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Abstract

We have developed molecular photovoltaic devices where fullerenes and porphyrins as building blocks are self-assembled onto an ITO
electrode. Anodic photocurrent generation was observed when the ITO electrode modified with porphyrin—fullerene dyads was illuminated
in the presence of ascorbic acid (AsA) as an electron sacrificer. Photoinduced multistep electron transfer mechanism at the ITO surface
is proposed for the photocurrent generation. These results provide basic information for the development of nanostructured molecular
photovoltaic devices.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction erated photoinduced charge separation (CS) and retarded
charge recombination (CR})18-23] as seen in photo-
Significant efforts have been made in recent years to synthesis. Although porphyrin—fullerene-linked systems
explore the photoelectrochemical and photovoltaic prop- have achieved a high quantum yield for CS in solution,
erties of donor—acceptor systerfis-12]. Since covalently it is still difficult to reflect the high value on a quan-
linked donor—acceptor arrays can produce a long-lived, tum yield of photocurrent generation using the SAMs of
charge-separated state with a high quantum yield, they haveporphyrin—fullerene-linked systenjd1,12,18-20Q] There-
been frequently employed in organized systefhs12] fore, further systematic studies on the photoelectrochemical
However, an efficient conversion of light to electrical or systems are required to disclose the controlling factors for
chemical energies via the charge-separated state has oftephotocurrent generation.
been hampered by the poor vectorial electron flow in the Here, we report novel SAMs of porphyrin—fullerene-
covalently linked molecules incorporated into lipid bilay- linked dyads on ITO electrode aiming the development
ers and Langmuir-Blodgett membranes or organized atof molecular photovoltaic devices.gg diacid is directly
electrodeg1-16]. attached on the ITO surface to enhance electrical communi-
Self-assembled monolayers (SAM¢$17] of donor— cation between the ¢g moiety and the ITO electrode. The
acceptor-linked systems are highly promising methodology structures and photoelectrochemical properties have been
for the construction of molecular photovoltaic devices, be- examined in detail using spectroscopic and electrochemical
cause donor—acceptor-linked molecules can be well-packedmethods.
on electrode surfaces to reveal unidirectional orientation.
Along this line, we have developed a variety of photo-
voltaic devices[11,12,18-20]consisting of the SAMs of 2. Experimental
porphyrin—fullerene-linked systems, which exhibit accel-
2.1. General
E_ngﬁr;f;,f:;d'ﬁaizt:g'sgitii_z.szs (ﬁ?#ahori). M_elting points were recorded on a Yanagimoto micro-
1 Co-corresponding author. melting apparatus and are not correctdd. NMR spectra
E-mail address: fukuzumi@chem.eng.osaka-u.ac.jp. were measured on a JEOL EX-270. Matrix-assisted laser
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desorption/ionization (MALDI) time-of-flight mass spec- pounds were determined from the charges of the anodic peak

tra (TOF) were measured on a Kratos Compact MALDI of the porphyrin first oxidation or those of the cathodic peak

I (Shimadzu). UV-vis spectra were obtained on a Shi- of the fullerene first reduction.

madzu UV-3100 spectrometer. AFM measurements were

performed in air with tapping mode using NanoScope llla 2.4. Photoelectrochemical measurements

(Veeco metrology group/ Digital Instruments). All solvents

and chemicals were of reagent grade quality, purchased Photoelectrochemical measurements were performed in

commercially and used without further purification unless a one-compartment Pyrex UV cell (5mL). The cell was

otherwise noted. Tetrabutylammonium hexafluorophosphateijlluminated with monochromatic excitation light through

used as a supporting electrolyte for the electrochemical interference filters (MIF-S, Vacuum Optics Corporation

measurements was obtained from Tokyo Kasei Organic of Japan) by a 180 W UV lamp (Sumida LS-140V) or a

Chemicals and recrystallized from methanol. Dry toluene monochromator (Ritsu MC-10N) by a 500 W xenon lamp

and dry methylene chloride were heated at reflux and dis- (Ushio XB-50101AA-A) on the SAM of 0.48 cfaThe pho-

tilled from Cak. Thin-layer chromatography and flash tocurrent was measured in a three-electrode arrangement

column chromatography were performed with Alt. 5554 (Bioanalytical Systems Inc., CV-50W), a modified ITO

DC-Alufolien Kieselgel 60 Bssq (Merck) and Fujisilica  working electrode (electrode area, 0.48ma platinum

BW300, respectively. ITO electrode (190-200nm ITO on wire counter electrode (the distance between electrodes is

transparent glass slides) was commercially available from 0.3 mm), and a Ag/AgClI (sat. KCI) reference electrode. The

Evers Inc. (Japan). The roughness fact@r£ 1.3) was light intensity was monitored by an optical power meter

estimated by the AFM measurement with tapping mode.  (Anritsu ML9002A) and corrected. Quantum yields were
calculated based on the number of photons absorbed by

2.2. Yynthesis the chromophore on the ITO electrodes at each wavelength
using the input power, the photocurrent density, and the ab-

1: A saturated solution of zinc acetate dihydrate in sorbance determined from the absorption spectrum on the

methanol (8 mL) was added to a solution2f24] (64 mg, ITO electrode.

50mol) in chloroform (50 mL) and refluxed for 5 h. After

cooling, the reaction mixture was washed with saturated

sodium bicarbonate aqueous solution and water succes-3. Results and discussion

sively, dried over anhydrous sodium sulfate, and then the

solvent was removed under reduced pressiuras a deep ~ 3.1. Preparation and characterization

purple solid from chloroform—methanol (64 mg, gimol,

95% yield): mp > 300C; 'H NMR (CDCl) § 1.53 (s, The SAMs of porphyrin—fullerene dyads on the ITO elec-

36H), 4.10 (s, 5H), 4.35 (s, 2H), 4.69 (s, 2H), 7.58 Jd, trode have been prepared to reveal efficient photocurrent

= 7Hz, 2H), 7.75 (d,J = 7Hz, 2H), 7.82 (s, 2H), 8.02 generation on the ITO electrode. The investigated systems

(s, 4H), 8.09 (d,J = 2Hz, 4H), 8.13 (s, 1H), 8.28 (d] are shown irFig. 1 Their photoelectrochemical and photo-

= 7Hz, 2H), 8.29 (dJ = 7 Hz, 2H), 8.33 (s, 1H), 8.38 (d, dynamical properties are compared to those of correspond-

= 7Hz, 2H), 8.40 (dJ = 7 Hz, 2H), 8.91 (dJ = 5Hz, 2H), ing porphyrin—fullerene dyads (ZnPsgcand HP-Csg [24])

8.94 (d,J = 5Hz, 2H), 9.04 (dJ = 5Hz, 2H), 10.02 (s, in solution to disclose the difference.

1H); 13C NMR (CDCh) § 191.00, 165.95, 150.63, 150.49, The general strategy employed for synthesizing the

150.36, 149.38, 148.56, 147.67, 143.62, 141.67, 134.80,SAMs is summarized icheme 1ITO electrodes were im-

133.19, 132.65, 132.48, 132.32, 131.33, 131.09, 129.67,mersed into 1 mM bromobenzene solution gi(COOH)

129.59, 125.31, 123.06, 122.72, 120.88, 119.70, 118.56,in the presence of DCC (dicyclohexylcarbodiimide) and

35.04, 31.75; MALDI-TOFMASS (positive mode)z 1352 BtOH (1H-benzotriazol-1-ol), and stirred at room temper-

(M + H™Y); Anal. Calcd. for GgHg3sNsO3Zn(H,0) (FW ature for 40h. Then, the modified ITO electrodes were

1197.9): C, 76.20; H, 7.15; N, 5.85. Found: C, 75.76; H, washed well and sonicated in bromobenzene for 2 min to

7.27; N, 5.49. give Ggo-ref/ITO [25]. Zincporphyrin aldehydd or free-
base porphyrin aldehyd[24] was coupled to gp-ref/ITO
2.3. Cyclic voltammetry measurements by refluxing in the presence ofi-methylglycine for 3

days in toluene to yield ZnPgg/ITO or HoP-Gsof/ITO.

All electrochemical studies were performed on a Bioana- Porphyrin—fullerene dyads (ZnPs& and HP-Gsp) were
Iytical Systems Inc., CV-50 W voltammetric analyzer using obtained by following the same procedures as described
a standard three-electrode cell with a modified ITO working previously[24].
electrode (electrode area, 0.48%9na platinum wire counter Fig. 2adisplays the absorption spectra of ZngsTO
electrode, and an Ag/AgCI (sat. KCI) reference electrode and porphyrin reference ZnPsg measured in THF. The
in CHxCl, containing 0.2 Mn-BusNPFg electrolyte with a Soret band of ZnP-§y/ITO becomes broader than that of
sweep rate of 0.10V&. The adsorbed amounts of com- ZnP-Gsg in THF. The Aimax value of the Soret band of
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Fig. 1. Self-assembled monolayers of porphyrin—fullerene dyads on ITO and porphyrin—fullerene references.

ZnP-Gso/ITO (430 nm) is red-shifted by 4 nm as compared to n-BusNPFs were performed with a sweep rate of 0.10V}s

that of ZnP-Ggp in THF (426 nm). This indicates that the por-

(electrode area, 0.48crR) to estimate the surface cover-

phyrin environments on ITO are similar and perturbed mod- age, as shown iRig. 3. The adsorbed amounf’j of Cgg On
erately within the monolayers, as compared to the referenceCgo-ref/ITO was calculated from the first cathodic peak cur-

in THF, due to the aggregatidi1,12] Similar broadening
and red-shift of the Soret band was noted foPHC;o/ITO
(Fig. 2b.

The cyclic voltammetry measurements of ZngyCTO,
H2P-Cso/ITO, and Go-ref/ITO in CH,Cl containing 0.2 M

rent of the Go as 21 x 10~1%mol cm2 using the roughness
factor of 1.3 for ITO electrode from atomic force microscopy
(AFM) measurements. This value is in good agreement of
the well-packed surface coverage fggGAM on electrodes
(1.9-2.0 x 107 1%molcm2) [26]. The adsorbed amounts

1 mM DCC
1 mM BtOH
OH (1H-benzotriazol-1-ol)
ITO -OH
OH 1 mM Cg1(COOH),
Bromobenzene
rt. 40 h
1 (M=2n)
2(M=Hyp) ITO
10 mM
N - methylglycine
Toluene

reflux 3 days

Ar
—@—NHCO & Ar
A

P-Cgo/ITO (M = Hy, Zn)

r Ar = 3,5-di-tert-butylphenyl

Scheme 1.
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0
400 450 500 550 600 Fig. 3. Cyclic voltammograms of (a)ggref/ITO, (b) ZnP-Go/ITO, and
Wavelength / nm (c) HaP-Ggo/ITO in CH,Cl, containing 0.2 Mn-BusNPFs with a sweep
rate of 0.1Vs?, electrode area, 0.48 &ncounter electrode, Pt wire;
Fig. 2. (a) Absorption spectra of ZnPsgITO (solid line) and ZnP-g in reference electrode, Ag/AgCI (sat. KCI).
THF (dashed line) and the action spectrum of ITO/Znfgt&sA/Pt system (a)

(solid line with closed circles); applied potential0.10 V vs Ag/AgCl (sat. 400 nm

KCI). (b) Absorption spectra of yP-Cso/ITO (solid line) and HP-Cgo
in THF (dashed line) and the action spectrum of ITePCso/AsA/Pt
system (solid line with closed circles); applied potenti&0.10V vs
Ag/AgCI (sat. KCI). Lex = 430 nm for zincporphyrin andex = 420 nm
for freebase porphyirn (5Q0W cm2); an argon-saturated 0.1 M BBOy
aqueous solution containing 50 mM AsA.

(I") of porphyrin on ZnP-G/ITO and HP-Gso/ITO were 0 74—(')-Oonm
also calculated from the first anodic peak currents of the por-

phyrin as 28 x 10~ mol cn? and 68 x 10~ molcm2,
respectively. Relative molar ratio of porphyrin versug G
about 1:8 for ZnP-gy/ITO and 1:3 for BP-Cso/ITO. This
indicates that only a part ofdg molecules on the ITO can
react with porphyrin molecules due to the steric hindrance
and the poor reactivity on theggsurface.

AFM measurements were performed for the modified ITO
surfaces to obtain the information on the surface structures.
AFM images of Go-ref/ITO and ITO itself reveal rather 0 400 nm
smooth surface, whereas ZnRg@TO and HP-Gso/ITO . ) ) )

L . . . . Fig. 4. Tapping mode atomic force micrography of: (ago@f/ITO (Z
exhibit small domain structures with 10—20 nm size, which range: 25nm) and (b) ZnPs@ITO in air (Z range: 50nm). The color

presumably cprresponds to the porphyrin aggregates on thecale represents the height topography, with bright and dark representing
Cso surface Fig. 4). the highest and lowest features, respectively.
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Fig. 5. Photocurrent vs. applied potential curves for the ITO/ZnP-
Ceo/ASA/Pt system (solid line with closed circles). The dark current is
shown as dotted line with closed circlésy = 430 nm (50QuW cm2); an
argon-saturated 0.1 M N80, aqueous solution containing 50 mM AsA.

3.2. Photoelectrochemical properties
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fell down instantly when the illumination was cut off. The
anodic photocurrent increases monotonically with increas-
ing positive bias to the ITO electrode [from O #0.10V
versus Ag/AgCI (sat. KCI), as shown kig. 5 The action
spectrum largely agrees with the absorption spectrum of
ZnP-Gso/ITO in 400-600 nm Fig. 29, implying that the
porphyrin is the photoactive species responsible for the
photocurrent generation. Similar photoelectrochemical be-
havior was observed for the ITOR-Cso/ASA/Pt system.
These results demonstrate that photocurrent flows from
the electrolyte to the ITO electrode via the excited state
of the porphyrin SAM. The quantum yield of photocur-
rent generation was determined for ITO/ZnBaBsA/Pt
and ITO/HP-Cso/AsA/Pt systems at applied potential of
+0.10V versus Ag/AgCI (sat. KCI). The internal quantum
yield (¢) based on the number of photons absorbed by the
chromophores was calculated using the input powvigg (

= 430 nm for zincporphyrin anéley = 420 nm for freebase
porphyrin, light of 50QuW cm~2), the photocurrent density,
and the absorbance on the electrodes (ITO/Zgi#ASA/Pt
systemi = 135nAcnt2, A= 0.015; ITO/HP-Cso/ASA/Pt
system:i = 25nAcnt?, A = 0.019). The¢ value of
ITO/ZNP-Gso/ASA/Pt system (2.5%) is larger by a fac-
tor of 6 than the value of ITO/BP-Cso/ASA/Pt system

Photoelectrochemical measurements were carried out in(0.4%).

an argon-saturated 0.1 M PB&O; aqueous solution con-

Based on the above results together with the well-

taining 50 mM ascorbic acid (AsA) acting as an electron established photodynamics of porphyrin—fullerene-linked

sacrificer using ZnP-£g/ITO or HP-Cso/ITO as the work-

systems on electrodes as well as those of Zgk-&hd

ing electrode, a platinum counter electrode, and an Ag/AgCl H2P-Ggp in solution [11,12,18-20] the mechanism of
(sat. KCI) reference electrode (hereafter, represented byphotocurrent generation in the ITO/ZnRdgASA/Pt and

ITO/ZnP-Gso or HoP-Gso/AsA/Pt, where / denotes an in-
terface). When ZnP-£g/ITO electrode was irradiated with
Lex = 430 nm light with a power density of 5QON cm2

at applied potential of-0.10V versus Ag/AgClI (sat. KCI),

ITO/H2P-Gso/ AsA/Pt systems is summarized 8theme 2
First, an intramolecular ET takes place frégnP* [—1.20 V
versus Ag/AgCl (sat. KCI)] orlH,P* [—0.79V versus
Ag/AgCI (sat. KCI)] to Gy, followed by intermolecular

a stable anodic photocurrent from the electrolyte to the ITO ET from AsA [+0.29V versus Ag/AgCI (sat. KCI)] to the

electrode appeared, as shownHig. 5 The photocurrent

0 Ce0/Cs0 ™~

-0.62V
7

ITO

Potential (V vs Ag/AgCI (sat. KCI))

porphyrin radical cation ZrP® [+0.85V versus Ag/AgCl

ZnP*/ 1ZnP*
-1.20V
H,P™*/ TH,P*
-0.79 V

hv

AsAt/AsA
0.29V
e —_—
ZnP*/ZnP
0.85V /
H,P*/H,P
111V

Scheme 2.
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(sat. KCI)] or HbP*+ [1.11V versus Ag/AgCI (sat. KCI)],
yielding the G radical anion (Gp*~) and AsA radical
cation (AsAT). Photogenerated §g°~ [—0.62V versus
Ag/AgCI (sat. KCI)] gives an electron to the ITO electrode,
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[3] R. Argazzi, C.A. Bignozzi, T.A. Heimer, F.N. Castellano, G.J. Meyer,
J. Am. Chem. Soc. 117 (1995) 11815.

[4] P. Bonhote, J.-E. Moser, R. Humphry-Baker, N. Vlachopoulos, S.M.
Zakeeruddin, L. Walder, M. Grétzel, J. Am. Chem. Soc. 121 (1999)
1324

leading to the anodic photocurrent generation. The quantum 5] c.J. Kleverlaan, M.T. Indelli, C.A. Bignozzi, L. Pavanin, F. Scandola,

yields of charge separation of ZnR¢399%) and HP-Csg
(98%) [24] in benzonitrile are virtually the same on a basis

of results obtained by using pico- and nanosecond transient
absorption measurements. The lifetime of charge-separated

state of ZnP-Gp (770ns) in benzonitrile becomes longer
than that of HP-Gsp (45ns) in the same solvent. This

clearly demonstrates that the long-lived charge-separated
state as well as the charge separation efficiency is an impor-

tant controlling factors for achieving a high quantum yield

of photocurrent generation in the donor—acceptor-linked

system which is covalently attached to ITO surface.

4, Conclusion

We have successfully constructed molecular photovoltaic
devices using self-assembled monolayers of porphyrin—
fullerene-linked dyads on ITO electrodes. The high quan-

tum vyield (99%) and the long lifetime (770ns) of the

charge-separated state of the zincporphyrin—fullerene dyad
in solution play essential roles on achieving a high quan-

tum vyield of photocurrent generation in donor—acceptor-
linked system which is covalently attached to ITO surface.
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