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Abstract: Three different kinds of mixed self-assembled monolayers have been prepared to mimic photosynthetic
energy and electron transfer on a gold surface. Pyrene and-bdiyrrin were chosen as a light-harvesting
model. The mixed self-assembled monolayers of pyrene (or batimyrrin) and porphyrin (energy acceptor

model) reveal photoinduced singtetinglet energy transfer from the pyrene (or boralipyrrin) to the porphyrin

on the gold surface. The borewlipyrrin has also been combined with a reaction center model, ferrecene
porphyrin—fullerene triad, to construct integrated artificial photosynthetic assemblies on a gold electrode using
mixed monolayers of the respective self-assembled unit. The mixed self-assembled monolayers on the gold
electrode have established a cascade of photoinduced energy transfer and multistep electron transfer, leading
to the production of photocurrent output with the highest quantum yield{®%, based on the adsorbed
photons) ever reported for photocurrent generation at monolayer-modified metal electrodes and across artificial
membranes using donoeacceptor linked molecules. The incident photon-to-current efficiency (IPCE) of the
photoelectrochemical cell at 510 and 430 nm was determined as 0.6% and 1.6%, respectively. Thus, the present
system provides the first example of an artificial photosynthetic system, which not only mimics light-harvesting
and charge separation processes in photosynthesis but also acts as an efficient light-to-current converter in
molecular devices.

A final goal in supramolecular chemistry involves molecular of these molecules to convert the resulting charge-separated state
assemblies which allow us to develop molecular devices. into chemical or electrical energy in macroscopic quantftiés.
Photosynthesis is one of the most elegant natural molecularHowever, conventional methodologies for constructing as-
devices in which all of the functional components are well- semblies such as Langmuir Blodgett films and lipid bilayer
organized, with the help of a protein matrix. Photosynthetic membranes have disadvantages for outputting the energy in
membranes include both the light-harvesting complex and the terms of stability, uniformity, and manipulation, which have
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precluded successful development of photosynthesis-mimicking
systems. On the other hand, self-assembled monolayers (SAMs)
are expected to provide a highly promising way to overcome

these problem¥! There have so far been several examples of S-{(CHzhrcoN 8Q
photoinduced E¥16 or EN' in SAMs on gold electrodes ) \
and semiconductors. However, artificial photosynthetic 1

SAMs, which can exhibit both photoinduced EN and ET to
yield efficient photocurrent generation, have yet to be con-
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(8) (a) Seta, P.; Bienvenue, E.; Moore, A. L.; Mathis, P.; Bensasson, R.

V.; Liddell, P. A.; Pessiki, P. J.; Joy, A.; Moore, T. A.; Gust, Nature
1985 316 653. (b) Steinberg-Yfrach, G.; Liddell, P. A.; Hung, S.-C.; Moore,
A.L.; Gust, D.; Moore, T. ANature1997, 385, 239. (c) Steinberg-Yfrach,
G.; Rigaud, J.-L.; Durantini, E. N.; Moore, A. L.; Gust, D.; Moore, T. A.
Nature 1998 392 479.

(9) (a) Fujihira, M.Mol. Cryst. Lig. Cryst199Q 183 59. (b) Kim, Y.-
S.; Liang, K.; Law, K.-Y.; Whitten, D. GJ. Phys. Chem1994 98, 984.
(c) Morita, T.; Kimura, S.; Imanishi, YJ. Am. Chem. Sod999 121, 581.
(d) Fungo, F.; Otero, L. A.; Sereno, L.; Silber, J. J.; Durantini, EJN.
Mater. Chem200Q 10, 645. (e) Choudhury, B.; Weedon, A. C.; Bolton, J.
R. Langmuir1998 14, 6199. (f) Fujihira, M.; Nishiyama, K.; Yamada, H.
Thin Solid Films1985 132, 77.

(10) (a) Fox, M. A.Top. Curr. Chem1991, 159, 68. (b) Fox, M. A.
Acc. Chem. Redl992 25, 569. (c) Bard, A. J.; Fox, M. AAcc. Chem.
Res.1995 28, 141. (d) Fox, M. A.Acc. Chem. Red.999 32, 201.

(11) (a) Hagfeldt, A.; Grzel, M. Chem. Re. 1995 95, 49. (b) Bonhote,

P.; Moser, J.-E.; Humphry-Baker, R.; Vlachopoulos, N.; Zakeeruddin, S.

M.; Walder, L.; Grazel, M.J. Am. Chem. So&999 121, 1324. (c) Hagfeldt,
A.; Grétzel, M. Acc. Chem. Re00Q 33, 269.

(12) (a) Mallouk, T. E.; Harrison, D. J. Iinterfacial Design and
Chemical Sensingviallouk, T. E., Harrison, D. J., Eds.; ACS Symposium

Series 561; American Chemical Society: Washington, DC, 1994. (b) Cao,

G.; Hong, H.-G.; Mallouk, T. EAcc. Chem. Re4992 25, 420. (c) Kaschak,
D. M.; Lean, J. T.; Waraksa, C. C.; Saupe, G. B.; Usami, H.; Mallouk, T.
E.J. Am. Chem. S04999 121, 3435. (d) Kaschak, D. M.; Johnson, S. A.;
Waraksa, C. C.; Pogue, J.; Mallouk, T.E€oord. Chem. Re 1999 185—
186, 403.

(13) (a)Molecular Level Artificial Photosynthetic MaterialsMeyer, G.

J., Ed.; Wiley: New York, 1997. (b) Argazzi, R.; Bignozzi, C. A.; Heimer,
T. A,; Castellano, F. N.; Meyer, G. J. Phys. Chem. B997 101, 2591.
(c) Kleverlaan, C. J.; Indelli, M. T.; Bignozzi, C. A.; Pavanin, L.; Scandola,
F.; Hasselman, G. M.; Meyer, G. J. Am. Chem. So200Q 122 2840.

(14) Ulman, A.An Introduction to Ultrathin Organic FilmsAcademic:
San Diego, 1991.

(15) (a) Byrd, H.; Suponeva, E. P.; Bocarsly, A. B.; Thompson, M. E.
Nature1996 380, 610. (b) Uosaki, K.; Kondo, T.; Zhang, X.-Q.; Yanagida,
M. J. Am. Chem. Socl997 119 8367. (c) Kondo, T.; Yanagida, M.;
Nomura, S.-i.; Ito, T.; Uosaki, KJ. Electroanal. Chem1997, 438 121.

(d) Lahav, M.; Gabriel, T.; Shipway, A. N.; Willner, 1. Am. Chem. Soc.
1999 121, 258. (e) Koide, Y.; Terasaki, N.; Akiyama, T.; Yamada;T8in
Solid Film 1999 350, 223. (f) Morita, T.; Kimura, S.; Kobayashi, S.;
Imanishi, Y.J. Am. Chem. So200Q 122 2850. (g) Kondo, T.; Yanagida,
M.; Zhang, X.-Q.; Uosaki, KChem. Lett200Q 964. (h) Hatano, T.; Ikeda,
A.; Akiyama, T.; Yamada, S.; Sano, M.; Kanekiyo, Y.; Shinkai)JSChem.
Soc., Perkin Trans.,200Q 909.

(16) (a) Akiyama, T.; Imahori, H.; Ajavakom, A.; Sakata, Ghem. Lett.
1996 907. (b) Imahori, H.; Norieda, H.; Ozawa, S.; Ushida, K.; Yamada,
H.; Azuma, T.; Tamaki, K.; Sakata, YLangmuir 1998 14, 5335. (c)
Imahori, H.; Ozawa, S.; Ushida, K.; Takahashi, M.; Azuma, T.; Ajavakom,
A.; Akiyama, T.; Hasegawa, M.; Taniguchi, S.; Okada, T.; Sakat&ul.
Chem. Soc. Jpril999 72, 485. (d) Imahori, H.; Azuma, T.; Ozawa, S.;
Yamada, H.; Ushida, K.; Ajavakom, A.; Norieda, H.; Sakata,Chem.
Communl1999 557. (e) Imahori, H.; Azuma, T.; Ajavakom, A.; Norieda,
H.; Yamada, H.; Sakata, Y. Phys. Chem. B999 103 7233. (f) Imahori,
H.; Yamada, H.; Ozawa, S.; Ushida, K.; SakataChem. Commuri999
1165. (g) Imahori, H.; Norieda, H.; Nishimura, Y.; Yamazaki, |.; Higuchi,
K.; Kato, N.; Motohiro, T.; Yamada, H.; Tamaki, K.; Arimura, M.; Sakata,
Y. J. Phys. Chem. B00Q 104 1253. (h) Imahori, H.; Yamada, H.;
Nishimura, Y.; Yamazaki, |.; Sakata, ¥. Phys. Chem. B00Q 104, 2099.

(i) Hirayama, D.; Yamashiro, T.; Takimiya, K.; Aso, Y.; Otsubo, T.;
Norieda, H.; Imahori, H.; Sakata, YChem. Lett200Q 570. (j) Yamada,
H.; Imahori, H.; Nishimura, Y.; Yamazaki, |.; Fukuzumi, Shem. Commun.
200Q 1921. (k) Fukuzumi, S.; Imahori, H. IfElectron Transfer in
Chemistry Balzani, V., Ed.; Wiley-VCH: Weinheim, 2000, in press.

(17) (a) Meyer, T. J.; Meyer, G. J.; Pfennig, B. W.; Schoonover, J. R.;

Timpson, C. J.; Wall, J. F.; Kobusch, C.; Chen, X.; Peek, B. M.; Wall, C.
G.; Ou, W.; Erickson, B. W.; Bignozzi, C. Anorg. Chem1994 33, 3952.

(b) Imahori, H.; Nishimura, Y.; Norieda, H.; Karita, H.; Yamazaki, |.; Sakata,
Y.; Fukuzumi, S.Chem. Commur200Q 661. (c) Chrisstoffels, L. A. J.;
Adronov, A.; Ffehet, J. M. JAngew. Chem., Int. EQ200Q 39, 2163.

HS—(CH2)1+-CON
3(B)

HS—(CH2)11Q
NHC <) w { )—CON

Fe

5 (Fe-P-Cqp)
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We report herein a series of the construction of integrated
artificial photosynthetic assemblies on a gold electrode using
mixed SAMs of energy donor and acceptor model (Figure 1).
First we examined photoinduced EN in mixed SAMs of bis-
(pyrene) disulfide 1) and bis(porphyrin) disulfide2) on the
gold electrode in which efficient singlesinglet EN from the
pyrene to the porphyrin moiety has been detected by fluores-
cence lifetime measuremen$:1°In the next step, occurrence
of photoinduced EN from the singlet excited state of the beron
dipyrrin moiety to the porphyrin moiety in mixed SAMs of
boron—dipyrrin thiol (3) and porphyrin alkanethiolj on the
gold electrode has been confirmed successfully by steady-state
fluorescence spectroscopy. At the last stage of this study, we
have shown the first construction of integrated artificial
photosynthetic assemblies on a gold electrode using mixed
SAMs of boron-dipyrrin thiol 3 as a light-harvesting molecule,

(18) Although SAMs integrating photoenergy-harvesting and electron-
transport systems have recently been reported, there is no significant
integrating effect because of the poor photocurrent generatid0q pA)
and quantum yield+0.3—0.4%); see: Morita, T.; Kimura, S.; Kobayashi,

S.; Imanishi, Y.Chem. Lett200Q 676.
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see: (a) Karpovich, D. S.; Blanchard, G.Langmuir1996 12, 5522. (b)

Fox, M. A.; Whitesell, J. K.; McKerrow, A. JLangmuir 1998 14, 816.
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combined with a reaction center model, ferroceperphyrin—
fullerene triad thiol ). The highest quantum efficiency (59

NHCO—(CH,),+ SCOCH,

11 (88% )

(a) 100:0, (b) 90:10, (c) 50:50, (d) 10:90, (e) 0:100) for 20 h to
complete the mixed SAM formation. After soaking, the gold

8%, based on the adsorbed photons) ever reported for generatiosubstrate was washed well with @El, and dried with a stream
of the photocurrent output has been accomplished by a cascad®f argon.

of photoinduced EN and multistep ET in mixed SAMs ®f
andb.

Results and Discussion

Synthesis. The synthetic routes td and 3 are shown in

The cyclic voltammetric measurementslg?/Au in CH,Cl,
containing 0.1 Mn-BusNPF; electrolyte were performed with
a sweep rate of 50 mV'$ (electrode area, 0.48 @jyrto estimate
the surface coverage (Figure 2). Two successive redox couples,
corresponding to the first and second oxidation of the porphyrin

Scheme 1 and Scheme 2, respectively. Condensation of 1-aminomoiety E%, = +1.10,+1.33 V vs Ag/AgCl (saturated KCI)),
pyrene with 12-bromododecanoic acid in the presence of are clearly seen fa/Au in Figure 2a®whereas a broad redox

2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) affordé&din
29% yield. Bromides was converted to bis(pyrene) disulfide

wave, due to the first oxidation of the pyrene moielf.f =
+0.95 V vs Ag/AgCl), was observed fdf/Au in Figure 2b.

via nucleophilic substitution with potassium thioacetate and The adsorbed amounts &fand2 on 1/Au (1:2 = (a) 100:0)

subsequent base deprotection7ofScheme 1§°

Boron—dipyrrin thiol 3 was synthesized by following the

and 2/Au (1:2 = (e) 0:100) were calculated from the anodic
peak currents of the pyrene and the porphyrin moieties as 2.8

similar procedure (Scheme 2). 2,4-Dimethylpyrrole was con- x 1072mol cm 2 (=59 A? molecule®)? and 1.5x 10-*°mol
densed with 4-nitrobenzaldehyde to form dipyrromethane, which M2 (=110 A? molecule?),1% respectively. These values

was oxidized and treated with BfELO to yield 8 in 10%
yield 2! Reduction of nitro group o8 afforded amino boron
dipyrrin dye 9 in 40% yield%¢ Condensation o with 12-
bromododecanoic acid in the presence of CDMT g&0dn
83% yield2° Bromide 10 was converted to thidd via nucleo-

philic substitution with potassium thioacetate and subsequent

base deprotection dfl (Scheme 2§°
Bis(porphyrin) disulfide21%9 and ferrocene porphyrin—Csgo

indicate the formation of well-packed structureslaind2 on
the gold surface. In the mixed SAMs, however, the waves due
to the first oxidation of the pyrene and porphyrin moieties in
Figure 2c are too broad to determine accurately the adsorbed
amounts ofl and2 in 1,2/Au (1:2 = (c) 50:50).

The absorption spectra dfand2 in CH,Cl, and of1,2/Au
(1:2 = (c) 50:50) measured using transmission mode in air are
shown in Figure 3 (part-ac, respectively). The absorption bands

alkanethiols!6hwere prepared by following the same procedures Of 1 (Amax = 337 nm) and2 (Amax = 424 nm) in the mixed

as described previously. Porphyrin thidlwas obtained by
modifying the original procedures slightt§? Their structures

SAM (1,2/(50:50)) on the gold surface (Figure 3c) are slightly
blue- and red-shifted by 7 and 3 nm, as compared to those of

were verified by spectroscopic analyses (see Experimentall (Figure 3a) and2 (Figure 3b}% in CH.Cl,, respectively.

Section).
Mixed SAMs of Pyrene and Porphyrin. At first mixed

Assuming that the molar absorption coefficientsladind2 in
the mixed SAMs are the same as thoseli#u and 2/Au (1

SAMs of pyrene and porphyrin were prepared to examine the 2.5 x 10" mol™* cn? (Amax = 337 nm);2: 2.3 x 10° mol™?

possibility of photoinduced EN in SAMs. Monolayers of

mixtures ofl and2 were formed by the coadsorption bland
2 onto Au(11l)mica substrates (hereafter denoted,2&\u,

cn? (Amax = 428 nm)), the relative ratios df:2 in the mixed
SAMs prepared from CHCl, solutions containing different
ratios of1:2 are estimated as (a) 100:0, (b) 97:3, (c) 86:14, (d)

where / represents an interface). The coadsorption onto the gold?2:28, and (e) 0:100 (Table 1). The estimated ratios:8fin

surface was carried out from G&ll, solutions containing and
2 with the total concentration of 10M (molar ratio of1:2 =

the 1,2/Au, (b)—(d), are significantly higher than those of the
solution: (b) 90:10, (c) 50:50, (d) 10:90. The stromg

(20) (a) Wolf, M. O.; Fox, M. A.J. Am. Chem. Sod.995 117, 1845.
(b) Wolf, M. O.; Fox, M. A. Langmuir 1996 12, 955. (c) Fox, M. A;;
Wooten, M. D.Langmuir1997, 13, 7099. (d) Li, W.; Lynch, V.; Thompson,

H.; Fox, M. A.J. Am. Chem. S0d997, 119 7211. (e) Reese, S.; Fox, M.

A. J. Phys. Chem. B998 102, 9820.
(21) Debreczeny, M. P.; Svec, W. A.; Wasielewski, M.Neew J. Chem.
1996 20, 815.

(22) Densely packed monolayer films are known to retard ion transport
and electrochemical accessibility. Since pyrene is a planar aromatic
molecule, the pyrene moiety Gfmay be densely packed due to the strong
m—z stacking in the monolayers. Thus, the actual value of surface coverage
may be larger, as compared to the estimated valuex2.8-1° mol cni2)
using cyclic voltammetry; see: Campbell, D. J.; Herr, B. R.; Hulteen, J.
C.; Van Duyne, R. P.; Mirkin, C. AJ. Am. Chem. S0d.996 118 10211.
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Figure 2. Cyclic voltammograms of (a) a SAM & (2/Au, top), (b) ) ] )
a SAM of 1 (/Au, middle), and (c) a mixed SAM of and2 on the Figure 4. Fluorescence spectra of (&)(absorption spectra dt in
gold surface 1,2 (50:50)/Au, bottom) from the C¥Cl, solution with CH,Cl, is shown as dotted line) and (B)in CH;Cl; and (c) SAM of
a molar ratio of 50:50. The cyclic voltammogramsig®/Au in CH- 2 on the gold surface2(Au, lex = 428 nm) with excitation at 344 nm
Cl, containing 0.1 Mh-BusNPF; electrolyte were obtained with a sweep for 1 and 421 nm for2. The spectra are normalized for comparison.
rate of 50 mV s? (electrode area, 0.48 &n

Steady-state fluorescence spectrd and?2 in CH,Cl, were

(@) 1in CHxCl, measured with the excitation wavelength at the respective
absorption maximum, 344 and 421 nm. The fluorescence
emission ofl in Figure 4a (solid line) overlaps well with
absorption of2 in Figure 4a (dotted line). The fluorescence

3 (b) 2 in CH5Cls spectrum of2/Au (Figure 4c) is essentially the same as that of
s 2 in CHyCl, (Figure 4b)t% Thus, it is expected that excitation
] of the pyrene moiety il as an antenna chromophore may lead
2 to an efficient singletsinglet EN from the pyrene (3.33 eV) to
{c) 1,2 (50 : 50)/Au the porphyrin (1.90 eV) moiety in the SAMs. Unfortunately,
however, the emission dif/Au was too weak to be detected.
10-005 No detectable fluorescence from the pyrene or the porphyrin
e N moiety was observed ih2/Au under the steady-state irradiation.
200 300 400 500 600 700 To probe a singletsinglet EN from the pyrene to the
Wavelength / nm porphyrin moiety in the SAMs, time-resolved, single-photon

) i . . counting fluorescence measurements were performed,2br

Figure 3. Absorption spectra of (a) in CH,Cl, and (b)2 in CH.Cl, a ) ) ) ) )

and (c) mixed SAM ofl and2 on the gold surfacel(2 (50:50)/Au) Au (12= (a) 100‘,0’ (b) 9,0'10' (_C) 50:50, (9') 1,0'90' (e) 0:100)

from the CHCl, solution with a molar ratio of 50:50. The spectra of @S Well asl and2 in solutions with the excitation wavelength

1 and2 in CH,Cl, are normalized for comparison. at 280 nm, where the light is mainly absorbed by the pyrene
moiety (Figure 3). In each case the decay of the fluorescence

Table 1. Concentration Dependence of Surface Coverage and intensity atlops= 385 nm andions= 720 nm (due to the singlet

Fluorescence Lifetime in Ad/2 excited states of the pyrene and the porphyrin, respectively)

could be monitored (Figure 4). The decay curve could be fitted

as single exponential except for the casé af 385 nm in CH-

fluorescence
surface coverage/1 mol lifetimes @)/ng’

Lipa Lob cm~2b (absorbance) —/l R Cl,. The fluorescence lifetimes dfAu at 385 nm (23 ps) and
. e o 2/Au at 720 nm (40 ps) were much shorter than those @f.4
lut d SAM 1 2 385 720 . o

Solution mixe S nm nm ns (30%), 3.2 ns (70%)) arl(8.1 ns) in CHCI,. This indicates
100:0 100:0 2.8(0.0070) O 0.023

90:10 97:3 2.7 (0.0068) 0.093 (0.0021) 0.020  0.092 thaf[ the e_XC|ted singlet state_s_of the pyrene and the porphyrin
50:50 8614 2.4(0.0059) 0.39 (0.0089) 0.011 0.088 moieties in the SAMs are efficiently quenched by an EN to the

10:90 72:28  2.2(0.0056) 0.84 (0.019) 0.0088 0.060 gold surface®e However, it is important to note that the

0:100 0:100 O 1.5(0.034) 0.040 fluorescence lifetimes of the pyrene moiety if2/Au at 385

aMolar ratio of1:2 in CH,CI, solutions with the total concentration nm dec_rease with an increase in the relative ratio of the
of 10 uM for formation of the mixed SAMs? Molar ratio of 1:2 on porphyrin to the pyrene ((a) 23 ps, (b) 20 ps, (c) 11 ps, (d) 8.8
the gold electrodes estimated from the electrochemical and absorptionps) (Table 13 The fluorescence lifetimes of the porphyrin
measurements.Absorbance at thémax (1: 337 nm;2: ~428 nm) on moiety in1,2/Au at 720 nm also decrease with an increase in
the gold surface” Excitation at 280 nm. the relative ratio of the porphyrin to the pyrene ((b) 92 ps, (c)

interaction of the pyrene moieties as compared to the relatively 88 ps,(d) 60 ps, (e) 40 ps). Thus, efficient EN6R%) may
weak interaction between the porphyrin moieties due to the occur from the excited singlet state of the pyrene to the
bulky tert-butyl groups may be responsible for the preference porphyrin, followed by energy migration among the porphy-
of the adsorption ofl over 2 on the gold surface. In addition,  rins?*

the fact that the pyrene molecules occupy about half the surface

; ; _ (23) Both monomer emission-400 nm) and excimer emissior-$00
area of the porphyrins would lead to a thermodynamic prefer nm) were observed fdrin CH,Cl,, as shown in Figure 4a. The fluorescence

ence for pyrene adsorption, since displacement of a porphyrin jifetimes of1,2/Au at 500 nm also decreased with an increase in the relative
for two pyrenes results in an extra-8u interaction. ratio of the porphyrin to the pyrene.
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Figure 5. (a) Absorption spectra a3 (solid line) and4 (dotted line) in CHClI,. Inset depicts the expanded spectxB) at 456-700 nm. (b)
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at the peak position for comparison.

Mixed SAMs of Boron—Dipyrrin Dye and Porphyrin.
Although an efficient singletsinglet EN takes place from the

as the blue region as shown in Figure 5a. More importantly,
the emission from the borerdipyrrin overlaps well with the

pyrene to the porphyrin moiety in the mixed SAMs of pyrene absorption of the porphyrin in solutions (Figure 5b). Thus, a
and porphyrin on the gold surface (vide supra), pyrene can singlet-singlet efficient EN from the borondipyrrin moiety

absorb light only in the ultraviolet regionax = 337 nm),
thereby making it impossible to harvest light in the visible
region. Boron-dipyrrin thiol (3) was then chosen as the much
better light-harvesting molec¥e” to achieve an efficient EN
from the boron-dipyrrin moiety ¢B*) in 3 to the porphyrin

(*B*) in 3to the porphyrin moiety (P) id is expected to occur
in the mixed SAMs of3 and4 on the gold surface (denoted as
3,4/Au).

The singlet excitation energy & on the gold surface was
estimated as 2.43 eV from the absorption and fluorescence

moiety (P) of an energy acceptor model (porphyrin alkanethiol spectra of3 on the gold surface (denoted @\u). The one-

4). The boror-dipyrrin dye (B in3) exhibits a moderately strong
absorption band in the visible region at 502 nm=(8.5 x 10*
M~ cm1) and a relatively long singlet excited-state lifetime
(~5 ns)2> Since the porphyrin moiety i4, a major absorber of
photons, absorbs strongly in the blue420 nm) and weakly
in the green region, an incorporation of the boralipyrrin
pigments3 into a SAM of4 (denoted ad/Au) makes it possible

to enhance the absorption properties in the green region as well

(24) Hirakawa, K.; Segawa, H. Photochem. Photobiol. A999 123
67.

(25) Karolin, J.; Johansson, L. B.-A.; Strandberg, L.; NyJTAm. Chem.
So0c.1994 116 7801.

electron oxidation potentiaEl,) of 3/Au was determined as
1.25 V (vs Ag/AgCl) from the cyclic voltammogram (Figure
6a)26 From these values, the one-electron redox potential of
1B*/B** is determined as-1.18 V. The energy levels of other
components of our artificial photosynthetic SAM system are
already knowri89hand they are summarized in Scheme 3.

(26) The cyclic voltammogram @ Au is characterized by a anodic wave
showing a well-defined current maximum but much smaller coupled cathodic
wave on the reversed scan at 100 mV due to the instability of the radical
cation. The cathodic current maximum increases with an increase in the
scan rate. Th&%y value was determined as the average of the anodic and
cathodic peak potentials.
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estimate the surface coverage. The electrochemical behavior of
4/Au was similar to that o2/Au (Figure 2a). Adsorbed amounts
of 3and4 on 3/Au (3:4 = (a) 100:0) and/Au (3:4 = (f) 0:100)
were estimated from the charge of the anodic peak of the
boron—dipyrrin and the porphyrin moieties as 3<710-1° mol
cm 2 (= 45 A2 molecule’?) and 1.5x 10-1°mol cn2 (= 110
A2 moleculel), respectively. These values suggest the formation
of well-packed structures &and4 on the gold surface. In the
mixed SAMs, however, the overlapped waves due to the first
oxidation of the borordipyrrin and porphyrin moieties were
too broad to determine accurately the adsorbed amouris of
and4 in 3,4/Au (3:4 = (d) 50:50), as in the case @fand2 in
1,2/Au (Figure 2c).

The adsorbed amounts & and 4 in 3,4/Au were then
estimated from the absorption spectra of mixed SAM3 ahd
4 on the gold surface, assuming that the molar absorption
coefficients of3 and 4 in the mixed SAMs are the same as
those of3/Au and4/Au [3: 4.1 x 107 mol=! cn? (Amax = 510
nm); 4: 2.3 x 108 mol™t cn? (Amax = 428 nm)] (Table 2). The
estimated relative ratios &4 in the mixed SAMs (the values
in solution are given in parentheses) are (b) 95:5 (90:10), (c)
90:10 (75:25), (d) 84:16 (50:50), and (e) 69:31 (25:75) which
are significantly higher than those of the solution as in the case
of the ratios ofl:2 in 1,2/Au (Tables 1 and 2). The preference
of the adsorption 08 over4 on the gold surface may also result
from the strongr—u interaction of the borondipyrrin moieties
against relatively weak interaction between the porphyrin
moieties due to the bulktert-butyl groups and the thermody-
namic preference for borerdipyrrin adsorption against the
porphyrin which has the larger occupied area (vide supra).

An efficient EN from 3 to the porphyrin moiety i4 was
confirmed by the fluorescence spectrum &#/Au which
revealed emission only from the porphyrin moiety,{x = 650,
720 nm) irrespective of excitation wavelength of eitBelex
= 510 nm) or4 (Aex = 420 nm) as shown in Figure 7a. The
excitation spectrum 08,4/Au with the fixed emission wave-
length @em = 650 nm) matches well with the absorption
spectrum of3,4/Au as shown in Figure 7b. The EN efficiency

On the basis of the energy diagram in Scheme 3, an EN is Was determined by a comparison between the excitation and

expected to take place frofB* in 3to P in4, followed by an
intermolecular ET from the resulting porphyrin singlet excited
state tP*) to a diffusing electron carrier such as @,/O;* ~
= —0.48 V)6ah27and methyl viologen (M¥") (MV 2H/MV -+
= —0.62 V)9h27which eventually gives an electron to the

absorption spectra of the mixed SAMs on the gold surface. The
EN efficiency from!B* in 3to P in4 increases with increasing
the relative ratio of the porphyrin to the boredipyrrin, to reach

the maximum value of~100% at the3:4 ratio of 69:31 (Table

2). This clearly indicates that an efficient EN takes place from

counter electrode. On the other hand, the gold electrode gives'B* in 3 to P in4 in the mixed SAMs of3 and4 on the gold

an electron to the porphyrin radical cation"(P generating
vectorial electron flow from the gold electrode to the counter

surface?®
The photoelectrochemical measurements were performed

electrode through the SAM and the electrolyte. Thus, the presentusing the SAM of3 and 4 on the gold electrodes in a three

SAM system is expected to mimic both photosynthetic EN and
ET in the mixed SAMs.

The mixed SAMs of3 and 4 (denoted as3,4/Au) were
prepared by the coadsorption from a £Hp solution containing
3 and4 with the total concentration of 10M (molar ratio of
3:4 = (a) 100:0, (b) 90:10, (c) 75:25, (d) 50:50, (e) 25:75, ()

electrode system, denoted as 34/MV2*/Pt cell, under the
optimized conditions previously [electrolyte solution: »-O
saturated 0.1 M N&O, solution containing 30 mM methyl
viologen dichloride (MV") as an electron carrier; input
power: 380uW cm~?; applied potential:—=200 mV vs Ag/
AgCl].169n.27 A stable cathodic photocurrent from the gold

0100) Cyc“c V0|tammogram measurements were performed electrode to the platinum counter electrode thrOUgh the SAM

using3,4/Au in CH,Cl, containing 0.1 Mh-BusNPF; electrolyte
with a sweep rate of 100 mV$ (electrode area, 0.48 &pnto

(27) It is well-known that @ acts as an electron acceptor in the similar
photoelectrochemical cel®8.0, bubbling of the electrolyte solution in Au/
2/Pt cell increased the photocurrent by20—30% and successive Ar
bubbling of the solution decreased it nearly to the initial state both in the
absence and the presence of M99 The results indicate that:Os an
efficient electron carrier in the AQ/Pt cell. Addition of MV (up to 5
mM) in the Aul2/Pt cell increased the photocurrent by about 15%, showing
that MV2* is also an electron carrié?9 However, further addition of M%*"

did not change the intensity of the photocurrent significafdy.

appeared immediately upon irradiation of the gold electrode and
the photocurrent fell down instantly when the irradiation was
turned off as shown in Figure 8. An increase in the cathodic
photocurrent with increasing the negative bias to the gold
electrode demonstrates that the photocurrent flows from the gold
electrode to the counter electrode through the SAM and the

(28) In the fluorescence lifetime measurements, however, the laser
excitation at 261 nm of the borerdipyrrin in 3,4/Au (or 3,5/Au) gave no
detectable fluorescence due to the weak absorbance at the excitation
wavelength (Figure 5a).
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Table 2. Concentration Dependence of Surface Coverage, Energy Transfer Efficiency, and Quantum Yiel8,4n Au/

surface coverage/1®

mol cm2P (absorbancé) quantum yieldp/%®
3:42 solution 3:4°> mixed SAMs 3 4 EN efficiency /% 510 nm 430 nm
100:0 100:0 3.7 (0.015) 0 0 160.3
90:10 95:5 3.4 (0.014) 0.17 (0.0040) 55
75:25 90:10 3.4 (0.014) 0.37 (0.0085) 85
50:50 84:16 3.2(0.013) 0.61 (0.014) 90 *®.3 1.9+ 0.3
25:75 69:31 2.1 (0.0087) 0.96 (0.022) ~100
0:100 0:100 0 1.5(0.034) 180.3

@ Molar ratio of3:4 in CH,Cl, solutions with the total concentration of x®1 for formation of the mixed SAMs® Molar ratio of3:4 on the gold
electrodes estimated from the electrochemical and absorption measuremdoststbance at thémax (3: 510 nm;4: ~428 nm) on the gold
surface.? Estimated from excitation and absorption spectra on the gold sufface. (i/e)/[I(1 — 1074)], | = (WA)/(hc) wherei is the photocurrent
density,e is the elementary chargkjs number of photons per unit area and unit tichés the wavelength of light irradiatiod is absorbance of
the adsorbed dyes atnm, W is light power irradiated at nm, c is the light velocity, and is Planck’s constant.
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Figure 7. (a) Fluorescence spectra of a mixed SAM3adind4 on the gold surface3(4 (50:50)/Au) from the CHCI, solution with a molar ratio
of 50:50 with excitation at 420 nm (solid line) and 510 nm (dotted line). (b) Absorption spectrum (solid line) and excitation spectrum (dotted line,
Aem = 650 nm) 0f3,4 (50:50)/Au. The excitation spectrum is normalized at the Soret band for comparison.

electrolyte. The applied potentia-R00 mV) was chosen to  between the action spectrum and absorption spectrum was
maximize the photocurrent, whereas the dark current is obtained for Aud/MV2t/Pt and Au#/MVZt/Pt cells. Thus,
negligible16gh photoinduced ET occurs frodB* in 3 (or porphyrin excited
The action spectra of AQ/MV 2/Pt cell, AUAMV 2F/Pt cell, singlet state!P*) in 4) to the electron carriers @@&nd MV2H),27
and AuB,4 (50:50)/MV2*/Pt cell are shown in Figure 9. The followed by charge-shift from the gold electrode t6"Bn 3
agreement of the action spectrum of B4/ (50:50)/MV2*/Pt (or P* in 4), producing the cathodic current (Scheme 3).
cell with the absorption spectrum of i (50:50) in Figure Unfortunately, however, the quantum yield (based on the
7b demonstrates clearly that the porphyrin and the beron absorbed photons) of ABIMV2/Pt cell (1.64 0.3% at 510
dipyrrin moieties are the photoactive species. Similar agreementnm), Au4/MV2*/Pt cell (1.84 0.3% at 430 nm), and AG/4
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O.-saturated 0.1 M N&O, solution containing 30 mM methyl viologen
(MV?2%) as an electron carrier; input power: 3g8V cm~2; applied
potential: —200 mV vs Ag/AgCI (saturated KClI).

(50:50)/MV2H/Pt cell (1.64 0.3% at 510 nm and 1.9 0.3%

at 430 nm) are similar under the same conditions. Accordingly,
we could not obtain clear evidence for the photocurrent
generation resulting from photoinduced EN betwéBhin 3
and the porphyrin it in the mixed SAMs of3 and4 on the
gold electrode.

Mixed SAMs of Boron—Dipyrrin Dye and Ferrocene—
Porphyrin —Fullerene Triad. At the last stage of this study,
ferrocene (Fc)-porphyrin (P)<g triad (& in Figure 1) is
incorporated into the borerdipyrrin SAM system to improve
the quantum yield for the photocurrent generation. The triad
thiol 5 has been designed to achieve two-step ET within a
molecule itself in SAMs of5: photoinduced ET from the
porphyrin to the G, followed by the efficient charge-shift from
the ferrocene to the resulting porphyrin radical cation, to yield
the final charge separated statef F&—Csg'~. The Gg~ moiety

J. Am. Chem. Soc., Vol. 123, No. 1, 2001
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Since Gp has an extremely small reorganization energy of
ET, forward ET is accelerated whereas back ET is retarded in
multistep ET process€g? This is consistent with efficient
formation of F¢ —P—Cgg~ state, which has been confirmed
by transient absorption measurements in solutiéh®In this
context, the photocurrent generation efficiencies (quantum yield)
in the triad cell are reported to be 2@5%716" which are the
highest values ever reported for photocurrent generation at
monolayer-modified metal electrodes, as well as across atrtificial
membranes using doneacceptor linked moleculgs?14-18
Furthermore, absorption of the porphyrin moietysira major
absorber of photons, is similar to that 4f(Figure 5), except
for the broad weak absorption due to thg @ the ultraviolet
region (306-400 nm) as shown in Figure 10. Accordingly, an
incorporation of the boronadipyrrin pigments3 into 5/Au also
allows us to enhance the absorption properties in the green-
region as well as the blue region. In addition, the emission from
the boron-dipyrrin in 3 overlaps well with the absorption of
the porphyrin in5 (see inset of Figure 10), as seen in the case
of mixed SAMs of3 and4 (Figure 5b). Thus, an efficient EN
from the boronr-dipyrrin moiety {B*) in 3 to the porphyrin
moiety (P) in5 can take place in the mixed SAMs 8fand5
on the gold surface (Scheme 4). Overall, it is expected that
boron—dipyrrin SAM combined with ferroceneporphyrin—
Ceotriad SAM can lead to efficient photocurrent generation, in
addition to a mimicry of coupled photoinduced EN and multistep
ET in photosynthesis.

The amounts 08 and5 on the gold surface were systemati-
cally changed by the competitive coadsorption onto the gold
surface from CHCI, solutions containing various molar ratios
of 3 and5 with the total concentration of 10M (molar ratio
of 3:5 = (a) 100:0, (b) 90:10, (c) 75:25, (d) 50:50, (e) 25:75,
(f) 0:100). From the cyclic voltammetric and absorption spectral
data, the surface coverage3nd5, and the ratios in the mixed
SAMs were determined as listed in Table 3. Adsorbed amounts
of 3/Au and5/Au were calculated from the charge of the anodic
peak of the borordipyrrin and the ferrocene moieties as 3.7
x 10719 mol cmr2 and 1.9x 1071° mol cnm2,16h respectively
(Figure 6a,b). These molecular areas 3Au (= 45 A?

(29) (a) Imahori, H.; Hagiwara, K.; Akiyama, T.; Aoki, M.; Taniguchi,

in the charge-separated state gives an electron to an electrors.; Okada, T.; Shirakawa, M.; Sakata, €hem. Phys. Lett1996 263

carrier such as M% and Q, whereas an electron is donated
from the gold electrode to the Fcmoiety, resulting in the
cathodic photocurrent generation as shown in Scheffiehe
energy levels of the ferrocene ando@noieties in Scheme 4
have been determined from the electrochemical measuréiitents

and those of the other components are the same as given i

Scheme 3.

n

545. (b) Guldi, D. M.; Asmus, K.-DJ. Am. Chem. Sod.997 119, 5744.

(c) Kuciauskas, D.; Liddell, P. A; Lin, S.; Stone, S. G.; Moore, A. L,;
Moore, T. A.; Gust, DJ. Phys. Chem. B00Q 104, 4307. (d) Imahori, H.;
Tamaki, K.; Yamada, H.; Yamada, K.; Sakata, Y.; Nishimura, Y.; Yamazaki,
I.; Fujitsuka, M.; lto, O.Carbon200Q 38, 1599. (e) Tkachenko, N. V;
Guenther, C.; Imahori, H.; Tamaki, K.; Sakata, Y.; Fukuzumi, S.; Lem-
metyinen, H.Chem. Phys. LetR00Q 326, 344.

(30) Fujitsuka, M.; Ito, O.; Imahori, H.; Yamada, K.; Yamada, H.; Sakata,
Y. Chem. Lett1999 721.
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Table 3. Concentration Dependence of Quantum Yields in
Au/3,5/MV /Pt Cells

surface coverage/1® guantum

35 3:5p mol cm2P(absorbancé) yield ¢/%
solution mixed SAMs 3 5 510 nm 430 nm
100:0 100:0 3.7(0.015) O 1460.3

90:10 87:13 2.7 (0.011) 0.40(0.0053) £9.3 12+2
75:25 71:29 2.3(0.0094) 0.94 (0.014) #B 19%+3
50:50 43:57 1.2(0.0051) 1.6 (0.023) 4B 20+3
25:75 37:63 1.0 (0.0042) 1.7 (0.030) 5@ 21+3

0:100 0:100 O 1.9 (0.039) 23

aMolar ratio of3:5 in CH.Cl; solutions with the total concentration
of 10 uM for formation of the mixed SAMs® Molar ratio of 3:5 on

boron—dipyrrin moieties is similar to that d which contains
both the porphyrin and fullerene moieties.

The photoelectrochemical measurements were performed
using the mixed SAMs 08 and5 on the gold electrodes in a
three electrode system, denoted as3&iMV 2*/Pt cell, under
the optimized conditions described above [electrolyte solution:
O,-saturated 0.1 M N&SO; solution containing 30 mM methyl
viologen (MV2") as an electron carrier; input power: 38%
cm~2, applied potential:—200 mV vs Ag/AgCl]169:.27.31,32
Figure 11 displays the action spectrum of 3,6/(50:50)/M\2*/

Pt cell and absorption spectrum® (50:50)/Au together with
action spectrum of A@ (50:50)/MV2+/Pt cell. The AuB,5 (50:
50)/MVZ2*/Pt cell shows cathodic photoelectrochemical response

the gold electrodes estimated from the electrochemical and absorptionfrom both the triad %) (430 nm) and the borondipyrrin (3)

measurement$9h ¢ Absorbance at théma. (3: 510 nm;5: ~430 nm)
on the gold surface ¢ = (i/e)/[1(1 — 1074)], | = (WA)/(hc) wherei is
the photocurrent densitg is the elementary chargé,is number of
photons per unit area and unit timé,is the wavelength of light
irradiation, A is absorbance of the adsorbed dyed am, W is light
power irradiated a2 nm, c is the light velocity, andh is Planck’s
constant.

molecule’l) and5/Au (= 87 A2 molecule’l) agree well with
the theoretical values dd/Au (45 A2 molecule’l) and 5/Au
(86 A2 moleculel), which are calculated by assuming that the

units (510 nm), which agree with the absorption3% (50:
50)/Au. It should be emphasized that the photocurrent generation
efficiency of AuB,5 (50:50)/MV2H/Pt cell at 510 nm is much
larger than that of AB/MV2H/Pt cell at 510 nm (Figure 11).
The quantum vyields determined were#48% (510 nm) and

20 + 3% (430 nm) for Aud,5 (50:50)/MV2*/Pt cell and 1.6+
0.3% (510 nm) for AuB/MV 2*/Pt cell. The quantum yield (45

+ 8% at 510 nm) of Au,5(50:50)/MV2/Pt cell is 28 times
higher than that of A®/MYV 2*/Pt cell (1.6+ 0.3% at 510 nm)
(Table 3).

molecules are packed densely with a perpendicular orientation The quantum yield of the AG/5/MV2*/Pt cell determined
to the gold surface, respectively. Such an agreement indicatesbased on the absorption of the porphyrin and the antenna

the formation of well-packed structures ®and5 on the gold
surface. Adsorbed amounts 6fin the mixed SAMs 8,5/Au)

molecules at 430 and 510 nm increases with an increase in the
content of5 in the SAMs. The EN efficiency fromiB* in 3 to

were estimated from the charge of the anodic peak of the P in5 may also increases with an increase in the contet of
ferrocene moiety (Figure 6c). This method could not be applied in the SAMs to reach the maximum values of the quantum yield

to determine adsorbed amounts3in 3,5/Au because of the
broadening and overlapping of the anodic peak of the beron
dipyrrin (Figure 6c), as in the cases of mixed SAMsladnd

2 as well as3 and4 on the gold surface. Instead, the adsorbed
amounts of3 in 3,5/Au in Table 3 were calculated from
absorption spectra of mixed SAMs &f and 5 on the gold
surface, assuming that the molar absorption coefficie/® iof
the mixed SAMs o3 and5 is the same as that 8fAu (3: 4.1

x 10 mol~t ¢ (Amax= 510 nm)). The ratios a:5 in 3,5/Au

are comparable to those in @El, except for the case of the
3:5 ratio of 25:75 in solution where the corresponding ratio of
5in 3,5/Au (37:63) becomes somewhat smaller (Table 3). In
contrast to the cases df2/Au and 3,4/Au (vide supra), no
significant preference of the adsorption®6ver5 on the gold
surface is observed, indicating that-sr interaction of the

(31) The cathodic photocurrent in APt cell decreased~20%) by
Ar bubbling into the solution, compared with that under the air-saturated
conditions'®h On the other hand, intensity of the photocurrent increased
(~10%) by successive oxygen bubbling, and then recovered to the state
under the Ar-saturated conditions by the following Ar bubbling into the
solution16" Thus, the results indicate that& gives an electron to £Xo
produce @ .

(32) When methyl viologen (M%) was employed as an electron carrier
in Au/5/Pt cell, the photocurrents increased with an increase of th&"MV
concentration under the Ar- or &3aturated conditions, implying that MV
also accepts an electron fromdC to generate M. 16" This is supported
by the fact that Ft—zincporphyrin (ZnP)-G~ ion pair in benzonitrile
reveals an intermolecular electron transfer frogg Cto large excess hexyl
viologen perchlorate (H%), which is similar to M\2* in the first reduction
potential, to produce the HV in the transient spectra. As the concentration
of MV 2" increased under the &aturated conditions, the cathodic photo-
current increased by-20—30% and became saturated at around 30 mM
MV 2+ 16h Thys, all the photocurrent measurements in the present studies
were performed under the optimized conditions (vide supra).
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Figure 11. Action spectra of Au8,5 (50:50)/MV2*/Pt cell (solid line with solid circles) and ABMV 2*/Pt cell (solid line with open circles), and
the absorption spectrum (dotted line) of a mixed SAMB@Nd5 on the gold surface3(5 (50:50)/Au) from the CHCI, solution with a molar ratio
of 50:50; electrolyte solution: £saturated 0.1 M NSO, solution containing 30 mM methyl viologen (MYV) as an electron carrier; input power:

380uW cm~% applied potential:=200 mV vs Ag/AgCI (saturated KCI)).

of 21 4+ 3% (430 nm) and 5& 8% (510 nm) at the:5 ratio
of 37:63 (AuB,5 (25:75)/MV2H/Pt cell) (Table 3F3 The incident

Experimental Section

General.'H NMR spectra were measured on a JEOL EX-270. FAB

photon-to-current efficiency (IPCE) of the B (25:75)/MVZ*/ mass spectra were obtained on a JEOL JMS-DX300. MALDI TOF
Pt cell at 510 and 430 nm was also determined as 0.6% andmass spectra were measured on a Kratos Compact MALDI | (Shi-
1.6%, respectively* Formation of the CS state (Fe P—Csg¢"") madzu). UV-visible spectra in solutions were obtained on a Shimadzu
in 5 following the EN and ET steps in Scheme 4 has been well UV3000 spectrometer, while those on gold substrates (Au/glass) were
established by the time-resolved transient absorption studies ofrecorded on a Hitachi U-3500 spectrometer in transmission mode.
the triad molecules together with the fluorescence lifetime  Fluorescence spectra in solutions and on the gold substrate (Au/mica)
measurement§9halthough the small absorbance of the present Were taken using a SPEX FluoroMAX-2 fluorometer and corrected.
system has precluded the direct detection of the CS state within Materials. All solvents and chemicals were of reagent grade quality,

- o - purchased commercially and used without further purification unless
Lr;gehsef':/kllznT?heeq\l;;BteuTZ&%I& )(%rstﬁg ?’iusb}l\o/l\?m /IF?t ngglcl:h otherwise noted. Tetrabutylammonium hexafluorophosphate used as a

; 16h L . supporting electrolyte for the electrochemical measurements was
without 3'°" and this is the highest value ever reported for gptained from Tokyo Kasei Organic Chemicals. THF was purchased

photocurrent generation at monolayer-modified metal electrodesfrom wako Pure Chemical Ind., Ltd., and purified by successive

and across artificial membranes using denacceptor linked
molecules~%1418 The coexistence & as an antenna molecule

in the AuB,5/MV2+/Pt system has enabled the utilization of
the longer wavelength (510 nm) more efficiently as compared
to the system withou8. It should be noted here that the quantum
yields of the AuB,5 (75:25, 50:50, 25:75)/M%"/Pt cell at 510

nm are higher than those at 430 nm. The fluorescence lifetime
measurements of porphyrin SAMs on the gold surface indicate
that 1P* is strongly quenched by the gold surface through
EN.169.nThus, the higher quantum yields at 510 nm may result
from the difference in quenching efficiency of 8nd $ states

of the porphyrin in5 by the gold electrode.

In summary, the present system (i.e., mixed SAMs of beron
dipyrrin and ferroceneporphyrin—fullerene triad) provides the
first example of an artificial photosynthetic system, which not
only mimics photoinduced EN and multistep ET in photosyn-
thesis, but also act as an efficient light-to-current converter in
molecular devices, accomplishing the highest quantum yield (50
+ 8%) ever reported in the related artificial photosynthetic
systems. Although the IPCE value-{2%) still remains low,

distillation over calcium hydride. Dichloromethane was refluxed and
distilled from ROs. Thin-layer chromatography (TLC) and flash column

chromatography were performed with Art. 5554 DC-Alufolien Kiselgel
60 Fs4 (Merck), and Fuijisilicia BW300, respectively.

Synthesis of Boror+-Dipyrrin Thiol and Pyrene Disulfide. 8. 2,4-
Dimethylpyrrole (2.16 mL, 21.1 mmol) and 4-nitrobenzaldehyde (1.87
g, 12.4 mmol) were added to GEll, (800 mL) in a 1 Lround-bottom
flask. The mixture was bubbled with,Nand trifluoroacetic acid (0.19
mL, 2.47 mmol) was added and then stirred for 1.5 h. The resulting
solution was washed with 0.1 M NaOH (200 mL) and then water (200
mL), dried over anhydrous N80y, and filtered, and the solvent was
evaporated on a rotary evaporator. The resultant product was used
immediately. The product was redissolved in toluene (50 mL), and
p-chloranil (2.73 g, 11.1 mmol) was added to the mixture. After the
mixture stirred for 10 min, triethylamine (8 mL), and born trifluoride
etherate (7 mL) were added. The mixture was stirred for 1.5 h, poured
into water, and extracted with toluene. The toluene solution was
extracted three times with 100 mL portions of water, and the solvent
was evaporated on a rotary evaporator. The residue was redissolved in
chloroform and applied to a silica gel flash column chromatography.
Elution with 67% CHC} in hexane v/v yielded 461 mg & 10%;'H
NMR (270 MHz, CDC}) ¢ 8.38 (d,J = 9 Hz, 2H), 7.53 (d,J = 9 Hz,

further improvement may be possible by choosing chromophores2H), 6.02 (s, 2H), 2.56 (s, 6H), 1.36 (s, 6H); FAB-M$z 370 (M +

which can absorb visible light more extensively and intensively.

(33) The emission 08,5/Au was too weak to be detected because of
the efficient quenching ofP* by an ET from!P* to Cgo, in addition to the
1p* quenching by the gold surface (Schemé )28

(34) The low IPCE values result from the poor absorbance of the
monolayers (absorbanee (4—40) x 1079).

H*).

9. A solution of 8 (250 mg, 0.678 mmol) in THF (40 mL) was
hydrogenated over 5% Pd on charcoal (250 mg) at room temperature
and atmospheric pressure until TLC analysis indicated complete
reduction of8. The catalyst was removed by filtration, and the filtrate
was concentrated under vacuum. Flash column chromatography on silica
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gel with toluene as an eluent yielded 91.1 mg9%f40%; ‘*H NMR
(270 MHz, CDC}) ¢ 7.00 (d,J = 9 Hz, 2H), 6.77 (dJ = 9 Hz, 2H),
5.96 (s, 2H), 3.48 (br s, 2H), 2.54 (s, 6H), 1.49 (s, 6H); FAB-M&
340 (M + HY).

10. To a stirred solution of 2-chloro-4,6-dimethoxy-1,3,5-triazine
(CDMT) (840 mg, 4.8 mmol), 12-bromododecanoic acid (1.12 g, 4
mmol) in THF (30 mL), N-methylmorpholine (0.53 mL, 4.8 mmol)
was added dropwise atC, and stirring was continued at°C for 5
h. To the crude solutiorf (120 mg, 0.354 mmol) was added atO.
Stirring continued for 16 h at room temperature, and the reaction

mixture was evaporated to dryness in vacuo. Flash column chroma-

tography on silica gel with toluene as the eluent yielded 176 niof
83%; 'H NMR (270 MHz, CDC}) 6 7.68 (d,J = 9 Hz, 2H), 7.24
(br.s, 1H), 7.22 (dJ = 9 Hz, 2H), 5.97 (s, 2H), 3.41 (§,= 7 Hz, 2H),
2.55 (s, 6H), 2.39 (t) = 7 Hz, 2H), 1.88 (quint) = 7 Hz, 2H), 1.76
(quint,J = 7 Hz, 2H), 1.42 (s, 6H), 1:21.5 (m, 14H); FAB-MSm/z
601 (M + H™).
11. A solution of 10 (85.0 mg, 0.142 mmol) and potassium

thioacetate (51 mg, 0.45 mmol) in ethardHF (1:1= v/v, 10 mL)

Imahori et al.

A) in a sequence onto Si (100) wafer (Sumitomo Sitix Corp.). The
gold electrodes on mica were annealed with hydrogen flame for 30 s
immediately prior to immersion into the solutions. Monolayers of
mixtures of 1,2/Au (or 3,4/Au or 3,5/Au) were formed by the
coadsorption onto Au(111)mica substrates. The coadsorption onto the
gold surface was carried out from @El; solutions containing. and

2 (or (3 and4) or (3 and5)) with the total concentration of 1M for

20 h to complete the mixed SAM formation. After soaking, the gold
substrate was washed well with @B, and dried with a stream of
argon.

Estimate of Surface CoverageAll electrochemical studies were
performed on a Bioanalytical Systems, Inc. CV-50W voltammetric
analyzer using a standard three-electrode cell with a modified Au
working electrode (0.48 cfjy a platinum wire counter electrode, and
a Ag/AgCI (saturated KCI) reference electrode. The adsorbed amount
of 5in 3,5/Au was determined from the charge of the anodic peak of
the ferrocene. The adsorbed amountd @hd2 in 1,2/Au, 3 and4 in
3,4/Au, and 3 in 3,5/Au were estimated from the absorbance at the
gold surface, assuming that the molar absorption coefficients-df

was heated to reflux for 2 h. The solvent was then removed under ain the mixed SAMs are the same as thosel#u, 2/Au, 3/Au, and
reduced pressure. Flash column chromatography on silica gel with 4/Au.

toluene/ethyl acetate (19 v/v) as an eluent yielded 74.6 mg 1,

88%;'H NMR (270 MHz, CDC}) 6 7.69 (d,J = 9 Hz, 2H), 7.18 (d,
J = 9 Hz, 2H), 7.15 (br.s, 1H), 5.97 (s, 2H), 2.86 Jt= 7 Hz, 2H),
2.54 (s, 6H), 2.37 (1) = 7 Hz, 2H), 2.32 (s, 3H), 1.73 (quing,= 7

Hz, 2H), 1.56 (quint] = 7 Hz, 2H), 1.42 (s, 6H), 1.:21.5 (m, 14H);
FAB-MS mV/z 596 (M + H™).

3. A solution of 11 (68.0 mg, 0.114 mmol) and KOH (10 mg) in
methanot+THF (1:1 = v/v, 20 mL) was refluxed under a nitrogen
atmosphere in the dark for 5 min. After cooling, the mixture was poured
onto 20 mL of brine and extracted with toluene. The extract was dried
over anhydrous NSO, and the solvent was removed under reduced

Photoelectrochemical Measurements$hotoelectrochemical mea-
surements were performed in a one-compartment Pyrex UV cell (5
mL).1%hThe cell was illuminated with monochromatic excitation light
through a monochromator (Ritsu MC-10N) by a 500 W xenon lamp
(Ushio XB-50101AA-A) on the SAM of 0.48 ctn The photocurrent
was measured in a three-electrode arrangement (Bioanalytical Systems,
Inc., CV-50W), a modified gold working electrode, a platinum wire
counter electrode (the distance between the electrodes is 0.3 mm), and
a Ag/AgCl (saturated KCI) reference. The light intensity was monitored
by an optical power meter (Anritsu ML9002A) and corrected.

Quantum efficiencies were calculated based on the number of

pressure. Flash column chromatography on silica gel with toluene/ethyl photons absorbed by the chromophore on the gold electrodes at each

acetate (19:% v/v) as an eluent yielded 55.4 mg 8f88%;H NMR
(270 MHz, CDC}) 6 7.68 (d,J = 9 Hz, 2H), 7.51 (br.s, 1H), 7.20 (d,
J=9Hz, 2H), 5.97 (s, 2H), 2.52 (s, 6H), 2.50 (= 7 Hz, 2H), 2.37
(t, J=7 Hz, 2H), 1.72 (quint) = 7 Hz, 2H), 1.61 (quintJ = 7 Hz,
2H), 1.42 (s, 6H), 1.21.5 (m, 14H); FAB-MSm/z 554 (M + H™);
UV —vis (CHCI) Amax (l0g €) 249 (4.43), 307 (3.60), 358 (2.55), 502
(4.93).

6. This compound was synthesized from 1-aminopyrene and 12-
bromododecanoic acid by the same method as describddféras a
white solid (29% vyield)H NMR (270 MHz, CDC}) 6 7.7-8.3 (m,
10H), 3.39 (t,J = 8 Hz, 2H), 2.54 (tJ = 8 Hz, 2H), 1.6-2.0 (m,
18H); MALDI-TOF m/z 478, 480 (M+ H").

7. This compound was synthesized fr@hby the same method as
described forl1. 7 as a white solid (52% yield}H NMR (270 MHz,
CDCl3) 6 8.39 (d,J = 8 Hz, 1H), 7.9-8.3 (m, 8H), 7.80 (br.s, 1H),
2.85 (t,J = 8 Hz, 2H), 2.60 (tJ = 8 Hz, 2H), 2.31 (s, 3H), 1.89 (t,
J = 8 Hz, 2H), 1.6-1.7 (m, 16H); MALDI-TOFm/z 474 (M + H*).

1. This compound was synthesized fraftby the same method as
described for3. 1 as a white solid (42% yield}H NMR (270 MHz;
CDCls) 6 7.7-8.3 (m, 20H), 2.68 (t) = 8 Hz, 4H), 2.58 (1) = 8 Hz,
4H), 2.0-1.0 (m, 36H); MALDI-TOFm/z 862 (M + H*).

4. This compound was synthesized by following the similar
procedures as described previou$i/4 as a red-black solid (46%
yield); *H NMR (270 MHz, CDC}) ¢ 8.90 (s, 4H), 8.89 (dJ = 5 Hz,
2H), 8.86 (d,J = 5 Hz, 2H), 8.18 (dJ = 8 Hz, 2H), 8.08 (dJ = 2
Hz, 4H), 8.07 (dJ = 2 Hz, 2H), 7.91 (dJ = 8 Hz, 2H), 7.78 (tJ =
2 Hz, 2H), 7.77 (tJ = 2 Hz, 1H), 7.49 (br.s, 1H), 2.55 (§,= 8 Hz,
2H), 2.54 (q,J = 8 Hz, 2H), 1.2-1.9 (m, 19H); MALDI-TOF m/z
1168 (M+ H*).

Preparation of Modified-Gold Electrodes. The gold electrodes
(Au(111)) were prepared by a vacuum-deposition technique with gold
(1000 A) onto fresh mica (roughness fack#= 1.1) or with gold (200
A) onto transparent glass slid® & 1.5) for the measurements of
absorption spectra in transmission mée. For the time-resolved

wavelength using the input power (3@V cm?), the photocurrent
density, and the absorbance determined from the absorption spectrum
on the gold electrode. The absorbance at each wavelength was converted
into the net absorbance, including contribution of the reflection on the
gold surface, using the reflectivity of the incident light (38.7% at 430
nm and 54.5% at 510 nm), and the roughness factor of the gold
electrodes.

Fluorescence Lifetime Measurementsk-luorescence decays were
measured by using a femtosecond pulse laser excitation and a single-
photon counting system for fluorescence decay measurement. The laser
system was a mode-locked Ti:Sa laser (Coherent, Mira 900) pumped
by an argon ion laser (Coherent, Innova 300). The repetition rate of a
laser pulse was 2.9 MHz with a pulse picker (Coherent, model 9200).
The third harmonic generated by an ultrafast harmonic system (Inrad,
model 5-050) was used as an excitation source. The excitation
wavelength was set at 280 nm (or 261 nm) and temporal profiles of
fluorescence decay and rise were recorded by using a microchannel
plate photomultiplier (Hamamatsu R3809U). Full-width at half-
maximum (fwhm) of the instrument response function was 36 ps where
the time interval of the multichannel analyzer (CANBERRA, model
3501) was 2.6 ps in the channel number. The fluorescence decays were
measured at 385 nm for the pyrene moiety and at 720 nm for the
porphyrin moiety. Criteria for the best fit were the valuegdénd the
Durbin-Watson parameters, obtained by nonlinear regression.
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