (d, 2H, phenyl H,
J=792Hz), 7.88 (dd, 1H, benzocrown phenyl H, J=848Hz, J=
1.60 Hz), 7.80 (d, 2H, phenyl H, /=792 Hz), 7.73 (d, 1H, benzocrown
phenyl H, J=1.60 Hz), 7.27 (s, 6H), 6.95 (d, 1H, benzocrown phenyl H,
J=8.48 Hz), 5.70 (s, 2H), 4.30-4.21 (m, 4H, crown ethylene H), 4.00-3.92
(m, 4H, crown ethylene H), 3.81-3.68 (m, 12H, crown ethylene H), 2.63
(s, 9H); 1.85ppm (s, 18H); *CNMR (CDCI3, 100 MHz,) 6=166.4,
149.9, 149.8, 149.7, 142.8, 139.2, 139.0, 138.9, 137.3, 135.3, 134.5, 132.0,
131.1, 131.0, 130.6, 127.6, 126.1, 125.5, 124.2, 122.8, 119.4, 118.8, 118.5,
117.9, 114.5, 1122, 70.9, 70.7, 69.3, 66.5, 21.7, 21.6, 21.4 ppm; UV/Vis
(DMF): A, (loge): 600 (3.1), 561 (3.5), 427(5.0), 405nm (3.9); MS
(MALDI-TOF, dithranol): m/z: 1171.3244 [M+1].

Synthesis of CNH-sp-NH;" (see Scheme 3): CNH-COOH (50 mg) was
suspended in DMF (100 mL) and the resulting mixture was sonicated for
S min. N-Boc-1,6-diaminohexane was added (Boc=tert-butoxycarbonyl,
150 mg, 0.6 mmol) and the mixture was stirred at 50°C for five days to
obtain f~CNH (Scheme 3), which was recovered by vacuum filtration
over a Millipore membrane (PTFE, 0.1 um), extensively washed with
DMF, CH,Cl,, and Et,0O, and dried under high vacuum. To produce
CNH-sp-NH;", the Boc protecting group was removed by adding a solu-
tion of HCl-dioxane (4M; 20 mL) in a round-bottom flask, which was
cooled by an ice-water bath under an argon atmosphere. After the mix-
ture had been stirred overnight, it was filtered on a Millipore membrane
(PTFE, 0.1 um), followed by addition of fresh CH,Cl, with sonication, fil-
tration through a 0.1 um PTFE membrane and finally washing the solid
material with EtOH. The collected black solid of CNH-sp-NH,* was fi-
nally dried under high vacuum (54 mg). The FT-IR spectrum of CNH-sp-
NH;* exhibits the C—H stretching vibration modes of the alkyl chains
around 7=2916 and 2850 cm™!, and a broad band around #=3400 cm™!
corresponding to the cationic ammonium group. Additionally, the cova-
lent amide bonds are proven by the presence of carbonyl vibrations at
#=1637 cm ™' (see Figure S7 in the Supporting Information).

Formation of CNH-sp-NH;*;Crown—ZnP: crown—ZnP (4.27x10"'m in
2 mL DMF) and CNH-sp-NH;* (concentration 0.5 mg/100 mL in DMF)
were stirred for 2 min at room temperature.

Preparation of OTE/SnO,/CNH-sp-NH;*;Crown—ZnP films: The desired
volume of the CNH-sp-NH;*;Crown—ZnP suspension (~1mL) was
simply deposited onto an OTE/SnO, electrode by using the drop-cast
method. The OTE/SnO, electrodes (with a surface area of 0.5x0.5 cm)
coated with CNH-sp-NH;*;Crown—ZnP gave the OTE/SnO,/CNH-sp-
NH,*;Crown—ZnP electrode. As reference electrodes, OTE/SnO,/CNH-
sp-NH;* and OTE/SnO,/Crown—ZnP were prepared similarly.
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