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Abstract: Self-assembled monolayers (SAMs)wehelical peptides carrying ax-ethylcarbazolyl (ECz) group

were prepared. The helical peptide SAMs on a gold surface were characterized by quartz crystal microbalance
measurements, cyclic voltammetry, and impedance spectroscopy, showing that a tridecapeptide SAM with the
N-terminal binding to gold was packed more densely than that with the C-terminal binding. The helix tilt
angles from the surface normal in these peptide SAMs were found to be alfoah4be basis of Fourier
transform infrared reflectionabsorption spectroscopy. Photocurrent generation of these peptide SAMs in an
aqueous solution was investigated by photoexcitation of ECz groups either in the presence of an electron
donor or acceptor. In the presence of methyl viologen (electron acceptor), electron donation from a gold surface
to an ECz group was observed upon photoexcitation. On the other hand, in the presence of triethanolamine or
ethylenediaminetetraacetic acid (electron donor), the direction of photocurrent was reversed. In the case of the
anodic photocurrent generation using triethanoamine, the electron donation from an ECz group to a gold surface
was accelerated by the helix dipole moment directing toward a gold surface. Furthermore, the electronic coupling
between an ECz group and a gold surface through the peptide molecule was found to occur more strongly
than that through a saturated hydrocarbon. The helical peptides were therefore shown to be an excellent medium
for electron transfer.

forming highly ordered SAM%® Taking advantage of this
structural regularity, photocurrent generation using SAMs has
been studied extensively.1® However, photocurrent generation
by peptide SAMs has not been reported so far. In the present
investigation, we synthesized four novel kinds of disulfide
compounds including helical peptides as shown in Figure 1
together with their abbreviations. An alternating sequence of
L-alanine (Ala) andx-aminoisobutyric acid (Aib) was chosen
for the peptide backbone because of its high preference for
adopting a helical structufé:1° ECz-A12-SS is a tridecapeptide
carrying anN-ethylcarbazolyl (ECz) group at the N-terminal

Introduction

In the natural photosynthesis, long-range electron transfer
between a donor and an acceptor chromophore in protein
assemblies occurs efficiently® It has been shown that the
electrostatic field generated by the dipole momend.dfelical
segments of proteins accelerates electron transfer effectively.
A peptide backbone, which is composedwoénd n (nonbond-
ing) orbitals, is also suggested to construct electron-transfer
pathway<-8 and a donor chromophore might be electronically
coupled with an acceptor chromophore through hydrogen bonds
involved in ano-helix structure®. Therefore o-helical peptide
is expected to be an excellent medium for electron transfer. In  (10) UIman, A.An Introduction to Ultrathin Organic FilmsAcademic
the present study, self-assembled monolayers (SAMs) composedPress: San Diego, CA, 1991.
of a-helical peptides on a gold substrate were prepared and (11) Yamada, S.; Kohrogi, H.; Matsuo, Them. Lett1995 639.

. . . . (12) Akiyama, T.; Imahori, H.; Ajawakom, A.; Sakata, €hem. Lett.
photocurrent generation therein was investigated.
It is well established that thiol and disulfide compounds are
covalently connected to a gold surface via anA® linkage,
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ECz Experimental Section
c';Hz QHS GHs Materials. Methyl viologen trihydrate (M¥"), triethanolamine
Boc-NH-CH—-C—~-NH—CH—C—NH—~C— H—(CH : *
c 11‘6 9(') gHa giN © 2)5_8(—: (TEOA), and ethylenediaminetetraacetic acid tetrasodium salt (EDTA)

were purchased from Nacalai Tesque Co., Ltd. (Japan) and used without
ECz-A12-88 further purification. 1-Dodecanethiol was purchased from Tokyo Kasei
Co., Ltd. (Japan). Novel disulfide compounds were synthesized

!T:CZ according to Scheme 1. All peptides were synthesized by the con-
?H3 C|)H3 (?HZ ventional liquid-phase method.L-3-(3-N-ethylcarbazolyl)alanine
ﬁ—(CHz)4-9(‘NH—CH—E—NH—Q—Q\}NH—CH—Q—OB (ECzAla)2* Boc-(Ala-Aib)-OH (BA4OH), Boc-(Ala-Aib)-OH
S-S o o CHz O /8 0 (BABOH)23 and SS-A1%° were synthesized as previously reported. All
SS-A12-ECz intermediates and final products were identifiedByNMR (270 MHz),

and their purity was checked by thin-layer chromatography (TLC). The
final products were confirmed by mass spectroscopy. Solvent systems
CHg CHg for TLC were (A) chloroform/methanol/acetic acid (90/10/3 v/v/v), (B)
ﬁ—(CHz)4‘9 ~€NH—-CIH-—C—NH— ('3— C%O—CHT‘@ chIoroform/methanol/acetlc acid (95/5/3 viviv), (C) chloroform/methanol/
s-8 o 5 éHs ('5 6 ammonia water (13/5/1 v/viv), (D) chloroform/methanol (9/2 v/v).
SS-A12 Ne-(tert-Butyloxycarbonyl)-L-3-(3-N-ethylcarbazolyl)alanine [Boc-
ECzAla]. ECzAla (173 mg) was reacted with tBrt-butyl carbonate
(240 mg) with NaHCQ@ (100 mg) in water (10 mL)/dioxane (20 mL)
?CZ at 0 °C for 2 h and thereafter at 28C for 4 h. The solvent was
GHe CHa CHs evaporated, anc-hexane was added to precipitate the reaction product
Boc—NH—CH—ﬁ%NH—CH—g—NH—Q—Q%NH—(CHa)s—m (110 mg, 46.9% yield). TLC:R(A) = 0.65,R{C) = 0.57.'H NMR
o o) CHz O /10 S-S (270 MHz, CDC}): 6 (ppm) 1.37 (9H, s, (B3)sC), 1.46 (3H, t,
ECz-A20-SS NCH,CHs), 3.26 (2H, d, NHCHEI,), 4.27 (2H, g, NGI,CHs), 4.94
(1H, g, NHCHCH,), 7.20-8.14 (7H, carbazolyH).
ECz L-3-(3-N-Ethylcarbazolyl)alanine Ethyl Ester [ECzAla-OEt].
(IDH ECzAla (90 mg) was dissolved in ethanol (100 mL), and the solution
72 (CHg)y1—S CHg(CHp)11SH was stirred at 0C for 2 h in thepresence of hydrogen chloride. The
B°C'NH_CH—9_N\(CH ) __é reaction product was obtained by evaporation (66 mg, 67.8% yield).
@ 2 C12SH : TLC: R(A) = 0.38,R(C) = 0.93.'H NMR (270 MHz, CDC}): &
EC2-C11-8S (ppm) 1.07 (3H, t, COOCKCH3), 1.38 (3H, t, NCHCH3), 3.55 (2H,
d, NH,CHCHy), 4.06 (2H, q, COOE,CHj), 4.26 (2H, g, NE&1,CHg),
ECz= O 4.38 (1H, g, NHCHCHy), 7.20-8.14 (7H, carbazolyH).
D \ 1,2-Dithia-3-(1-aminon-pentyl)cyclopentane [A].pL-o-Lipoamide
fil (1000 mg) was dissolved in tetrahydrofuran (100 mL). The solution
CoHs was added to dispersion of LiIAIH826 mg) in tetrahydrofuran (50
mL), and the reaction solution was refluxed at’@for 12 h. Distilled
water (8 mL) was added, and the solution was stirred &€ Gor 30
min. After evaporation of solvent, methanol was added and the insoluble
solid was removed. The supernatant was evaporated, and distilled water
o ) (100 mL) was added. The pH of the solution was adjusted to 6.5 with
and a disulfide group at the C-terminal. The ECz group acts as 1 N hydrochloric acid, and the solution was stirred at room temperature
a photosensitizer in this system and is useful to avoid excimer for 24 h. The reaction product was extracted withutanol and washed
formation even in a condensed phase. The excimer formationwith 1 N aqueous NaOH solution dnl N hydrochloric acid. The
significantly decreases the redox capability of the excited ECz reaction product was obtained by solvent evaporation (396 mg, 42.5%
group2°-22SS-A12-ECz is also a tridecapeptide but carries the Yield). TLC: R(A) = 0.18, R(C) = 0.50. *H NMR (270 MHz,
two functional groups at the terminals in the opposite way to CPCh): 9 (ppm) 1.48 (41, m, NH5"CH,CH,CH,CH.CHy), 1.64 (4H,

the case of ECz-A12-SS. ECz-A20-SS is a heneicosapeptide: NFe CH:CH:CH.CHCHy), 1.89, 2.47 (2H, m, CHE,CHSS), 2.88
analogous to ECz-A12-SS in terms of the positions of the gn’:1’1N(;EC%HE%HZSCS};Z(,\:EZ((:S%’.“:’r;/lzslng(’cr;’cg}:ongﬁssz)i,\i'538
functional groups. ECz-C11-SS is a disulfide compound carrying ., '19’1.08). it ' v

a dialkyl cham instead of a peptide chain. SS-A12 and BA4-SS.BA40H (240 mg) was dissolved in dimethylformamide
1-dodecanethiol (C12SH), which do not carry ECz group, were (6 mL), and was reacted with 1,2-dithia-3-(1-amin@entyl)cyclo-
used as control compounds. pentane (254 mg) in the presence®(7-azabenzotriazol-1-yl)-1,1,3,3-
The surface coverage of the SAMs was investigated by quartz tetramethyluronium hexafluorophosphate (HATU) (318 mg) WiN-
crystal microbalance measurements, cyclic voltammetry, and diisopropylethylamine (DIEA) (43€L) at 0 °C for 10 min and
impedance spectroscopy, and the molecular orientation of thethereafter at 28C for 24 h. The solvent was removed and the remaining
peptide monolayer was determined by Fourier transform infrared Solid was purified by a Sephadex LH-20 column using methanol as
reflection—absorption spectroscopy. The photocurrent generation €!uant (171 mg, 51.0% yield). TLCR(A) = 0.60,R(C) = 0.75."H

by the SAMs was investigated, and the influence of the dipole NMR (270 MHz, CDCh): 0 (ppm) 1.35-1.60 (31H, brm, NHCH-
moment, length, and structure of the linker between a gold (CHy CONHC(GHa)z, NHCH,CH:CH:CH:CHz, (CH):C), 1.63 (4H,

’ ’ m, NHCH,CH,CH,CH,CH), 1.85, 2.41 (2H, m, CHB,CH.SS), 3.13
surface and an ECz group on the rate of electron transfer was . m cHCHCH,SS), 3.17 (2H, brs, NHB;CH,CH,CH,CH,), 3.53
discussed. (1H, m, CHCH,CH,SS), 3.87, 4.06 (2H, m, NHE(CHs)CONHC-
(CHa),), 5.53 (1H, s, MCH,CH,CH,CH,CH,), 6.73, 6.99, 7.51 (4H,
s, NHCH(CH;)CONHC(CHs)z). MS (FAB, matrix; nitrobezyl alco-

Figure 1. Molecular structures of newly synthesized disulfide com-
pounds (ECz-A12-SS, SS-A12-ECz, ECz-A20-SS, and ECz-C11-SS)
and reference compounds (SS-A12 and C12SH).

(20) Nakamura, H.; Fujii, H.; Sakaguchi, H.; Matsuo, T.; Nakashima,
N.; Yoshihata, K.; Ikeda, T.; Tazuke, S. Phys. Chem1988 92, 6151.

(21) Taku, K.; Sasaki, H.; Kimura, S.; Imanishi, Xmino Acids1994 hol): m/z 604 (calcd for GiHsoNsOsS, [(M + H)*] m/z 604.31).
7, 311.
(22) Morita, T.; Kimura, S.; Imanishi, YJ. Am. Chem. S0d999 121, (23) Otoda, K.; Kimura, S.; Imanishi, Biochim. Biophys. Actd993

581. 1145 33.
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Scheme 1. Synthetic Scheme of ECz-A12-SS, SS-A12-ECz, ECz-A20-SS, and ECz-C11-SS

ECz ECz ECz ECz
¢He Boc,0 GHe GHe EtOH / HCI GHe
HaN—-CH-C—OH Boc-NH—-CH—C-OH HgN~CH-—C~OH —————> HN-CH-C-OEt
o Boc-ECzAla © 0 ECzAla-OEt ©
LiAlH,
HaN—C—(CHa ——— HN-CHs—("Y
O S-8 (A) S-S
CHs CHy
Boc%NH—CH—g—NH——g——ga—OH
(0] CH; O /n
BA(2n)OH
HATU / DIEA HCl
BA4OH + (A) ———————= BA4-SS BA12-SS ECz-A12-8S
BABOH / Boc-ECzAla /
HATU / DIEA HATU / DIEA
HATU / DIEA HC!
BA4OH + ECzAla-OFEt BA4-ECzAla-OEt BA12-ECzAla-OEt
BASOH /
HCl HATU / DIEA
S$S-A12-ECz
lipoic acid / HATU / DIEA
Hal Ha ECz-A20-SS
A12- BA20-SS 2-A20-
B S8 BABOH / Boc-ECzAla /
HATU / DIEA HATU / DIEA
H2N—(C:|2)11—OH _(CHo)yi—OH BocsO Boo_N -~ (CHah—OH CDI
Br—(CHg)yy—OH “(CHa)1—OH SCH—OH =\
_pr Na$ CHa)1—S HCl
Boc—n (CHaBr 292 g ng (O ECz-C11-8S

(CHg)1y—Br

Boc = tert-butyloxycarbonyi

NCHa)17—S Boc-ECzAla/

HATU / DIEA

HATU = O-(7-azabenzotriazol 1-yl)-1,1,3,3-tetramethyluronium haxafluorophosphate

DIEA = N, N-diisopropylethylamine
CDI = 1,1-carbonyl-bis-1H imidazole

BA12-SS.The Boc group of BA4-SS (42 mg) was removed by
treatment wih 4 N HCI in dioxane, and the product dissolved in
chloroform (2 mL) was reacted with BASOH (52 mg) in the presence
of HATU (40 mg) with DIEA (27uL) at 0°C for 10 min and thereafter
at 25°C for 24 h. After removal of the solvent, the remaining solid
was dissolved in chloroform and washed with 4 wt % NaH@Queous
solution and 4 wt % NaHSQaqueous solution. The solvent was

NaHCQ; aqueous solution and 4 wt % NaH$&gueous solution. The
solvent was removed and the remaining solid was purified by a
Sephadex LH-20 column using methanol as eluant (17 mg, 55.2%
yield). TLC: R(A) = 0.60, R(C) = 0.81.H NMR (270 MHz,
CDCly): 6 (ppm) 1.35-1.60 (74H, brm, NHCH(El5) CONHC(Hj3),,
NHCH,CH,CH,CH,CH,, (CH3)sC, NCH,CHs,), 1.85, 2.41 (2H, m,
CHCH,CH,SS), 3.15-3.20 (6H, brm, CHCHKHCH,SS, NHGH,CH,CH-

removed and the remaining solid was purified by a Sephadex LH-20 CH,CH,, NHCHCH), 3.53 (1H, m, GZiCH.CH,SS), 3.95, 4.24 (6H,

column using methanol as eluant (25 mg, 29.2% yield). TIRA)

= 0.63,R{(C) = 0.77.'H NMR (270 MHz, CDC}): 6 (ppm) 1.35-

1.60 (71H, brm, NHCH(G:;)CONHC(O"g)z, NHCH2CH2CH2CH20H2,

(CH3)3C), 1.85, 2.41 (2H, m, CHB,CH.SS), 3.13 (2H, m, CHCHCH.-

SS), 3.17 (2H, brs, NHEB,CH,CH,CH,CH,), 3.53 (1H, m, GiCH,-

CH;SS), 3.95, 4.24 (6H, m, NH@(CH3)CONHC(CH;),), 5.68 (1H, s,
NHCH,CH,CH,CH,CH,), 7.30-7.72 (12H, s, MCH(CHz)CONHC-

(CHs)2). MS (FAB, matrix; nitrobezyl alcohol):m/z 1251 (calcd for
CssHo7N130145,N&y [(M + Na)*] m'z 125067)

ECz-A12-SS.The Boc group of BA12-SS (25 mg) was removed
by treatment wih 4 N HCI in dioxane, and the product dissolved in
chloroform (1 mL) was reacted with Boc-ECzAla (10 mg) in the
presence of HATU (15 mg) with DIEA (1@L) at 0 °C for 10 min
and thereafter at 28C for 24 h. After removal of the solvent, the
remaining solid was dissolved in chloroform and washed with 4 wt %

m, NHCH(CHs)CONHC(CHy),), 4.29 (2H, q, NE&I,CHs), 4.41 (1H,
g, NHCHCH,), 5.81 (1H, s, MlCH,CH,CH,CH,CH), 7.30-8.12 (20H,
brm, NHCH(CH;)CONHC(CHs),, NHCHCH,, carbazolylH). MS
(FAB, matrix; nitrobezyl alcohol)nvz 1515 (calcd for GH11N 150155,
Na, [(M + Na)t] m'z 1514.80).

BA4-ECzAla-OEt. BA4OH (67 mg) was dissolved in dimethyl-
formamide (2 mL) and reacted with ECzAla-OEt (54 mg) in the
presence of HATU (89 mg) with DIEA (6xL) at 0 °C for 10 min
and thereafter at 28C for 12 h. The solvent was removed and the
remaining solid was purified by a Sephadex LH-20 column using
methanol as eluant (73 mg, 65.2% yield). TL&(A) = 0.65,R(C)
= 0.78. '1H NMR (270 MHz, CDCh): & (ppm) 1.07 (3H, t,
COOCHCHs3), 1.25-1.44 (21H, brm, NHCH(E35)CONHC(CHs)o,
NCH,CHs), 1.49 (9H, s, (€13)sC), 3.25 (2H, d, NHCHE!,), 3.83, 4.13
(2H, m, NHCH(CH3)CONHC(CH),), 4.06 (2H, g, COOEI,CH;), 4.29
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(2H, g, NCH.CHs), 4.74 (1H, g, NHEICH,), 5.62 (1H, d, NHCHCH,),
7.18-8.04 (11H, carbazolyH, NHCH(CHs)CONHC(CHs)y).

BA12-ECzAla-OEt. The Boc group of BA4-ECzAla-OEt (14 mg)

was removed by treatment Wit N HCI in dioxane, and the product
dissolved in chloroform (2 mL) was reacted with BASOH (17 mg) in
the presence of HATU (13 mg) with DIEA (8L) at 0 °C for 10 min
and thereafter at 28C for 24 h. After removal of the solvent, the
remaining solid was dissolved in chloroform and washed with 4 wt %
NaHCQ; aqueous solution and 4 wt % NaH$&gueous solution. The
solvent was removed, and the remaining solid was purified by a
Sephadex LH-20 column using methanol as eluant (17 mg, 65.1%
yield). TLC: R(A) = 0.25, R(C) = 0.61.'H NMR (270 MHz,
CDCly): 6 (ppm) 1.11 (3H, t, COOCKCHg), 1.38-1.55 (66H, brm,
NHCH(CH3)CONHC(CH3)2, NCH,CH3, (CH3)sC), 3.24 (2H, d, NH-
CHCH,), 3.82, 3.95 (6H, m, NHB(CH3;)CONHC(CH;),), 4.06 (2H,
g, COO,CHs), 4.32 (2H, q, N&1,CHs), 4.80 (1H, g, NHEICH,),
5.92 (1H, d, NHCHCH,), 7.10-8.10 (19H, carbazolyH, NHCH(CH;)-
CONHC(CHg),). MS (FAB, matrix; nitrobezyl alcohol):m/z 1370
(CalCd for Q6H102N14016Na1 [(M + Na)*] m'z 136976)

SS-A12-ECz.The Boc group of BA12-ECzAla-OEt (17 mg) was
removed by treatment wit4 N HCI in dioxane, and the product
dissolved in chloroform (1 mL) was reacted wibth-o-lipoic acid (5
mg) in the presence of HATU (14 mg) with DIEA () at 0 °C for
10 min and thereafter at & for 24 h. After removal of the solvent,
the remaining solid was dissolved in chloroform and washed with 4
wt % NaHCQ aqueous solution and 4 wt % NaHS&xueous solution.
The solvent was removed and the remaining solid was purified by a
Sephadex LH-20 column using methanol as eluant (6 mg, 33.3% yield).
TLC: R{A) = 0.43,R(C) = 0.89.'H NMR (270 MHz, CDC}): o
(ppm) 1.10 (3H, t, COOCHCH3), 1.35-1.62 (63H, brm, NHCH(El3)-
CONHC(MH3),, NCH,CH3, CHx(CH,)sCHCH,CH,SS), 1.80, 2.40 (2H,

m, CHy(CH2)sCHCH,CH.SS), 2.38 (2H, brs, B(CH)sCHCH,CH.-
SS), 3.12 (2H, m, CKHCH,)sCHCH,CH,SS), 3.32 (2H, d, NHCHB,),
3.48 (1H, m, CH(CH,)sCHCH,CH,SS), 3.94, 4.10 (6H, m, NH&CHs)-
CONHC(CH;),), 4.06 (2H, q, COOE,CHs), 4.32 (2H, g, NGi,CHs),
4.70 (1H, g, NHGICH,), 7.12-8.15 (20H, carbazolyH, NHCH(CH)-
CONHC(CHg)z, NHCHCH,). MS (FAB, matrix; nitrobezyl alcohol):
m/z 1458 (calcd for GoH106N14015Nay [(M + Na)'| mvz 1457.74).

BA20-SS.The Boc group of BA12-SS (67 mg) was removed by
treatment wih 4 N HCI in dioxane, and the product dissolved in
chloroform (3 mL) was reacted with BASOH (60 mg) in the presence
of HATU (46 mg) with DIEA (32uL) at 0°C for 10 min and thereafter
at 25°C for 24 h. After removal of the solvent, the remaining solid
was dissolved in chloroform and washed with 4 wt % NaH@Queous
solution and 4 wt % NaHSQaqueous solution. The solvent was
removed and the remaining solid was purified by a Sephadex LH-20
column using methanol as eluant (101 mg, 53.9% yield). TIRZA)
= 0.43,R(C) = 0.85.H NMR (270 MHz, CDC}): ¢ (ppm) 1.3+
1.70 (107H, brm, NHCH(83)CONHC(Hs3),, NHCH,CH,CH,CH,CH,,
(CH3)3C), 1.87, 2.41 (2H, m, CHB,CH,SS), 3.07-3.14 (4H, brm,
CHCH,CH,SS, NHCGH,CH,CH,CH,CH,), 3.52 (1H, m, GICH,CH,-
SS), 3.93, 4.27 (10H, m, NH@{CH3;)CONHC(CH),), 6.86 (1H, s,
NHCH,CH,CH,CH,CH), 7.46-8.03 (20H, brm, MCH(CH;)CONHC-
(CHg)2).

ECz-A20-SS.The Boc group of BA20-SS (54 mg) was removed
by treatment wit 4 N HCI in dioxane, and the product dissolved in
chloroform (4 mL) was reacted with Boc-ECzAla (17 mg) in the
presence of HATU (25 mg) with DIEA (1#L) at 0 °C for 10 min
and thereafter at 28C for 24 h. After removal of the solvent, the
remaining solid was dissolved in chloroform and washed with 4 wt %
NaHCG; aqueous solution and 4 wt % NaH$&gueous solution. The
solvent was removed and the remaining solid was purified by a

J. Am. Chem. Soc., Vol. 122, No. 12,285

bazolylH). MS (FAB, matrix; nitrobezyl alcohol):nvVz 2139 (calcd
for CrooH161N23023S,Nag [(M + Na)*] m'z 213916)

N,N-Bis(1-hydroxy-n-undecyl)amine. 1-Amino-11-hydroxyunde-
cane (480 mg) and 1-bromo-11-hydroxyundecane (643 mg) were
dissolved in ethanol (20 mL), and the solution was refluxed at@0
for 24 h in the presence of KOs (1060 mg). After removal of KCOs
by filtration, the solvent was removed and the remaining solid was
purified by a Sephadex LH-20 column using methanol as eluant (255
mg, 27.8% yield). TLC:R(B) = 0.29,R(D) = 0.48.*H NMR (270
MHz, CDCkL): 6 (ppm) 1.25 (28H, brs, NHCKHCH,(CH,);CH,CH,-

OH), 1.53 (8H, m, NHCHCH,(CH,);CH,CH,OH), 2.53 (4H, t, NHE~
CHy(CH,)7CH,CH,0H), 3.60 (4H, t, NHCHCH,(CH,);CH,CH,OH).

N-(tert-Butyloxycarbonyl)-N,N-bis(1-hydroxy-n-undecyl)amine.
N,N-Bis(1-hydroxyn-undecyl)amine (234 mg) and tét-butyl carbon-
ate (171 mg) were dissolved in chloroform (10 mL), and the solution
was stirred at room temperature for 4 h. The solvent was removed,
and a crude product was obtained (317 mg, quantitative yield). TLC:
R(B) = 0.54,R(D) = 0.79.*H NMR (270 MHz, CDC}): 6 (ppm)
1.24 (28H, brs, NChCH,(CH,);CH,CH,0H), 1.46 (9H, s, (CH3C),

1.53 (8H, m, NCHCH,(CH,);CH,CH,OH), 3.10 (4H, t, NG.-
CHy(CH,)7CH,CH,0H), 3.61 (4H, t, NCHCH,(CH,);CH,CH,0OH).

N-(tert-Butyloxycarbonyl)-N,N-bis(1-bromo-n-undecyl)amine.
N-(tert-Butyloxycarbonyl)N,N-bis(1-hydroxyn-undecyl)amine (200
mg) was reacted with 1tarbonyl-bis-H-imidazole (70 mg) in
acetonitrile (10 mL) at room temperature for 30 min. Allyl bromide
(7.6 mL) was added, and the solution was refluxed at@Gor 4 h.
After removal of solvent, the reaction product was dissolved in
chloroform and washed with 10 wt % aqueous citric acid solution and
saturated aqueous NaCl solution. The solvent was evaporated, and the
reaction product was obtained (154 mg, 60.4% vyield). TIRIB) =
0.91,R(D) = 0.94.2H NMR (270 MHz, CDC}): 6 (ppm) 1.24 (28H,
brs, NCHCH,(CH,)7CH.CH;Br), 1.46 (9H, s, (ChH)3sC), 1.53 (8H, m,
NCH,CH2(CHy),CH,CH,Br), 3.11 (4H, t, NG,CHy(CH,);CH;CH,-

Br), 3.37 (4H, t, NCHCH(CH,);CH,CH,Br).
1-(tert-Butyloxycarbonyl)-1-aza-13,14-dithiacyclopentacosane.
N-(tert-Butyloxycarbonyl)N,N-bis(1-bromon-undecyl)amine (40 mg)
was reacted with sodium hydrosulfide (77 mg) in ethanol (10 mL) at
room temperature for 24 h. The solution was neutralized with acetic
acid/ethanol (1/10 v/v), iodide (22 mg) was added, and the solution
was stirred at room temperature for 6 h. After evaporation of solvent,
chloroform was added and the insoluble solid was removed. The solvent
was removed, and the reaction product was obtained (27 mg, 80.9%
yield). TLC: R(B) = 0.87, R(D) = 0.91.H NMR (270 MHz,
CDCly): 6 (ppm) 1.24 (28H, brs, NC¥H,(CH,);CH,CH,SS), 1.46
(13H, brs, (G‘|3)3C, NCHchz(CHz)7CH2CHZSS), 1.53 (4H, m, NCH
CHy(CH,)7;CH,CHSS), 2.65 (4H, t, NChCH,(CH,);CH,CH_SS), 3.10
(4H, t, NCH,CH,(CH,)7CH,CH,SS).

ECz-C11-SS.The Boc group of 1liert-butyloxycarbonyl)-1-aza-
13,14-dithiacyclopentacosane (26 mg) was removed by treatment with
4 N HCl in dioxane, and the product dissolved in chloroform (1 mL)
was reacted with Boc-ECzAla (24 mg) in the presence of HATU (36
mg) with DIEA (25uL) at 0 °C for 10 min and thereafter at Z& for
12 h. After concentration of the solution, methanol was added to
precipitate the reaction product and the product was purified by a
Sephadex LH-20 column using tetrahydrofuran as eluant (19 mg, 47.8%
yield). TLC: R(B) = 0.78, R(C) = 0.93.H NMR (270 MHz,
CDC|3): o) (ppm) 1.25 (28H, brs, NCH:Hz(CHg)7CH2CstS), 1.40
(16H, brs, NCHCH(CH,)7CH,CH,SS, NCHCHj3, (CH3)sC), 1.57 (4H,

m, NCH,CH,(CH,);CH,CH,SS), 2.66 (4H, t, NCBHCH,(CH,);CH,CH-
SS), 2.83 (4H, brs, NB,CH,(CH,);CH,CH.SS), 3.13 (2H, d, NH-
CHCHy), 4.30 (2H, g, N&1,CHs), 4.80 (1H, g, NHEICH,), 5.41 (1H,
d, NHCHCH,), 7.20-8.14 (7H, carbazolyH). MS (FAB, matrix;

Sephadex LH-20 column using methanol as eluant (45 mg, 72.6% nitrobezyl alcohoH- thioglycerol): mvVz 753 (calcd for G4H70N30:S,

yield). TLC: R(A) = 0.45, R(C) = 0.90.H NMR (270 MHz,
CDCL): ¢ (ppm) 1.35-1.58 (110H, brm, NHCH(El) CONHC(CH3),,
NHCH,CH,CH,CH;CH,, (CH3)sC, NCH,CHa,), 1.73, 2.35 (2H, m,
CHCH,CH;,SS), 2.97 (2H, m, CHCKCH,SS), 3.15-3.30 (4H, brm,
NHCH,CH,CH,CH;CH,, NHCHCH,), 3.52 (1H, m, GICH,CH,SS),
3.93, 4.30 (10H, m, NHB(CH3)CONHC(CH),), 4.20 (2H, g, NG,
CHy), 4.28 (1H, g, NHEICHy), 5.92 (1H, S, MCH,CH,CH;CH,CHy),
7.30-8.12 (28H, brm, MCH(CHs)CONHC(CHs),, NHCHCH, car-

[(M + H)*] m/z 752.48),m/z 860 (calcd for G/H7zeN30sS; [(M +
thioglycerol+ H)™] m/z860.50),m/z 966 (calcd for GoHgeN307S, [(M
+ two x thioglycerol+ H)*] nvVz 968.53).

Circular Dichroism (CD) Measurements. CD spectra of the
peptides were measured in a methanol solution aft@®n a CD
spectrometer (J-600, JASCO Co., Ltd., Japan) using an optical cell of
1 cm path length.

Preparation of Self-Assembled MonolayersA substrate coated
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with gold was prepared by vapor deposition of chrominium and then
gold (99.99%) onto a clean slide glass. The thickness of the chrominium
and gold layers, monitored by a quartz oscillator, were approximately
100 and 1000 A, respectively. In advance of the vapor deposition, the
slide glass was treated with methanol, distilled water, as8{(97%):
H20; (30%) = 7:3 (a piranha solution) for 3 h. The plate was washed
thoroughly with distilled water and methanol. The gold substrate was
used for a self-assembling experiment within a few days of preparation.
The gold substrate was incubated in an ethanol solution of a disulfide
compound (0.1 mM) for 24 h. After the incubation, the substrate was
rinsed rigorously with ethanol and dried in stream of dry nitrogen gas.
Quartz Crystal Microbalance (QCM) Measurements. QCM is
known to be very sensitive mass measuring de¥iéeThe QCM
employed is a commercially available 9 MHz, AT-cut quartz (diameter

9 mm), purchased from USI Co., Ltd. (Japan). The quartz-crystal plates

with Au deposited on both sides were used. The 9 MHz QCM was

connected to a oscillator (Q-200S, USI Co., Ltd., Japan). The frequency

changes were followed by a universal counter (model 53131A, Hewlett-
Packard Co., Ltd.,, CA). The following equation (eq 1) has been
established for an AT-cut shear mode QEM.

—2Fy
AVPditq

AF, Fo, Am, A, pq, anduq represent the measured frequency shift (Hz),
the fundamental frequency of the QCM £910° Hz), the mass change
(9), the electrode area (0.16 &mthe density of the quartz (2.65 g
cm3), and the shear modulus of the quartz (2:95.0* dyn cn1?),
respectively. The both sides of the Au electrode of the QCM were

AF =

Am (1)

Morita et al.

ratio in the FTIR-RAS spectrum according to eq 2 under the
assumption of a uniform crystal of the peptide-thin la¥fer 3t

(3cody —1)(3codh, — 1)+ 2
* (3cody — 1)(3cos?h, — 1) + 2

I

@

P

li, v, and@; (i = 1 or 2 corresponding to amide | or amide Il) represent
the observed absorbance, the tilt angle of the helix axis from the surface
normal, and the angle between the transition moment and the helix
axis, respectively. The values of the and - are taken to be 3%nd

75°, respectively??

Photocurrent Generation Experiments. Photocurrent measure-
ments were carried out using the three-electrode setup described above
at room temperature. The supporting electrolyte used waS®ig0.1
M). The SAM-modified electrodes were photoirradiated with a Xe lamp
(500 W, JASCO Cao., Ltd., Japan) equipped with a monochromator.
The photocurrents generated from the SAM electrodes were detected
by the voltammetric analyzer described above. The concentrations of
an electron acceptor (M) and electron donors (TEOA, EDTA) were
set at 50 mM. The intensity of the incident light was evaluated by a
potassium ferrioxalate actinomeff§* The quantum efficiency of the
photocurrent generation (the number of electron flowed upon photo-
irradiation/the number of photon absorbed by ECz groups) was
determined at light intensity of 4.78 107! einstein s* for 299 nm
excitation and 1.25x 107 einstein s! for 351 nm excitation,
respectively. The number of photons absorbed by ECz groups was
calculated from the absorbance of the SAMs, which were derived from
the surface coverage assuming that the molar absorptivities of the SAMs
are the same as those of the disulfide compounds in a chloroform

washed with a piranha solution in order to remove organic adsorbate solution.

impurities from the gold surfaces. The QCM was rinsed with Milli-Q

water and methanol, and dried in a vacuum. The QCM was immersed Results and Discussion

into an ethanol solution of a disulfide compound (0.1 mM) fer53h.
After washing with ethanol, the QCM was dried in the air, and the
mass change was calculated from the frequency shift using eq 1.
Cyclic Voltammetry. Cyclic voltammograms were obtained using
a voltammetric analyzer (model 604, BAS Co., Ltd., Japan) at room

Conformation of Peptides in Solution.The CD spectra of
the peptides carrying an ECz group and a disulfide group in a
methanol solution are shown in Figure 2. These tridecapeptides
and heneicosapeptide are designed to addmtlical conforma-

temperature. A standard three-electrode configuration was used with ation on the basis of the investigation of a series of (Ala-Aib)
gold-coated substrate as the working electrode, Ag/AgCl as the referencepeptides on the conformatidf.All peptides show a double-
electrode, and a platinum wire as the auxiliary electrode in a glass minimum profile, which is characteristic of an-helical
vessel. All of the electric potentials reported in this paper were measured gt cture®536 The helix contents of ECz-A12-SS, SS-A12-ECz,
with respect to the reference electrode. The area of the working electrodeand ECz-A20-SS were determined to be 45.4%, 49.2%, and

exposed to the electrolyte solution was 0.9(?cirhe redox reagent
used for blocking experiments was 1 mM[Re(CN)] in 1 M KCI
analyte solution. The sweep rate was set at 50 mV fer all
measurements.

Impedance Spectroscopylmpedance measurements were carried
out in the frequency range of 100 kHz to 0.01 Hz with an amplitude
of 50 mV and fixed static potential 6f0.5 V with the three-electrode

81.8%37 respectively, showing that the longer peptide chain
stabilizes ar-helical conformation.

Surface Coverage of Self-Assembled MonolayersThe
surface coverage of the SAMs prepared from the disulfide
compounds was investigated by QCM measurements. Surface
coverage of ECz-A12-SS, SS-A12-ECz, ECz-A20-SS, and ECz-

setup described above under nitrogen atmosphere at room temperature£11-SS on a gold surface were 0.114, 0.145, 0.176, and 0.345

The supporting electrolyte used was,N@y (0.01 M). The results were

nmol cnT?, respectively. The corresponding molecular areas

presented as Bode plots and Nyquist plots and analyzed by comparinggq 146, 115, 94.4, and 48.2/Aolecule, respectively, indicat-

the experimental data with a model equivalent circuit consisting of a
resistor in series with a parallel capacitor/resistor combination that
generally corresponds to the monolayer.

Fourier Transform Infrared Reflection —Absorption Spectros-
copy (FTIR-RAS). The FTIR spectra were recorded on a Fourier
transform infrared spectrometer (Magna 850, Nicolet Japan Co., Ltd.,

ing that the SAM of a tridecapeptide connected to a gold surface
at the C-terminal of the peptide covered a gold surface to a
lesser extent than that of a tridecapeptide connected at the

(27) Greenler, R. GJ. Chem. Physl966 44, 310.
(28) Gremlich, H. U.; Fringeli, U. P.; Schwyzer, Biochemistry1983

Japan) at room temperature. For RAS measurements, a reflection22, 4257.

attachment (model RMA-1DG/VRA, Harrick Co., Ltd., NY) was used,
and ap-polarized beam was obtained through an Au/AuBr wire-grid
polarizer (Hitachi Co., Ltd., Japan). The incident angle was set‘at 85
from the surface normal. The number of interferogram accumulations
was 500. Molecular orientation of the peptide monolayer on a gold

(29) Debe, M. K.J. Appl. Phys1984 55, 3354,
(30) Okamura, E.; Umemura, J.; TakenakaCan. J. Chem1991, 69,

(3i) Worley, C. G.; Linton, R. W.; Samulski, E. Tangmuir1995 11,
3805.
(32) Tsuboi, M.J. Polym. Sci1965 59, 139.

surface was determined on the basis of the amide I/amide 1l absorbance (33) Parker, C. AProc. R. Soc., Ser. A956 235 518.

(24) Muramatsu, H.; Dicks, J. M.; Tamiya, E.; KarubeAhal. Chem.
1987 59, 2760.

(25) Okahata, Y.; Matsunobu, Y.; ljiro, K.; Mukae, M.; Murakami, A.;
Makino, K. J. Am. Chem. S0d.992 114, 8299.

(26) Sauerbrey, GZ. Phys 1959 155 206.

(34) Hatchard, C. G.; Parker, C. Rroc. R. Soc., Ser. A956 235
518.

(35) Holzwarth, G.; Doty, PJ. Am. Chem. Sod 965 87, 218.

(36) Greenfield, N.; Fasman, G. Biochemistryl969 8, 4108.

(37) Chen, Y. H.; Yang, J. T.; Martinez, H. NBiochemistryl972 11,
4120.
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Figure 2. CD spectra of ECz-A12-SS (solid ling), SS-A12-ECz (dashed [€MPerature. The sweep rate was set at 50 mV s
line), and ECz-A20-SS (dotted line) in methanol at a concentration of

6.4 % 10-6 M at 20°C. A12-SS, SS-A12-ECz, and ECz-C11-SS SAMs were calculated

to be 5.01, 2.98, and 2.24F/cnT2, respectively. Considering
the monolayer as a plate condenser, the capacitance is defined

N-terminal. A similar result was reported with the other peptide v eq 3

SAMs, where the peptide SAM connected to a gold surface via
the N-terminal was more dense than the peptide SAM connected
via the C-terminaf® This result is possibly due to unfavorable c =2m (3)
electrostatic repulsion between the dipoles of the helical peptide m d
directing toward an aqueous phase and the dipoles of-a&uS .
linkage (S —Au*) opposing the helix dipole¥:4°However, we where Cn, €0, em, and d represent the capacitance of the
cannot exclude the other factors such as the chain-lengthm°n°|ayer' the dielectric permittivity of free space,the relative
difference at the anchor part of the molecules and the different di€lectric constant of the monolayer, and the thickness of the
size and polarity of the protecting terminal groups. monolayer, respectively. The th|ckn¢ss of th_e SAMs was
The SAM composed of a longer peptide, ECz-A20-SS, calculated to be about 21 A for the tndeca_peptlde SAMs and
covered a gold surface more densely than the SAMs of the 17 A for the ECz-C11-SS SAM on the basis of the molecular

tridecapeptides, and the area per a unit molecule approached t@"entation on the gold surface (described in the following
the cross-section area of Boc-(Ala-AiPMe, which is deter- section). The:, values were calculated by eq 3 to be 12, 7.4,
mined on the basis of X-ray crystal analy5isA longer helix 4.3 for the ECz-A12-SS, SS-A12-ECz, and ECz-C11-SS SAMSs,
peptide seems to strengthen the aggregation of peptide molecule£eSPectively. The dielectric constant of the ECz-A12-SS SAM
by van der Waals force in the SAM, resulting in the formation S considerably h!gh, indicating penetration of electrolytes or
of a highly ordered monolayéf.The area per a unit molecule  Water molecules into the SAM through the defects.

of ECz-C11-SS on a gold surface is much smaller than those __Oriéntation of Helical Peptides on Gold Surface.The
of the helical peptides because of the smaller cross section off T'R-RAS spectrum of the ECz-A12-SS SAM is shown in

the dialkyl group and is nearly twice as large as that of a single- Figure 4. The absorptions observed at 1675 and 1538 wrere
chainn-alkanethiol (22 A/molecule)’! assigned to amide | and amide Il bands of arhelical

The prepared SAMs were studied by cyclic voltammetry. The conformatio_n‘t6 respectively, iqdicating_ an-helical structure _
cyclic voltammograms of a bare surface and the SAMs were for the peptide SAM. The amide I/amide Il absorbance ratios
measured in an aqueous[Re(CN)] solution and are shown  Of the ECz-A12-SS, SS-A12-ECz, and ECz-A20-SS SAMs were
in Figure 3. With the exception of the ECz-A12-SS SAM, other 2.34,2.71, and 3.34, respectively. The corresponding tilt angles

SAMs did not show redox activity, indicating that these SAMs of the helices from the surface norr_nal were calculated using
possess a well-packed monolayer structure and an insulating®d 2 to be 44 41°, and 36, respectively. The surface areas

property. The redox peaks of ferricyanide observed in the caseoccupied by a moleculezwere calculated using these tilt angles
of the ECz-A12-SS SAM are smaller than those of a bare gold, {0 be 121, 114, and 105 Anolecule for ECz-A12-SS, SS-A12-

showing that this monolayer possesses some defects or incomECZ, and ECz-A20-SS, respectively, assuming hexagonal pack-

pletely packed regions where the electrolyte can diffuse in. This ind Of the helices and uniform orientation in the SAMs. The
result agrees well with the QCM observation. surface areas of the SS-A12-ECz and ECz-A20-SS SAMs

The relative dielectric constants of the SAMs were determined detérmined by FTIR-RAS coincide with those obtained by the
by the impedance spectroscopy in anS@, solution?2-45 The QCM measurements. On the other hand, the surface area of the

measurements were carried out at a potentiat@®b V, where (42) Plant, A. L.; Gueguetchkeri, M.; Yap, Wgiophys. J.1994 67,

no redox reaction occurs. The capacitance values for the ECz-1126. _ _ _ o
(43) Gafni, Y.; Weizman, H.; Libman, J.; Shanzer, A.; Rubinstein, I.

(38) Fujita, K.; Bunjes, N.; Nakajima, K.; Hara, M.; Sasabe, H.; Knoll, Chem. Eur. J1996 2, 759.

W. Langmuir1998 14, 6167. (44) Steinem, C.; Janshoff, A.; Ulrich, W.-P.; Sieber, M.; Galla, H.-J.
(39) Nuzzo, R. G.; Fusco, F. A,; Allara, D. 0. Am. Chem. S0d.987, Biochim. Biophys. Actd996 1279 169.

109, 2358. (45) Motesharei, K.; Ghadiri, M. Rl. Am. Chem. So4997, 119, 11306.
(40) Biebuyck, H. A.; Whitesides, G. M.angmuir1993 9, 1766. (46) Kennedy, D. F.; Chrisma, M.; Chapman, T.Blochemistryl991,

(41) Strong, L.; Whitesides, G. M.angmuir1988 4, 546. 30, 6541.



2856 J. Am. Chem. Soc., Vol. 122, No. 12, 2000 Morita et al.

0.006 _ w"\,..m ECz-A12-5§
3
0.0057 g e T S N SS-ALZEC:
ECz-C11-SS
o 0004 =
g | _§ W ECz-A20-SS
£ A g
5 0.003 ! = Ww SS-Al12
=)
<
0.002
W C12SH
0.001 0.1 nAI
L I light
0.000}_~— on off on off
. ; ) . : T T T T T T T
2000 1900 1800 1700 1600 1500 0 20 40 6 8 100 120 140
Wavenumber (cm!) Time (s)
Figure 4. FTIR-RAS spectrum of the ECz-A12-SS SAM.
ECz-A12-SS
_s %4, SS-A12-ECz
—S & sensitizer AR ECzC11-58
2 () ECz CHa—N:_’f_> <l>N'CH3 ECz-A20-SS
—g ECz electron acceptor SS-A12
—S. 5 2+
Au . methyl viclogen (MV2+) C12SH
_ ECz : ) -
s @ @ 0.00 0.02 0.04 0.06 0.08
ECz @ Photocurrent (nA)
ECz-A12-5S Figure 6. Time course of the photocurrents of the SAMs in an aqueous
(-) ECz+ /ECz* MV 2* solution & O V upon photoirradiation at 351 nm (1.2610°%°
G 245V einstein s) at room temperature (top). Photocurrents of the SAMs
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» lovel 066V Table 1. Quantum Efficiency of the Cathodic Photocurrent
; Au | ele & ECz+ /ECz Generation in an Aqueous MY Solution and the Anodic
= &'md""ati 10V Photocurrent Generation in an Aqueous TEOA or EDTA Solution
L o) _—
5 " MV2t (%)  TEOA (%) EDTA (%)
(+) ECz-Al12-SS 0.43 0.19 0.17
Figure 5. Schematic illustration of cathodic photocurrent generation E(S:AclzilE(S:é %?fé %i% %‘éi
by the a-helical peptide SAM in the presence of MV z | ' |
y ECz-A20-SS 0.04 0.07 0.03

ECz-A12-SS SAM from FTIR-RAS was slightly smaller than
that from the QCM measurement (146&/éolecule). The ECz-

SAMs show higher quantum efficiencies than the ECz-C11-SS

A12-SS SAM should contain some defects or incompletely SAM. In addition, the efficiency of the ECz-A12-SS SAM
packed regions, which is agreeable with the results from the where the dipole ofx-helix directs toward an aqueous phase
cyclic voltammetry and impedance spectroscopy. S0 as to accelerate the electron donation from a gold surface to
Cathodic Photocurrent Generation by Self-Assembled an ECz group was higher than that of the SS-A12-ECz SAM
Monolayers. Photocurrent generation by the SAMs was inves- having the dipole moment reverse-directed to that in the ECz-
tigated in an aqueous MV solution. The mechanism of the  A12-SS SAM. The difference in the efficiencies is, however,
cathodic photocurrent generation by the SAMs is presentedtoo small to be explained by the dipole effect of the peptide.
schematically in Figure 5. Upon photoexcitaion of an ECz group, The ECz-A12-SS SAM contains structural defects to allow the
electron transfer occurs from the excited ECz group to an electrolytes and water to penetrate in, which may weaken the
electron acceptor M%, followed by electron donation from a  dipole effect in the monolayer.
gold surface to the oxidized ECz group (the radical cation of A photocurrent was slightly observed in the ECz-A20-SS
the ECz group). The reduced viologen diffuses to the auxiliary SAM (Figure 6). The distance between a gold surface and an
electrode and transfers an electron, resulting in the generationECz group in the SAM is calculated to be about 41 A, which
of a photocurrent. The measured photocurrents generated byis the sum of the lipoic part (9.6 A, upon all-trans configuration)
photoirradiation of the SAMs with a monochromic light of 351 and the helical peptide part (31.5 A). The molecular length of
nm (10 nm bandwidth) are shown in Figure 6 with repeating the ECz-A20-SS chain is too long for efficient electron transfer
on—off switchings of the photoirradiation (irradiation duration by the through bond mechanism to occur. The SS-A12 and
was 30 s). C12SH SAMs which lack ECz group did not generate a
The largest photocurrent was observed in the ECz-C11-SSsignificant photocurrent, showing that the photoexcitation of an
SAM. The photocurrent of the ECz-A12-SS SAM was nearly ECz group initiates the photocurrent generation. In addition,
equal to that of the SS-A12-ECz SAM. However, since the the action spectrum of the photocurrent of the ECz-C11-SS
density of the ECz group is not the same in these SAMs, the SAM agrees well with the absorption spectrum of ECz-C11-
quantum efficiencies of the cathodic photocurrent generation SS in a chloroform solution, indicating that ECz group is the
were calculated and summarized in Table 1. The tridecapeptidephotosensitizing species (Figure 7).
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Figure 8. Energy diagram for anodic photocurrent generation in the the SS-A12-ECz SAM was also measured and is shown to agree
presence of TEOA (top). Time course of the photocurrent of the SAMs with the absorption spectrum of SS-A12-ECz in a methanol
in an aqueous TEOA solutiort @ V upon photoirradiation at 299 nm  gg|ution (Figure 10).
(4.73 x 107 einstein s7) at room temperature (bottom). Electronic Coupling through Helical Peptides.To inves-
Anodic Photocurrent Generation by Self-Assembled Mono- tigate the mediation of electron transfer by peptide molecules,
layers. Anodic photocurrent generation by the SAMs was the dependence of the quantum efficiency for the anodic
investigated in the presence of an electron donor, TEOA or photocurrent generation on the electric potential was investigated
EDTA. The photocurrents generated upon photoirradiation with using EDTA as an electron donor (Figure 11). In all the SAMSs,
a monochromic light of 299 nm (10 nm bandwidth) in the a decrease in the anodic photocurrent was observed with an
presence of TEOA are shown in Figure 8. The observed increase of the negative bias to the working electrode, and the
photocurrents are summarized in Figure 9. The largest photo-photocurrent disappeared at a certain potential (zero-current
current was obtained in the SS-A12-ECz SAM, and the small potential). The negative bias reduces the energy gap between
currents were obtained in the ECz-A12-SS and ECz-C11-SSthe oxidation potential of an excited ECz group and the Fermi
SAMs. The quantum efficiencies of the anodic photocurrents level of gold, resulting in the decrease of anodic photocurrent.
are also summarized in Table 1. The large quantum efficiency The anodic photocurrent was changed to a cathodic photocurrent
of the SS-A12-ECz SAM is possibly due to the helix dipole by applying the negative bias larger than the zero-current
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Figure 11. Effect of electric potential on the anodic photocurrent
generation using EDTA in the ECz-A12-SS)( SS-A12-ECz @), ECz-
A20-SS @), and ECz-C11-SS) SAMs.
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potential. A specific electron acceptor, such asian aqueous
solution, may accept an electron from a photoexcited ECz group

to generate the cathodic photocurrent. Therefore, the observed®

photocurrent should be the sum of anodic and cathodic
photocurrents. At the zero-current potential, the opposing

photocurrents cancel each other, leading apparently to a no-

current state.

An anodic photocurrent generation, using EDTA as an
electron donor, is composed of two electron-transfer steps: from
EDTA to a photoexcited ECz group and from a radical anion
of the ECz group to a gold surface. The latter should be the
rate-limiting step because of the long distance between the dono
and acceptor. Thus the quantum efficiency of the photocurrent
generation should be influenced directly by the rate constant
for the latter electron transfer. The rate constant of electron
transfer ket) from a donor to an acceptor at a fixed distance is
described by eq 4 on the basis of the semiclassical thH&ory.
The present data are discussed in terms of eq 4, because it i
essentially the same as the equation for the electron transfer o
a metal surfacé?-50

/ 47'[3 2 ‘ (AGO j')2
kET hzj.l T DA ANk T

(4)
Hpa” = (Hpa')? exp(=4r)
h, 4, ks, T, Hpa?% (Hpa%?2, AGy, 8, andr represent Planck’s

constant, the reorganization energy, the Boltzmann’s constant,
the absolute temperature, the electronic coupling strength

between donor and acceptor, the coupling strength at the closes

contact, the driving force for the reaction, the tunneling
parameter for the medium, and the edge-to-edge distanc
between donor and acceptor groups, respectively. On the basi
of the simple model where the peptide dipole influences only
the electric potential around an ECz groups, the driving force
in the electron transfer in each SAM is the same at the relative
potential to the zero-current potential. According to ed,

is proportional toHpa? under the same driving forceAGo).

(47) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.

(48) Weber, K.; Hockett, L.; Creager, S. E.Phys. Chem. B997, 101,
8286.

(49) Chidsey, C. E. DSciencel99], 251, 919.

(50) Zusman, L. DChem. Phys1987 112 53.

e )
asan electron donor. The zero-current potentials for the ECz-
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Figure 12. Effect of electric potential on the anodic photocurrent
generation using TEOA in the ECz-A12-S3)(SS-A12-ECz @), ECz-
A20-SS @), and ECz-C11-S9{) SAMs.
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Therefore, the difference in the quantum efficiencies of the
hotocurrent generation can be explained in term8gf. The
relationship between the quantum efficiency of the photocurrent
generation and the electric potential appears to be linear (Figure
11). The slope for the tridecapeptide SAM was larger than that
for the ECz-C11-SS SAM, indicating that the electronic coupling
strength in the peptide SAM should be larger than that in the
ECz-C11-SS SAM. This difference can be understood in terms
of different tunneling parameters for electron-transfer medium
(8). The donor (ECz group)acceptor (gold surface) distance

@long the molecular axis is calculated to be 29 A (ECz-A12-

SS), 28 A (SS-A12-ECz), and 41 A (ECz-A20-SS) for a fully
helical conformation of peptides, and 20 A for all trans forms
of ECz-C11-SS. When the value for ECz-C11-SS is taken to
be 0.9 A1 according to the reported value for alkaféthe 3
values are calculated to be 0.58 4ECz-A12-SS), 0.60 Al

{SS-A12-ECz), and 0.46 A& (ECz-A20-SS). Therefore, the
Peptide molecule is a better medium for electron transfer than

a saturated hydrocarbon by about 40% reduction ofithalue.
However, the ECz-A12-SS SAM contains electrolytes and water
molecules in the monolayer as shown by the cyclic voltammetry
and impedance spectroscopy. Thereforeftkialue for the ECz-
A12-SS remains uncertain, although the value is in accordance
with that in the SS-A12-ECz SAM.

The Effect of Dipole Moment on Photocurrent Generation.
To clarify whether the peptide dipole accelerates electron
transfer in the SAMs, the dependence on the electric potential
of the quantum efficiency for the anodic photocurrent generation
using TEOA as an electron donor was investigated (Figure 12).
{n the case of all the SAMs, a decrease in the anodic
photocurrent was observed with an increase of the negative bias
to the working electrode as observed in the case of using EDTA

A12-SS, SS-A12-ECz, ECz-A20-SS, and ECz-C11-SS SAMs
are—0.11 V,—-0.30 V, +0.05 V, and—0.16 V, respectively.
The SS-A12-ECz SAM shows a negative potential shift from
that for the ECz-C11-SS SAM-0.14 V). On the other hand,
a positive potential shift from that for the ECz-C11-SS SAM
was observed for the ECz-A12-SS SAM@.05 V) or for the
ECz-A20-SS SAM 40.21). These shifts are therefore explain-
(51) Creager, S.; Yu, C. J.; Bamdad, C.; O'Connor, S.; Maclean, T.;

Lam, E.; Chong, Y.; Olsen, G. T.; Luo, J.; Gozin, M.; Kayyem, JJF.
Am. Chem. Sod 999 121, 1059.
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able by the negative potential or the positive potential around ECz-A20-SS SAM from the control SAM of ECz-C11-SS were,
the ECz group induced by the neighboring negative terminals respectively,—0.14 and 0.21 V, which are thus agreeable
or the positive terminals of the corresponding helical dipoles. semiquantitatively with the predicted values. In addition, the
The negative shift of the zero-current potential results in a large magnitude of the shift is proportional to the peptide chain length
driving force for the photocurrent generation to accelerate the (13:21), indicating that the potential shift should arise from the
electron transfer from an ECz group to a gold surface. The dipole moment of the helical peptide. Tjfevalues were also
expected potential shift induced by the dipole moment of the calculated on the basis of the slope in Figure 12 to be 0.60,

helical peptide ¢) can be calculated by eq®%53 0.62, and 0.48 Al for the ECz-A12-SS, SS-A12-ECz, and ECz-
A20-SS SAMs, respectively. These values are in good agree-
__ Mmn,cosy (5) ment with the results obtained in the EDTA system described
€0€m(1 + 9an 312 above.

a

wherem, n,, ¥, €0, €m, anda. represent the helix dipole moment, ~ €onclusion

the.num.ber of peptide molecules perunit.area, f[he tilt gnglg of  gelf-assembled monolayers (SAMs) composed of helical
helix axis from the sur_face _normgl, the dielectric permittivity peptides carrying arN-ethylcarbazolyl (ECz) group were
of free space, the relative dielectric constant of the monolayer, prepared, and the quantum efficiencies of the photocurrent

and the polarizability of the peptide molecule, respectively. The generation were investigated. The cathodic photocurrent genera-
dipole moment along the helix axis and the polarizability were o experiments did not provide compelling evidence of the

calculated to be 42.0 D and 65_--'8ﬁw the tridecapeptide, and  gingle effect. This is because the ECz-A12-SS SAM contains
71.6 D and 105.3 Afor the heneicosapeptide by using MOPAC  gciral defects to allow the electrolyte, the cationic MV
calculation. On the basis of eq 5, thesalues were calculated gjffuse in the monolayer, resulting in the cancelation of the
to be 0.49,~0.95, and 1.5 V for the ECz-A12-SS, SS-A12- jinqje effect. To evaluate the dipole effect, the photocurrent
ECz, and ECz-A20-SS SAMSs, respectively. However, these generation of the SS-A12-ECz, ECz-A20-SS, and ECz-C11-
_pot_entials induced by the dipol_e moment are reduced by the gg SAMs, which formed tightly packed monolayers, were
ionic property of the AU—S" linkage* and/or the charge  jestigated using TEOA as an electron donor because of its
transfer from gold to the peptide lay®rindeed, the surface  gjecrically neutral property. The anodic photocurrent using
potentials for the SAMs of Lipo-(Ala-AiyOBzI (Lipo and TEOA was accelerated by the use of the helix peptide SAM
OBzl represent lipoic acid and benzyl ester, respectively) and ity the helix dipole directing toward a gold surface. The
Boc-(Ala-Aib)g-LipoA (Boc and LipoA represent theert- difference in the zero-current potentials of the SAMs is

butyloxycarbonyl group and a lipoic acid derivative containing - gxpjainable semiquantitatively by the electric potential produced
an amino group, respectively) wereO._12 and 0.40 V'_ by the dipole moment. The helix dipole therefore affects the
respectively. The former value was explainable by calculation gjectric potential around an ECz group, leading to the increase
taking the ionic charge on the Aw-S™ linkage into consider-  of the driving force for the electron transfer. Furthermore, the
ation. It is therefore predicted that the electric potential generated peptide molecules are shown to be better medium for electron
by the dipole moment of SS-A12-ECz and ECz-A20-SS will yansfer in the SAMs than saturated hydrocarbon as evidenced
be slightly smaller magnitudes than these values. The dn‘ferencesby the smallers value.

of the zero-current potentials of the SS-A12-ECz SAM and the
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