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A novel conjugate of a helical nonapeptide and an oligo(phenyleneethynylene) (OPE) having a
nitro group at a molecular terminal was synthesized. Both components have a dipole. The peptide
has a disulfide group at the N-terminal for immobilization on gold. In order to investigate

the electric field effect of the helical peptide dipole on the OPE and molecular structure by the
dipole—dipole interaction between the two components, the electronic structure of the OPE

was spectroscopically studied in solution, the self-assembled monolayer on gold, and
Langmuir—Blodgett (LB) layers on a fused quartz surface. The absorption maximum (A,x) of the
OPE component in chloroform is red-shifted by 4 nm from the reference OPE derivative without
the helical peptide component. The red shifts of the OPE component are also observed in the LB
monolayer and bilayer compared with that of the self-assembled monolayer. The observed dipole
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effect of the peptide on the OPE electronic structure was quantitatively discussed with ab initio
calculations. Antiparallel orientation on the dipole directions of the peptide and the OPE
components is considered to explain the red shifts via the dipole effect on the electronic structure

of the OPE.

Introduction

Well-defined structures in nanometer sizes have been of great
interest for developments of functional materials and devices
in various fields from medical applications' to electronics.’
Organic molecules have several advantages for construction of
those structures, because they are nearly free to design their
size, shape, and properties, and above all, self-assembling
mechanisms can be integrated in them to build up a regular
structure in a long range. Electronics is one of the areas where
urgent developments of nanometer-scaled materials are highly
required. As predicted by Moore, the number of processors in
a unit area have been exponentially increasing for more than
30 years.> However, the conventional top-down strategy for
making semiconductor devices in more precise patterns and
structures will face unavoidable problems in the near future.*
To overcome these problems, molecular electronics, which
handles a single or a few organic molecules for electronic
elements, is expected to provide novel molecular devices.
Various organic molecules have been studied as candidates
for them, m-conjugate oligomers, DNAs,> and peptides® for
electronic wires, donor—acceptor conjugates for diodes,” and
rotaxanes® and catenanes’ for switches and memories.
Especially, the n-conjugate oligomers, oligo(phenylenevinylene)s'
and oligo(phenyleneethynylene)s'! (OPEs), have been most
intensively studied so far to show high conductivities and
small distance dependency for the electron transfer reaction,
which are properties required for molecular wires.
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Molecular electronics has another challenge to integrate
molecules into a functionally organized system. For this
purpose, the molecules should have well-specified structures
to be arranged regularly in space with help of noncovalent
interactions, as demonstrated in sophisticated systems in
nature. Helical peptides are a good example of building up
the frame of protein structures in angstrom precision with
taking a cylindrical shape. Inspired by such a nature’s strategy,
hydrogen-bonds'?, electrostatic interactions'?, and CH-n
interactions'* have been used for regulation of the artificial
molecular structures. Recently, we have successfully utilized
another noncovalent interaction, dipole—dipole interaction,
for construction of a planar triangle geometry where three
helices were circularly arranged in a head-to-tail manner.'>!¢

We report here another example of a conformational
regulation by dipole—dipole interaction between two different
types of dipolar components in a single molecule. A novel
conjugate of a helical nonapeptide and a nitro-substituted
OPE is synthesized (OPEn9, Fig. 1). Both components have
different magnitudes of dipoles. The peptide consists of an
alternating sequence of alanine (Ala) and a-aminoisobutyric
acid (Aib) with interruption of a glutamine at the center of the
sequence. The OPE component is connected to the peptide via
the glutamine. A disulfide group is attached to the N terminal
of the peptide component for immobilization to gold in the
case of formation of a self-assembled monolayer (SAM). The
helical peptide and the OPE with the nitro substitution have
dipoles of ca. 20 D and ca. 3.5 D, respectively. It is expected
that the peptide and the OPE components may take anti-
parallel arrangement by the dipole—dipole interaction (Fig. 1)
to form a planar structure which is suitable for self-assembling
via stacking one over the other. A reference compound
without the peptide moiety is also prepared (OPEnAc, Fig. 1).
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Fig. 1 Schematic illustration of a dipole—dipole interaction in OPEn9
(top) and chemical structures of OPEn9 (middle) and OPEnAc (bottom).

We study the electronic structure of the OPE in the conjugate
in various environments of solution, Langmuir—Blodgett (LB)
layers on fused quartz, and a SAM on gold. We discuss the
dipole effects of the peptide in those environments to
demonstrate the utility of dipole—dipole interaction for
regulating the molecular structure.

Experimental
Materials

OPEn9 and OPEnAc were synthesized according to Schemes 1
and 2. The peptide component of OPEn9 was synthesized by
the conventional liquid-phase method. The OPE component
of OPEn9 and OPEnAc was synthesized by the Sonogashira
coupling. Tetrahydrofuran (THF) used as solvent in the
Sonogashira coupling was distilled from calcium hydride and
butylated hydroxyl toluene. The other reagents were used as
purchased. All intermediates were identified by 'H NMR
spectroscopy (Bruker DPX-400) and some of them were
further confirmed by fast atom bombardment (FAB) mass
spectrometry (JEOL JMS-HX110A). The purity of the
products was checked by thin layer chromatography (TLC).

SSA4M. To a 50 mL two-neck round-bottom flask were
added hydrochloric acid salt of HA4M '3 (130 mg, 0.33 mmol),

H-(-AIa-Aib)z-OMe
HA4M
j(i)
. (ii) .
@—(CHZ)“—g(-AIa-Alb-)gOMe — @—(CHZ)4—E{Ala—Aub)EOH

SSA4M SSA4H

Scheme 1 Reagents and conditions: (i) bL-lipoic acid, O-(7-azabenzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU),
diisopropylethylamine (DIEA), DMF, rt, 80%. (i) 1 N NaOH
aqueous solution, methanol, dioxane.
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Scheme 2 Reagents and conditions: (i) acetic anhydrate, water,
reflux, 3 h, 92%, (i) phenylacetylene, bis(triphenylphosphine)
palladium(ir) dichloride (Pd(PPh;),Cl,), copper(1) iodide (Cul), DIEA,
THEF, 75 °C, 3 d, (iii) trimethylsilylacetylene, Pd(PPh;),Cl,, Cul,
DIEA, THF, 2.5 d, 12% in two steps, (iv) potassium carbonate
(K,CO3), methanol, dichloromethane, 1 h, and then 4-iodonitro-
benzene, Pd(PPh;),Cl,, Cul, DIEA, THF, rt, 3 h, 17%, (v) 1.8 M
HCI aqueous solution, THF, reflux, 12 h, (vi) Boc-Glu-OMe, HATU,
DIEA, DMF, 60 °C, 1.5 d, 61%, (vii) K,COs, methanol, dichloro-
methane, rt, 3 h, 68%, (viii) 4-iodonitrobenzene, Pd(PPh3),Cl,, Cul,
DIEA, THF, 40 °C, 20 h, 78%, (ix) 1 N NaOH aqueous solution,
methanol, dioxane 11 h, (x) HA4M, HATU, DIEA, DMF, rt, 1 d,
58%, (xi) trifluoroacetic acid, anisole, 0 °C, 0.5 h, (xii) SSA4H,
HATU, DIEA, DMF, rt, then 40 °C, 28 h, 40%.

D,L-lipoic acid (100 mg, 0.49 mmol), O-(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HATU,
250 mg, 0.66 mmol), N,N-diisopropylethylamine (DIEA,
200 pL, 1.15 mmol) at 0 °C. The reaction mixture was stirred
under argon atmosphere for 14 h and concentrated under
reduced pressure. The residue was taken up with chloroform
and washed successively with 4% NaHCOj; aq. (3x), the brine,
4% KHSO,4 aq. (2x), and the brine. The organic layer was
dried over MgSO, and concentrated under reduced pressure.
The crude product was purified by column chromatography
(silica gel, eluent : chloroform/methanol = 50/1 and then 10/1).
The product was obtained as transparent oil (140 mg, 80%).
o1(400 MHz; CDCly; MeySi) 1.31-1.29 (6 H, m, AlaCP),
1.45-1.43(12 H, m, AibCP), 1.61 (4 H, m, SSCH,CH,CH-
(CH,);CH,CO), 1.85 (1 H, m, SSCH,CH,CH(CH,);CH,CO),
2.20 (2 H, m, SSCH,CH,CH(CH,);CH,CO), 2.39 (1 H, m,
SSCH,CH,CH(CH,);CH,CO), 3.06 (2 H, m, SSCH,CH,CH-
(CH,);CH,CO), 3.49 (1 H, m, SSCH,CH,CH(CH,);CH,CO),
3.64 (3 H, s, OCH3), 4.18 (1 H, m, AlaC%), 4.33 (1 H, m,
AlaC%), 5.83 (1 H, d, AlaNH), 6.54 (1 H, s, AibNH), 6.72 (1 H,
d, AlaNH), 6.95 (1 H, s, AibNH); m/z (FAB; 3-nitrobenzyl
alcohol (NBA) as matrix) 533.4 (M +H )". C,3H4N4OgS,
requires 533.2).

SSA4H. To a 50 mL round-bottom flask were added
SSA4M (120 mg, 225 pumol), 1 N NaOH aq. (450 pL),
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methanol (900 pL), dioxane (900 pL). The reaction mixture
was stirred for 6 h and neutralized with 1 N HCI aq., and then
the solution was concentrated under reduced pressure. The
residue was taken up with chloroform/methanol and the
residual salt was filtered out, and the filtrate was concentrated
in reduced atmosphere. The obtained crude product was used
in the next step without further purification.

1. To a 500 mL round-bottom flask equipped with a water-
cooled Dimroth condenser were added 2,5-dibromoaniline
(10 g, 39.8 mmol), acetic anhydrate (40 mL), and water (40 mL).
The mixture was refluxed for 4.5 h and poured into 400 mL of
water. The precipitation was collected with a filter and dried in
vacuum. The product was obtained as a white solid (10.8 g,
92%). ou(400 MHz; CDCls; Me,sSi) 2.24 (3 H, s, COCHj;),
7.11 (1 H, dd, benzene), 7.39 (1 H, d, benzene), 7.56 (1 H, br s,
benzene), 8.59 (1 H, br s, ArNHCOCH3).

2. To a flame-dried three-neck round-bottom flask equipped
with a water-cooled Dimroth condenser and a dropping funnel
were added 1 (10.14 g, 37.2 mmol), copper(1) iodide (Cul)
(0.66 g, 3.46 mmol), bis(triphenylphosphine)palladium(ir)
chloride (Pd(PPh3),Cl,, 1.46 g, 2.08 mmol), DIEA (24.1 mL,
138 mmol), and THF (150 mL). The solution was stirred at
75 °C under argon atmosphere. Phenylacetylene (4.08 mL,
37.2 mmol) which was dissolved in 40 mL of THF was added
to the solution over 15 h, and the solution was stirred for 45 h.
Then the reaction mixture was filtered and dried under
reduced pressure. The residue was purified by flash column
chromatography (silica gel, eluent: ethyl acetate/hexane = 1/3 v/v)
twice. The obtained mixture of the product and byproduct,
2,5-di(ehtynylphenyl)acetanilide, (5.32 g) was used in the next
reaction without additional purification.

3. To a flame-dried two-neck round-bottom flask equipped
with a water-cooled Dimroth condenser were added the mixture
of 2 and 2,5-di(ethynylphenyl)acetanilide obtained above
(5.32 g), trimethylsilylacetylene (5.1 mL, 36 mmol), Cul
(323 mg, 1.7 mmol), Ph(Ph;3),Cl, (713 mg, 1.0 mmol), DIEA
(11.8 mL, 98 mmol), and THF (50 mL). The solution was
stirred at 70 °C under argon atmosphere for 3 d. The precipitate
was filtered off and the solvent of the filtrate was removed under
reduced pressure. The residue was purified by column chromato-
graphy (silica gel, eluent: ethyl acetate/hexane = 1/3 v/v) to
obtain the product (2.53 g, 22%). 6i(400 MHz; CDCls; Me,Si)
0.25 (9 H, s, (CH3);SiCC), 2.24 (3 H, s, CH;CONH), 7.16
(1 H, dd, benzene), 7.40 (4 H, m, benzene), 7.72 (2 H, m, benzene),
791 (1 H, br s, CH;CONH), 8.53 (s, 1H, benzene); m/z
(FAB; dithiothreitol/a-thioglycerol = 1/2 (DTT/TG) as matrix)
332.19 (M + H)". C,H,,NOSi requires 332.14).

4. To a 500 mL round-bottom flask equipped with a water-
cooled Dimroath condenser were added 3 (2.20 g, 6.64 mmol),
THF (120 mL), 1.2 M HCI aq. (120 mL). The mixture was
refluxed for 12 h and the solvent was removed under reduced
pressure. The residue was purified by column chromatography
(silica gel, eluants: dichloromethane/hexane = 1/1 v/v, and then
dichloromethane). Due to some side reactions,!'? the product was
not completely purified by column chromatography. The crude
product was used in the next step without further purification.

5. To a 100 mL round-bottom flask were added 4 (500 mg,
1.73 mmol), Boc-Glu-OMe (1.13 g, 4.32 mmol), HATU
(2.46 g, 6.49 mmol), and DMF (40 mL). DIEA (1.69 mL,
9.73 mmol) was added to the reaction solution dropwise at
room temperature under argon atmosphere and then the
mixture was kept at 60 °C for 12 h. The solution was
concentrated in reduced atmosphere. The residue was taken
up with chloroform, and then the precipitate was filtered off.
The filtrate was washed successively with water, 4% NaHCO;3
aq. (3x), the brine, 4% KHSO, aq., and the brine. The organic
layer was dried over MgSO,4 and concentrated under reduced
pressure. The residue was purified by column chromatography
(silica gel, eluant: ethyl acetate/hexane = 1/3 v/v).
The product was obtained as colorless oil (560 mg, 61%).
0u(400 MHz; CDCl3; Me,Si) 0.244 (9 H, s, Si(CH3)3), 1.38
(9 H,s, C(CH3)3), 2.49-2.04 (2 H. m, GluC"), 2.57 (2 H, m,
GluCP), 3.73 (1 H, s, OCH;), 440 (1 H, s, GluC¥, 5.21
(1 H, s, urethane-NH), 7.17 (2 H, dd, benzene), 7.39-7.42
(4 H,m, benzene), 7.51-7.54 (2 H, m, benzene), 8.01 (1H, s,
amide-NH), 8.52 (1 H, s, benzene); m/z (FAB; NBA as matrix)
532.3 (M ". C30H3¢N,O0s5Si requires 532.24).

6. For deprotection of the trimethylsilyl group of 5, to a
100 mL round-bottom flask were added 5 (560 mg,
1.05 mmol), potassium carbonate (435 mg, 3.15 mmol),
methanol (20 mL), and dichloromethane (20 mL). The solution
was stirred under argon atmosphere for 0.5 h, and poured into
water and then extracted by ethyl acetate. The organic layer
was washed with brine (3x). The brine solution was washed
with ethyl acetate (3x). The combined organic layer was dried
over MgSO, and concentrated under reduced pressure. The
residue was purified by flash column chromatography (silica
gel, eluent: ethyl acetate/hexane = 1/4 v/v). The product was
obtained as a white solid (300 mg, 62%). Subsequently, to a
20 mL oven-dried round-bottom flask were added the depro-
tected product (300 mg, 0.65 mmol), 4-iodonitrobenzene
(650 mg, 260 mmol), Pd(i1)(PPh3),Cl, (27 mg, 40 pmol), Cul
(12 mg, 65 pmol), DIEA (0.45 mL, 26 mmol), and THF
(25 mL). The reaction solution was stirred under argon atmo-
sphere at 40 °C for 20 h. The solution was then concentrated
under reduced pressure and the residue was purified by column
chromatography (silica gel, eluents: ethyl acetate/hexane =
1/2, 1/1, and then chloroform/methanol = 10/1 v/v). The
product was obtained as a bright yellow solid (294 mg, 78%).
0n(400 MHz; CDCl3; Me,Si) 1.39 (9 H,s, C(CH3)3), 2.05-2.54
(2 H, m, GluC"), 2.56-2.62 (2 Hm, GluCP), 3.74 (1 H, s,
OCH3), 4.42 (1 H, s, GluC%), 5.21 (1 H, s, urethane-NH), 7.27
(1 H, d, benzene), 7.40-7.42 (3 H, m, benzene), 7.50 (1 H, d,
benzene), 7.55-7.57 (2 H, m, benzene), 7.97 (2 H, d, benzene),
8.10 (1 H, s, amide-NH), 8.23 (2 H, d, benzene), 8.66 (1 H, s,
benzene); m/z (FAB; NBA as matrix) 582.1 (M *. C33H3, N30,
requires 582.11).

7. The methoxy group on 6 (100 mg, 17 mmol) was
deprotected by treatment with 1 N NaOH aq. (0.35 mL) in a
mixed solvent of dichloromethane, methanol, and 1,4-dioxane.
After 4 h of stirring at room temperature, the solution was
neutralized with 1 N HCI aq. and the solvent was removed
under reduced pressure. The residue was washed with diethyl
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ether. To a 30 mL round-bottom flask were added the product
(100 mg, 170 pmol), hydrochloric acid salt of HA4M (100 mg),
HATU (100 mg, 22.9 umol), DIEA (100 pL, 61 pmol), and
DMF (1 mL) at 0 °C. The reaction solution was stirred under
argon atmosphere for 1 d. The solution was concentrated
under reduced pressure. The residue was taken up with chloro-
form and washed successively with 4% NaHCO; aq. (3x),
brine, 4% KHSO, aq. (3%), and brine. The organic layer was
dried over MgSO, and concentrated under reduced pressure.
The obtained residue was purified by column chromatography
(silica gel, eluants: chloroform/methanol = 75/1, 50/1, 40/1,
and 30/1 v/v). The product was obtained as a yellow solid
(86 mg, 58%). d5(400 MHz; CDCl3; Me,Si) 1.52-1.36 (27 H, m,
AibCP, Boc, AlaCP), 2.18 (2 H, m, GluCP), 2.72 2 H, m,
GluC"), 3.68 (3 H, s, OCH3), 4.10-4.13 (2 H, m, AlaC®%), 4.43
(1 H, t, GluC*), 6.37 (1 H, s, GluNH), 6.72 (1 H, d, AlaNH),
6.96 (1 H, d, AlaNH), 7.23 (1 H, m, benzene), 7.30-7.33
(3 H, m, benzene), 7.32-7.52 (3 H, m, benzene), 7.71 2 H, d,
benzene), 8.12 (1 H, s, benzene), 8.24 (2 H, d, benzene),
8.60 (1 H, s, ArNHCO(CH,),); m/z (FAB; NBA) 894.4
(M + H)". C47Hs5¢N,04; requires 894.40).

OPEnAc. The trimethylsilyl group of 3 (100 mg, 0.30 mmol)
was deprotected by treatment with potassium carbonate
(83.4 mg, 0.60 mmol) in a mixed solvent of methanol (5 mL)
and dichloromethane (5 mL) for 1 h. The reaction solution
was then pored into water and extracted with ethyl acetate.
The organic layer was washed with brine (3x) and dried over
MgS0O,. The solvent was removed under reduced pressure and
the residue was dried in vacuum. The product was then mixed
with p-iodonitrobenzene (150 mg, 0.60 mmol), Pd(PPh;),Cl,
(12.7 mg, 18 umol), Cul (5.8 mg, 30 umol), DIEA (0.21 mL,
1.2 mmol), and THF (5§ mL) in a flame-dried 50 mL two-neck
flask under argon atmosphere at 0 °C. The solution was stirred
at 0 °C for 1 h and then at room temperature for 2 h. The
solution was then filtered and the filtrate was concentrated
under reduced pressure. The residue was taken up with
dichloromethane and washed with 4% KHSO,4 aq. (3x) and
the brine. The organic layer was dried over MgSOy4. The
product was then purified with a silica gel column chromato-
graphy (eluent: dichloromethane) and Sephadex LH20 column
(eluant: DMF). The product was obtained as a yellow solid
(20 mg, 17%). 6u(400 MHz; CDCl;; Me,Si) 2.28 (3 H, s,
NHCOCH3), 7.27 (1 H, s, benzene), 7.41 (3 H, m, benzene),
7.41-7.55 (4 H, m, benzene) 7.68 (2 H, d, benzene), 7.98 (1 H,
br s, NHCOCHj;), 8.23 (1 H, d, benzene), 8.67 (1 H, br s,
benzene); m/z (FAB; DTT/TG as matrix) 381.2 (M + H)™".
C,4H{7N>O3 requires 381.12).

OPEn9. The Boc group on 7 (88 mg, 96 pmol) was
deprotected by treatment with TFA/anisole for 0.5 h. The
obtained product was washed with diethyl ether. The product
was added to a test tube with SSA4H (95 mg, 185 umol),
HATU (105 mg, 277 umol), DIEA (72 pL, 416 pmol), and
DMEF (ca. 10 mL) at 0 °C, and the reaction solution was stirred
for 27 h under argon atmosphere. The product was purified by
a Sephadex LH20 column (eluent: DMF), silica gel column
(eluants: chloroform/methanol = 75/1, 50/1, and 10/1 v/v),
and Sephadex LH20 column (eluant: DMF). The product was

obtained as a yellow solid (25 mg, 40%). Ju(400 MHz;
CDCl;; Me,Si) 1.36-1.52 (45 H, m, AibCP, Boc, AlaCP),
1.67-1.69 (4 H, m, SSCH,CH,CH(CH,);CH,CO), 1.89-1.92
(1 H, m, SSCH,CH,CH(CH,);CH,CO), 2.35 (4 H, m,
GluC? and SSCH,CH,CH(CH,);CH,CO), 2.45 (1 H, m,
SSCH,CH>CH(CH,);CH,CO), 2.63-2.75 (2 H, m, GluC"),
3.11-3.16 (2 H, m, SSCH,CH,CH(CH,);CH,CO), 3.54
(1 H, m, SSCH,CH,CH(CH,);CH,CO), 3.60 (3 H, s,
OCH3), 3.88 (1 H, m, AlaC%), 3.99 (1 H, m, AlaC%), 4.15
(2 H, m, AlaC* GluC%), 4.23 (1 H, m, AlaC%), 6.98-6.99
(2 H, m, AlaNH, AibNH), 7.14(1 H, d, AlaNH), 7.24
(1 H, m, benzene), 7.34-7.40 (2 H, m, benzene, AlaNH,
AibNH), 7.43 (1 H, s, AibNH), 7.48 (2 H, d, benzene),
7.53-7.55 (2 H, m, benzene), 7.65-7.66 (3 H, m, benzene,
GIuNH), 7.73 (1 H, s, AibNH), 7.83 (1 H, d, AlaNH), 8.22
(2 H, d, benzene), 8.32 (1 H, s, benzene), 8.59 (1 H, s,
ArNHCO(CH2)2); m/z (FAB; NBA) 12945 (M + H)".
Ce4HgaN11014S, requires 1294.5).

Spectroscopy in solution

The CD spectrum was measured by a JASCO J-600 CD
spectropolarimeter at a residue concentration of 0.2 mM with
an optical cell of a 0.1 cm optical path length. UV-vis
absorption spectra were recorded on a Shimadzu UV-2450PC
spectrometer at a concentration of less than 10 uM.

Quantum calculation

ab initio Calculations were carried out on a Gaussian, Inc.
Gaussian 03! program using the density functional theory
(DFT) with Becke’s three parameter hybrid functional and
Lee-Yang—Parr correlation (B3LYP) method'® with the
6-31G(d,p)" basis set. The calculations were performed on a
Fujitsu HX600 cluster (operation system: RedHat Enterprise
Linux AS V4). The geometry of OPEnAc was initially
generated on a Semichem, Inc. Gaussview program
(version 4.1.2)%°, and the geometry was optimized by the
DFT method on Gaussian 03 and the frontier orbitals were
visualized. The optimized geometry under no external electric
field was checked by frequency analysis. It was confirmed there
is no imaginary frequency number. The geometry was re-optimized
under various external electric fields (~1 x 10° V m™)
along the long axis to see its effect on the frontier orbital
distributions. The direction of the electric fields (from positive
to negative) is the same as the direction of the dipole moment
of the OPE moiety (from negative to positive).

Preparation of LB layer

Langmuir layers of OPEn9, OPEnAc, and Boc-(Ala-Aib),-OMe
(BA8M) were prepared at the air/water interface, and the
n—A isotherms were studied by a USI 3-22N Langmuir film
balance with a trough of a 100 x 278 mm area. Milli-Q water
was used for the subphase. A chloroform solution of each
compound (0.3-0.5 mM) was spread onto the water subphase
by a microsyringe. The solvent was allowed to evaporate for at
least 15 min prior to compression, and then the molecules
spread on the surface were compressed at a rate of 0.1 cm?s ™.
The Langmuir layer was transferred onto a gold substrate
(for IR reflection absorption spectroscopy (RAS) and
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ellipsometry) or a slab optical waveguide of fused quartz (for
UV-Vis absorption spectroscopy) by the vertical dipping
method at a rate of 0.005 mm s~ ' to prepare the LB layers.
The surface pressures at transfer were 10 or 20 mN m~! for
OPEn9 (LB10, LB20) and 5 mN m~! for OPEnAc.

Preparation of SAM

A gold substrate was prepared by vapor deposition of chro-
mium and then gold (300 and 2000 A for IRRAS and
ellipsometry measurement, and 10 and 80 A for UV-Vis
absorption measurement, respectively) onto a slide glass by
an Osaka Vacuum N-KS350 metal deposition system. The
SAM was prepared by incubating the gold substrate in a
chloroform solution of OPEn9 (0.1 mM) for 24 h. After
incubation, the substrate was rinsed thoroughly with chloro-
form to remove physisorbed molecules and dried under a
stream of nitrogen gas and in vacuum.

Characterization and spectroscopy of the layers

IRRAS of the layers on gold was performed on a Thermo
Fisher Scientific Nicolet 6700 Fourier transform infrared
spectrometer with a Harrick RMA-IDG/VRA reflection
attachment. The incident angle was set at 85° for the LB layers
and 80° for the SAM, respectively, from the surface normal.
The number of interferogram accumulations was more than
200. The tilt angles of the helix axis from the surface normal
were determined from the amide I/II absorbance ratio by using
an equation in the literature.?!

The thicknesses of the layers on gold were determined
by a MIZOJIRI DHA-OLX/S autoellipsometer with a
helium—neon laser (632.8 nm) at an incident angle of 65°. The
complex optical constant of the monolayer was assumed to be
1.50 + 0.00i. The thickness of the monolayer was calculated
automatically by an equipped program. The thicknesses were
measured on 5 different spots on the surface and the data were
averaged. The typical standard deviation was ca. 1 A.

The UV-Vis absorption spectrum of the OPEn9 SAM
prepared on gold was recorded on a Shimadzu UV-2450PC
spectrometer with a substrate sample holder attachment at the
normal incidence. The absorption spectra of the LB layers
prepared on a slab optical waveguide were recorded by a
System Instruments SIS-50 surface and interface spectrometer.
The incident angle of the probe light was set at 17-18° from
the surface, and the accumulation number of data was 10. The
tilt angles of the long axis of the OPE from the surface normal
were determined by the measurements with p and s polarizers
inserted between the incident light and the sample. The tilt
angles were determined from the absorbances for p and s
polarized lights using an equation from the literature.?

Results and discussion
Spectroscopy in solution

To investigate the conformation of the peptide of OPEn9, CD
spectrum was measured in trifluoroethanol (Fig. 2). The
spectrum shows a sharp negative Cotton effect at 203 nm
and a broad shoulder at 224 nm. This CD pattern indicates
that the peptide of OPEn9 takes right-handed 3;y-helical

residue)

1

2

0 (deg cm”™ dmol

-1000 —

-2000 —

-3000 —

-4000 —

200 220 240 260
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Fig. 2 CD spectrum of OPEn9 in trifluoroethanol.

conform

ation®* despite the bulky OPE component at the side

chain. It is well-known that a Ala-Aib repetitive sequence
favors 3jo-helical conformation in aprotic and less polar

(@)

Absrobance

(b)

Absrobance

Wavlength (nm)

0.0 —
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Fig. 3 UV-Vis absorption spectra of OPEn9 and OPEnAc in
(a) chloroform and (b) DMF.
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solvents.>* Tt is thus reasonable to consider that the peptide
moiety of OPEn9 also takes 3;¢-helical conformation in THF
and chloroform, which are aprotic and less polar than protic
trifluoroethanol, and also in the layers, because they were
prepared from a chloroform solution of OPEn9.

UV-Vis absorption spectra of OPEn9 and OPEnAc in
chloroform are shown in Fig. 3a. Both spectra have a broad
peak with no vibration structure, which is a typical feature of
OPE having a strong electron acceptor such as a nitro group.?
OPEn9 shows the maximum absorption wavelength (1,.x) at
364 nm, which corresponds to a red-shift of 4 nm from that of
OPEnAc at 360 nm. This red-shift was not observed in DMF
(Fig. 3b), where the dipole effect of the peptide component
should be weakened due to the high dielectric constant of the
medium and presumably deformation of the helical structure
by DMF, which acts as hydrogen-bond donor as well as
acceptor. It is considered that an electric field generated by
the helical peptide dipole (Fig. 1 top) influences the electronic
structure of the OPE to induce the red-shift. To validate this
interpretation, ab initio calculations were performed.

ab initio Calculations

The geometry of OPEnAc was energetically optimized, and the
electronic structure was determined under various electric
fields by the DFT method on the B3LYP/6-31G(d,p) level.
The spatial distributions of the HOMO and LUMO under no
electric field and 1 x 10° V m™! are, respectively, shown in
Fig. 4. In the absence of electric field (Fig. 4 top), the HOMO
is localized on the left side of the molecule and the LUMO on
the other side having a nitro group. When an electric field is
applied (Fig. 4 bottom), this localization of the frontier
orbitals is further enhanced; the contributions of the carbon
atomic orbitals on the right phenyl ring to the HOMO are
reduced, whereas the contributions of the carbons on the other
phenyl rings are increased. The opposite behavior is observed

HOMO

0Vim

4
J

B o Lages

for the LUMO, that is, the LUMO is further localized towards
the left side carrying the nitro group. This orbital localization
is also confirmed by a significant change in the magnitude
of the dipole. The dipole increases from 3.75 D in the absence
of electric field to 8.52 D upon applying an electric field of
1 x 10° V. m~'. These results suggest that the electronic
structure of the OPE component is sensitively responsive to
an external electric field applied on it.

The energies of the frontier orbitals are plotted against the
strength of the electric field in Fig. 5. The energies of the
HOMO and LUMO are —5.77 and —2.18 eV, respectively, in
the absence of an electric field. The HOMO energy level
increases linearly with increase of the electric field, while the
LUMO energy linearly decreases. Accordingly, the
HOMO-LUMO gap reduces upon applying the electric field
(Fig. 5). This behavior agrees well with the results reported by
other groups.?® The magnitude of the helical peptide dipole is
about 20 D. The distance between the two components in the
conjugate is estimated to be 0.9 nm by a molecular modeling.
With using these values, the electric field generated by the
peptide dipole is calculated to be 2.5 x 103 V.m~! at the center
of the OPE component in case that the two dipole components
are arranged in an antiparallel orientation. According to the
ab initio calculation (Fig. 5), the HOMO-LUMO gap
decreases by 0.15 eV upon applying an electric field of
2.5 x 105 V m~!. On the other hand, the experimental
HOMO-LUMO gap reduction in chloroform is found to be
only 0.03 eV, which is smaller than the calculated value. This
discrepancy may be explained by rotational availability
around the linker between the two components. The stabiliza-
tion energy by the dipole—dipole interaction in the conjugate is
calculated to be 6.2 kJ mol™" in vacuum and 1.3 kJ mol~! in
chloroform (the dielectric constant of chloroform is taken
to be 4.8), which is smaller than the thermal energy of
2.5 kJ mol™! at 300 K. It is thus considered that the two
components are allowed to rotate around the linker over the

Fig. 4 Spatial distributions of the HOMO (left) and LUMO (right) of OPEnAc in the absence of electric field (top) and under applying an electric

field of 1x10° V m™! (bottom).

3972 | Phys. Chem. Chem. Phys., 2009, 11, 3967-3976

This journal is © the Owner Societies 2009


http://dx.doi.org/10.1039/b817685j

Published on 10 March 2009. Downloaded by University of Prince Edward Island on 31/10/2014 01:24:42.

View Article Online

$VVyy

S -30 o VVVY 2.9
o C. v
8 35— . 28 &
o) [ J
@ ° =
c Y O
o -4.0— ° —27
S . =
S 45— — 26 -
E ¢ .-
© _ — 2.
o -5.0 %
3
I _55_ D_24

DDDDDDDDDDD a .

| | | | | |

0.0 0.2 0.4 0.6 0.8 'I.OX‘]O9

Applied electric field (V/m)
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small energy barrier in chloroform. It is therefore reasonable
that the observed difference of the HOMO-LUMO gaps
between OPEn9 and OPEnAc becomes smaller than the
calculated value, because all the molecules do not necessarily
take the antiparallel conformation at a certain moment.
Nevertheless, to our best knowledge, this is the first
experimental observation of the electric field effect on the
OPE electronic structure.

n—A Isotherm analysis

Fig. 6a shows the n—A4 isotherm of OPEn9 at the air/water
interface. Interestingly, the isotherm shows a phase transition
around a molecular area of 2.2-1.3 nm? molecule™' and a
surface pressure of 16 mN m~'. The phase transition occurs
reversibly either in the compression or the expansion process.
We consider that this phase transition is due to the bilayer
formation of the horizontally oriented conjugate on the subphase
(Fig. 7b) as described in the next section. On the other hand, as
shown in Fig. 6, each model compound for the components of
OPEn9, OPEnAc and BASM (Boc-(Ala-Aib),-OMe), does not
show such a phase transition. The hysteresis observed in the
isotherm of OPEnAc may be due to the strong stacking
tendency of the OPE by n—m interaction.?’” The peptide
component of OPEn9 thus functions to avoid n—n stacking
of the OPE upon compression on water. Furthermore, the
bilayer of the conjugate does not show corruption upon
compression of molecular area down to 1 nm? molecule™
with raising the surface pressure up to 20 mN m~', which
makes a vivid contrast with a mixture of OPEnAc and BASM
(1/1 mol/mol) showing a very low surface pressure of 5 mN m ™'
upon compression to the corresponding surface area. The
conjugate thus forms a stable layer, suggesting that the
conjugate takes a regular structure.

Characterization of the layers

The Langmuir layer was transferred on gold or fused quartz
surfaces (slab optical waveguide) by the vertical dipping
method to prepare the LB layers. The surface pressures
at transfers of the OPEn9 monolayer were set at 10 or
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Fig. 6 7—A Isotherms of OPEn9 (a), and OPEnAc, BA8M, and their
mixture (b) at the air/water interface.

(@)

Fig. 7 Schematic representations of the top view of proposed
molecular alignments of the (a) monolayer (LB10) and (b) bilayer
(LB20) of OPERY on a aqueous subphase or on a solid surface.
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Fig. 8 IRRAS spectra of the OPEn9 LB10 and LB20 layers, and
SAM on a gold surface.

20 mN m ™' (LB10, LB20). The transfer ratios of the films were
near unity (1.0-1.1). On the other hand, the OPEn9 SAM was
prepared by immersion of a gold substrate into a chloroform
solution of OPEn9. IRRAS measurements were carried out to
study the molecular orientation of the peptide moiety in the
OPEn9 LB layers (LB10 and LB20) and the OPEn9 SAM
prepared on gold. The spectra are shown in Fig. 8. The amides
I and IT are observed at ca. 1670 and 1540 cm ™!, respectively.
The tilt angles of the helix axis from the surface normal are
determined from the amide I and II absorbance ratios to be
73° for the LB10, 69° for the LB20, and 56° for the SAM,
respectively (Table 1). These results indicate that the peptide
has a horizontal orientation to the surface in the LB layers
even upon compression, while random orientation in the
SAM. Structural irregularity of the SAM may be explained
by the mismatch of the component lengths between the helical
peptide and the OPE. The helical peptide is too short for the
OPE to take a vertical orientation on gold.

The layer thicknesses were determined by ellipsometry to be
9 A for LB10 and 23 A for LB20, respectively. These values are
consistent with the interpretation of monolayer and bilayer
formation of the conjugate with taking horizontal orientation,
when we consider the following points; (i) the diameter of a 3¢
helical peptide with the repeating Ala-Aib sequence is 9.4 A.%
(ii) the OPE component should show a thinner thickness than

Table 1 A« (nm), thickness (A), and tilt angles of the helical peptide
and the OPE in various environments

Peptide tilt  OPE tilt

Thickness/z& angle/° angle/° Amax/NM

OPEnAc in — — — 360
chloroform

OPEnAc LB — — 75+2.0 382+ 1.9
OPEnY9 in — — — 364
chloroform

OPEn9 LB10 9+0.5 73 74+ 5.4 347 + 4.6
OPEn9 LB20 23 +£0.6 69 74 £ 3.5 358 £ 5.7
OPEn9 SAM 24 + 0.8 56 — 335

the peptide component, (iii) both components are tilted
slightly from the surface.

UV-Vis absorption spectroscopy of layers

To study the electronic structure of the OPE in the layers, the
UV-vis absorption spectra were measured. The spectra are
summarized in Fig. 9. The OPEn9 SAM shows absorption
maxima at 335 nm. A red-shift of 10 nm in the LB10 layer
(Amax = 347 nm) and a further shift of 10 nm in the LB20 layer
(Amax = 358 nm) are observed. As the n—A4 isotherm indicates
that there is no n—n stacking among the OPE components in
the OPEnY layer, we consider the red-shift as a result of the
electric field effect of the peptide dipole on the OPE compo-
nent in an antiparallel arrangement. To obtain information on
the orientation of the OPE component, the tilt angles of the
OPE long axis from the surface normal were determined by
absorption anisotropy measurements using p and s linearly
polarized incident lights (Table 1). The tilt angles are obtained
as 73° for LB10 and 69° for LB20, respectively, indicating that
the OPE component has a horizontal orientation similar to the
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0
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LB20

I

LB10
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I I I
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Fig. 9 UV-Vis absorption spectra of OPEnAc and OPEn9 in the
layers.
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helical peptide component. In the LB10 layer, the two com-
ponents have a similar horizontal orientation to the surface.
Under this geometrical constraint, the two components in the
conjugate should favor antiparallel arrangement. Further-
more, head-to-tail arrangement in the layer may be prevailing
because of stabilization of dipole-dipole interaction as
depicted in Fig. 7a. This type of head-to-tail arrangement
was previously reported in a LB monolayer of a 24mer helical
peptide.® The red-shift of 10 nm is thus caused by the electric
field generated by the peptide dipoles neighboring the OPE. In
the LB20 layer, the conjugates are piled up to double with
keeping the horizontal and the antiparallel arrangement
(Fig. 7b). The electric field strength around the OPE thus
becomes double to induce another red-shift of 10 nm. On the
other hand, in the SAM, the peptide components orient
randomly on the surface. Although the orientation of the
OPE component in the SAM could not be measured, it is
plausibly considered that the relative orientation of the OPE to
the peptide is random because of random distribution of the
surrounding dipoles.

Another possible explanation for the red-shift of the OPE
component in the LB10 and LB20 layers might be due to the
n—n stacking of the OPE. Indeed, in the cases of the OPEnAc
LB layer and cast film, large red-shifts of 47 and 59 nm,
respectively, from the A, in the OPEn9 SAM were observed
(Fig. 9). The electronic structure of OPE changes with
variation of the dihedral angle between neighboring phenyl
planes.” The HOMO-LUMO gap of OPE is the smallest
when the molecule takes a coplanar geometry, while it
becomes the largest with orthogonal orientation of the neigh-
boring phenyl planes. The rotation of the phenyl rings around
the ethynylene axis is known to be nearly frictionless in a dilute
solution.?’“?°¢30 In the LB layer of OPEnAc, however, the
molecules tend to stack with each other to induce a red-shift in
the absorption spectrum by taking a coplanar geometry. Hu
et al. clarified this relation of /... with the coplanarity
recently.31 However, this reason is considered to be excluded
from the explanation of the red shift in the OPEn9 layers,
because m— stacking of the conjugate in those layers is not
significant as revealed by the reversible 7—A4 isotherms, which
is described in the previous section.

Conclusion

A novel conjugate of OPE and a helical peptide was synthe-
sized and studied on the dipole effect of the helical peptide on
the electronic structure of the OPE and a dipole—dipole
interaction in regulation of the molecular structure. In chloro-
form, the conjugate showed a red-shifted absorption
compared to a reference OPE derivative, indicating that the
electric field effect of the helical peptide dipole on the electro-
nic structure of the OPE in the conjugate appeared, where
both components favored an antiparallel arrangement due to
the dipole—dipole interaction. This interpretation was
supported by ab initio calculations. In the LB layers of the
conjugate, the red-shifts of the /,,,x became larger than that in
chloroform because of the additive dipole effects from the
helical peptides neighboring the OPE. We are now working on
clarification of the precise molecular alignment in the LB

layers using scanning probe microscopies of STM and AFM.
Another novel conjugate is under investigation, where the two
components are connected at two sites to fix the antiparallel
arrangement. The dipole effect on the OPE will appear more
prominent than in the present case.
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