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Abstract

To prepare novel display systems like chameleon which change the color by stimuli, we prepared a structural color forming system by
use of LB films consisting of polypeptide multilayers. We think this system change its color depending on the molecular structure like
photochemical systems. Poly(y-hexyl-L-glutamate) (PHeLG) was used as the multilayer component and silicon was used as the substrate for
reflection of incident light. PHeLL.G monolayers were transferred onto substrates hydrophobized with octadecyl trimethoxy silane (OTS). LB
films with various layer numbers up to 160 layers were prepared and they showed different colors depending on the thickness of polypeptide
layer due to interference of light. The structures of LB films were estimated by using AFM and FT-IR spectroscopy. Interference colors
were characterized by reflective visible spectra and compared with theoretical ones. Silicon wafer pre-colored by excessive oxidization was
also used, and it was confirmed that only 10 or 20 layers of PHeLG could show the structural color. In this study, the base for preparation
of chameleon-type display system was established. We will introduce photochemical moiety (azobenzene moiety, etc.) into this system

and produce display systems which change their colors by optical stimuli. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recently, the technology of flat panel displays has been
advancing rapidly. Colored liquid crystal displays are pen-
etrating in our lives, which are carried on many potable
telephones or computer games. The other display systems,
such as PDP (plasma display panel) or organic EL (electro-
luminescence), are also developed. On the other hand, novel
display systems are expected from the view of problem of
ecology, energy, human health, and so on.

Nature has unique display systems such as structural
color of butterflies, beetles, and tropical fish [1-3]. Struc-
tural color is derived from interference and/or diffraction
and/or scattering, etc. of light reflected from nano-scale
structure of surface without pigment. For example, color
by interference of light (interference color) is shown when
a layer of whose thickness is of the order of 100 nm is on
a flat and lustrous (having high reflectivity) surface. The
incident light with certain incident angle («) is emphasized
or enfeebled at surface, depending on wavelengths (1) of
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light. The A values of emphasized or enfeebled lights are
expressed by the following equations [4]:

2h
A= "—yn2—sin’« (emphasized) (1)
m
4h . 9
= n? —sin®a  (enfeebled) ()
2m — 1

where 4 is the thickness of the layer on the lustrous surface,
n the refractive index of the layer, and m the natural num-
ber (m = 1,2,...). Thus, we could see the light having
particular wavelength (particular color) from such surface.

As application of biomimetic science, various structural
colored materials are investigated by many researchers and
engineers. In the field of inorganic chemistry, many interfer-
ence colored materials have been developed and published.
They applied coating techniques for the metal or ceramic
surface [5], or oxidized metals such as titanium. Also in
the field of organic chemistry, various materials have been
investigated, e.g. solution [6] and gel [7] for cosmetic appli-
cation, and structural color fiber [8]. These materials cannot
be used for display systems because they cannot change the
color of themselves.

We have been trying to prepare display systems which
change their colors by specific stimuli, like a chameleon

1010-6030/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S1010-6030(01)00561-5



102 T. Kinoshita et al./Journal of Photochemistry and Photobiology A: Chemistry 145 (2001) 101-106

(chameleon-type display). We are using: (1) simple inter-
ference color and (2) hybrid system of organic layer and
inorganic substrate. This system will change the color of re-
flecting light by changing the structure (thickness) or optical
character (refractive index) of the organic layer. In this study,
we will investigate the behavior of light depending on molec-
ular structure, while researchers of general photochemistry
investigate the behavior of molecules depending on the light.

For organic layer, we prepared a-helical polypeptide,
which is rod-like and is the model molecules of proteins.
We can fabricate molecular membranes with a well-defined
molecular orientation on a substrate by LB method. Prepa-
ration and characterization of LB multilayer of a-helical
polypeptides onto hydrophobized silicon wafer was in-
vestigated by Wegner’s group [9-12] using hairy-rod
polypeptides such as poly(y-octadecyl-L-glutamate) which
had long alkyl side chains. They evaluated molecular and
supramoleculer structure [9], and estimated the property
for optical waveguide [10,11], anisotropic reflectivity [11],
and so on. However, they did not mention about structural
color of the LB films in detail. In addition, they did not
use preparative hairy-rod with shorter alkyl chains such as
poly(n-hexyl-L-glutamate) (PHeLG).

In this paper, we report on preparation and characteriza-
tion of LB films consisting of PHeLG on silicon substrate.
We evaluated the structure of LB films by using AFM
observation and FT-IR spectroscopy. Interference colors
were estimated by reflective visible (VIS) spectra and
compared with theoretical ones. Moreover, silicon wafer
pre-colored by excessive oxidization was used, and we
confirmed that the thickness of polymer layer expected for
particular color was controllable. We will introduce photo-
chemical moiety (azobenzene moiety, etc.) into this system
and produce display systems which change their colors
by optical stimuli. This study has established the base for
preparation of such chameleon-type display systems.

2. Experimental

Poly(n-hexyl-L-glutamate) (PHeLG, Scheme 1) was syn-
thesized by the ester interchange [13] of poly(y-methyl-L-
glutamate) which was obtained by the polymerization of the
N-carboxy anhydride [14] of L-glutamic acid y-methyl ester
(MG-NCA) with benzylamine as an initiator. An average
degree of polymerization of PHeLG moiety was estimated
to be 114 by high-resolution 'H NMR measurement (Varian
XL-200 spectrometer) of the sample in trifluoroacetic acid

£NH-CH-CO )
CH,
CH,
co
OC 4Hg

Scheme 1. PHeLG.

(1 mg/ml). To be exact, this molecule contained 9% of
v-methyl-L-glutamate residues.

Silicon wafers were purchased from Shin-Etsu Chemi-
cal. Silicon substrates were hydrophobized by use of octa-
decyl-trimethoxysilane (Tokyo Kasei Kogyo) transferred by
LB method and fixed by heating at 110°C for 20 min [15,16].

Surface pressure—area (7—-A) measurements and mono-
layer deposition by LB method were performed by use of
an LB Film Deposition Apparatus NL-LB400ONK-MWC
(Nippon Laser and Electronics Lab.). AFM was performed
by use of a Nanoscope III (Digital Instruments). Reflective
VIS measurements were performed by use of an UV/VIS
Spectrophotometer V-500 (JASCO) together with an at-
tachment, ARV-474 (JASCO).

3. Results and discussion

Fig. 1 shows a m—A isotherm of a PHeLG monolayer at
the air/water interface. Spreading solvent was benzene/DMF
(7:3) and measured at 20°C. The limiting area was esti-
mated to be ca. 0.23 nm>/residue. Because the pitch of helix
is 0.15 nm/residue, the diameter of the PHeLG helix was
calculated to be ca. 1.5nm.

We tried to transfer the PHeLG monolayer onto hy-
drophobic substrates. The depositing pressure was 15 mN/m.
First step was down mode of substrate, the second was up
mode, and after those both mode was repeated alternately.
Fig. 2 shows the deposition ratio of PHeLG monolayers
onto substrates. Each deposition ratio is ca. 1, which shows
the monolayers were transferred onto substrates keeping
their structures on the water surface in both modes.

The structure of PHeL.G multilayer on the silicon substrate
was characterized by the use of polarized FT-IR measure-
ment (Fig. 3). The transmission FT-IR spectrum of 120-layer
PHeLG LB film was measured using polarized IR spec-
troscopy with the polarization parallel or perpendicular to
the dipping direction of deposition. Both spectra show four
major peaks at 1738 cm™! (C=0 in side chain), 1656 cm™!
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g. 1. Surface pressure—area isotherm of PHeLG monolayer at 20°C.
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Fig. 2. Deposition ratio of PHeLG monolayer onto hydrophobic substrate
as a function of number of layers.

(amide I in a-helical structure), 1626cm™! (amide I in B
structure), and 1551 cm™! (amide II in a-helical structure)
in 1500-1800cm™! [17]. The peak at 1656cm™" is much
larger than the peak at 1626 cm™!, which indicates PHeLG
molecules keep a-helical structure also in the LB film.
The peak at 1656cm™! (amide I) is also larger than the
peak at 1551 cm™! (amide II). It is known that the tran-
sition moment of vibrations of amides I and II of a-helix
is oriented at 39° and 75° with respect to helical axis,
respectively [18]. The transmission FT-IR emphasizes tran-
sition moment parallel to the film plane. Therefore, the
small amide II peak indicates that the transition moment
of amide II is oriented almost perpendicular to the surface
and that the helixes lay parallel to the surface. The two
polarized IR spectra are similar to each other, while the
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Fig. 3. The transmission FT-IR spectrum of 120-layer PHeLG LB film
measured using polarized IR spectroscopy with the polarization parallel
(upper, indicated by the sign of ||) or perpendicular (lower, indicated by
1) with respect to the dipping direction of deposition.

case of poly(y-octadecyl-L-glutamate) showed difference
[9]. This indicates that within the two-dimensional plane
the orientation of PHeLG helix rod in the LB film is totally
homogeneous.

The thickness of PHeLG layer on the substrate was mea-
sured by the use of AFM. Fig. 4 shows an AFM image of a
boundary region between 20 layers of PHeLG and the bare
surface of the substrate. The height difference of the two
planes is ca. 32 nm. Therefore, the thickness of one layer is
calculated to be 1.6 nm. This value is almost similar to the
diameter (1.5nm) of PHeLG calculated from the limiting
area.

We succeeded in fabricating the LB film with 160 layers
of PHeLG in maximum as far as we examined. Substrates
showed various interference colors depending on the number
of polypeptide layers; brown at 40-50 layers, dark blue at
60-70 layers, light blue at 80-100 layers, yellow at ~120
layers, and red-purple at ~160 layers (Fig. 5).

The colors can be related with reflective VIS spectra of
LB films. Fig. 6 shows VIS spectra of LB films consisting of
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Fig. 4. (a) AFM image of PHeLG LB film in a boundary region between 20 layers of PHeLG and the bare surface of the substrate; (b) section of the

line in (a). The height difference of the two planes is ca. 32 nm.
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Fig. 5. Photographs of LB films of PHeLG of 40 (a), 80 (b), 120 (c),
and 160 (d) layers.

40, 80, and 120 layers of PHeLG at an incident angle of 10°.
The spectrum of the 80-layer film shows a peak at 418 nm
at which the light looks blue. Oppositely, the 40-layer film
shows a minimum at 456 nm. Therefore, the 40-layer film
looks brown (dark orange) which is a complementary color
to blue. The 120-layer film shows a peak at 619 nm and
a minimum at 409 nm. The light at 619 nm looks yellow
which is emphasized by decreasing of the light at 409 nm.
We compared the peak positions to the calculated values
from Egs. (1) and (2). Fig. 7 shows peak positions of VIS
spectra and calculated values as a function of number of
layers. The calculated values fit measured ones.

Interference light is affected by the angle of incident light.
Therefore, we measured reflective VIS spectra with incident
light at various angles. Fig. 8 shows observed and calcu-
lated peak positions as a function of number of layers. The
observed peak positions are consistent with the calculated
ones at all observed angles. These confirmed that the colors
of these films are interference colors.

Actually, it is hard to perform the deposition of more
than 100 layers and polypeptides are often expensive. So,
we try to save the polypeptide by use of pre-colored silicon
wafer. Silicon can be oxidized by heating, and show the
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Fig. 6. Reflective VIS spectra of 40, 80, and 120 layers of PHeLG LB
films. Incident angle was 10°.
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Fig. 7. Measured and calculated positions of maxima and minima in the
reflection spectra as a function of the number of layers. Dots show the max-
ima (open) and minima (closed) of the measured spectra of 40-layer (tri-
angles), 80-layer (squares), and 120-layer LB films. Lines were calculated
from Eq. (1) (straight lines) and Eq. (2) (dashed lines) with # = 1.7 nm
and n = 1.6 and h = t(thickness of onelayer) x [ (number of layers).
Roman numerals show orders of interference (the m value in Egs. (1)
and (2)).

interference color by the oxidized surface (SiO») layer. First,
the silicon wafer was heated at 950°C for 3 h, which became
brown. After hydrophobizing, LB films of PHeLG of 10 or
20 layers were deposited. They showed dark red-purple or
blue, respectively. Fig. 9 shows reflective VIS spectra of the
LB films and the bare pre-colored substrate at an incident
angle of 10°. The spectrum of the bare pre-colored substrate
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Fig. 8. Measured and calculated positions of maxima and minima in the
reflection spectra as a function of incident angle. Measured ones are shown
by dots; minima of the spectra of 40-layers LB films (®), maxima of
the spectra of 80-layer LB films ([J), maxima of the spectra of 120-layer
LB films (O), and minima of the spectra of 120-layer LB films (@).
Line A was calculated by Eq. (1) with / = 120 and m = 1. Line B was
calculated by Eq. (1) with / = 80 and m = 1 or Eq. (2) with [ = 40
and m = 1, or Eq. (2) with [ = 120 and m = 2 (these three curves are
completely overlapping with each other). Both lines were calculated with
t=17nm, h=tx[and n = 1.6.
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Fig. 9. Reflective VIS spectra of bare pre-colored substrate and 10- and
20-layer PHeLG LB films on the pre-colored substrate. Incident angle
was 10°.

shows a minimum at 459 nm, which is brown, complemen-
tary color of blue. The LB films of 10 and 20 layers show
minima at 547 and 638 nm. Therefore, their colors were
red-purple or blue as complementary colors of green and
orange. Because the refractive indices of PHeLG and SiO;
are similar to each other (~1.5), SiO; layer can be regarded
as polymer LB films in terms of interference of light.

4. Conclusion

In this study, we confirmed the ability of artificial
polypeptide as a material for the color display system.
PHeLG layers could be deposited on a hydrophobic sub-
strate by LB method, and showed various interference col-
ors depending on the number of layers. It is also confirmed
that the required number of layers can be controlled by use
of pre-oxidized substrate when a particular color is needed.
Thus, the base for preparation of chameleon-type display
system was established.

We are trying to prepare the polypeptide layer that
changes its molecular orientation by stimuli. We have al-
ready succeeded in orienting a-helical polypeptide not only

rod-like polymer

transformable
moiety

0

MM M2
vz A

Fig. 10. Schematic picture of the chameleon-type display systems.

in the parallel direction but also in the perpendicular direc-
tion with respect to the surface of the substrate. Next, we
will introduce functional moieties that can be transformed
by stimuli (light, etc.) into this system. This will enable us
to control the molecular orientation using stimuli (Fig. 10),
which may change the thickness or refractive index of the
film. Several examples of the polymer thin layers includ-
ing azobenzene moiety were reported [12,19]. They could
change their refractive index [12] or morphology [19] of
surface. Therefore, the novel display system may be created
in such a way with the knowledge obtained in this study.
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