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Abstract The deposition behavior and photoelectric response characteristics of chlorephyll a
(Chl 4) monolayers and multilayers were investigated under various film fabrication condi-
tions. Chl 4 1B films were deposited onte quartz and pretreated [TO glass substrates under
several fabrication conditions, including surface pressure and number of layers. The absorp-
tion spectra of Chl # in a solution state and solid-like state (LB films) were fairly consistent
with each other, and two absorption peaks were found at 678 and 438 nm, respectively. The
prepared Chl a LB films were set into an electrochemistry cell equipped with a Pt plate as the
counter electrode, and the photoelectric response characteristics were obtained and analyzed
relative to the light illumination, By considering the resulting photocurrents, the optimal
fabrication conditions for Chl 4 LB films were determined as 20 mN/m of surface pressure
and 20 layers. The action spectrum of the Chl # LB films was obtained in the visible region,
and was found to be in good agreement with the absorption spectrum. The possible applica-
tion of the proposed system as a constituent of an artificial color recognition device was sug-
gested based on combining with the photoelectric conversion property of another light-

sensitive biological pigment.
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INTRODUCTION

The photochemical and photophysical behavior of
biological pigments have been important subjects in the
fields of photobiclogy and photochemistry [1-5]. In
connectior: with the photosynthetic primary process as
well as light energy conversion, chicrophyll a (Chl a)
has been one of the most widely studied pigments.
From the absorption spectra of green plants, it has been
revealed that multiple forms of chlorophyll (Chl) are
present in green plants, It is also well known that Chl
molecules on grana thylakoid membranes are arranged
as a highly ordered state and the local concentration of
porphyrin rings is relatively high [1]. Furthermore, reac-
tion center Chl molecules, especially P700 in photosyn-
thetic system I (PS 1), would seem to have a specific
structure due to the hydrophobic interaction between
phytol chains and lipids/proteins, and an additional
participation of hydrogen bonding.

In order to perform an in vitre investigation on the
photoactivity of Chl 4, several methods have been pro-
posed to prepare the ordered structure of Chl 4. There
are two typical modes for fabricating a highly-ordered
structure of Chl 4 molecules; one is the incorporation of
Chl @ molecules into a small lipid bilayer, and the other
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is the deposition of ordered Chl a molecules onto solid
substrates using the Langmuir-Blodgett (LB) technique
(6,7]. The in virro photoelectrochemical behaviour of the
ordered structure of Chl 2 molecules has already been
observed, and its characteristics investigated for devel-
oping a model system for the primary photosynthetic
process. However, these works mainly focused on the
primary process of photosynthesis, whereas further ap-
plications to other fields, such as bioelectronics, have
rarely been reported.

In the present work, the deposition behavier of Chl 4
monolayers and multilayers was investigated. For appli-
cation to artificial photoreceptors, the photoelectric
response characteristics of prepared Chl 2 LB films were
analyzed based on considering the fabrication condi-
tions. The resulting photocurrent characteristics sug-
gest the possible application of Chla LB films as a con-
stituent of an artificial color recognition device.

MATERIALS AND METHODS
Materials

Chlorophyll @ (Chl a4, extracted from spinach) and
benzene were purchased from Sigma Chemical Co. {5t.
Louis, USA). The indium tin oxide (ITO) glass was
kindly provided from Samsung Digital Interface Co.
(Suwon, Korea). Other miscellaneous reagents were also
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purchased from Sigma Chemical Co. (St. Louis, USA)
and used without further purification.

Preparation of Chl 2 LB Films

For the deposition of Chl a, quartz and ITO glass
were used for the spectroscopic analysis and photocur-
rent measurements, respectively. Prior to use, all the
substrates were cleaned according to the appropriate
procedure [8]. The LB film deposition of Chl a was car-
ried out with a circular-type Langmuir trough (Model
2011, Nima Tech., UK). Chl 2 molecules were dissolved
into thiophene-free benzene at a concentration of 1
mM, and stocked in a frozen state at -20°C without
light illumination. The Chl a4 solution was then care-
fully applied onto the aquecus subphase {1 mM phos-
phate bufter, pH 7) at room temperature, and the re-
sulting menolayer was compressed until a collapse oc-
curred thereby producing the surface pressurc-area (mA)
isotherm of Chl 4. The deposition of the Chl 2 LB films
was started with an upward stroke. This means that
the substrate was immersed into the subphase first, the
Chl a selution was applied onto the aqueous subphase,
and the monoelayer was compressed to the target pres-
sure and subsequently transferred onto the substrate by
moving the substrate upward using a computer-
controlled stepping motor. The dipping speeds of the
upward and downward strokes for the Chl 4 LB film
deposition were 6 mm/min.

Spectroscopic Analysis and Photocurrent
Measurement

For the absorption spectroscopy, the Chl 4 LB films
were transferred onto quartz substrates, and their spec-
tra were obtained using a UV/VIS spectrophotometer
{V-550, JASCO, Japan) with a resolution of 1 nm. A
bare-quartz was used as the reference substrate.

For the analysis of the photoelectric response, the
fabricated Chl 4 monolayers and multilayers were set
into an electrochemistry cell equipped with a Pt plate as
the counter electrode. KCI solution (0.1 M) was used as
the supporting electrolyte, and the pH of the electrolyte
was adjusted to 7.0 with the KOH solution. The elec-
trochemistry cell was serially connected to low-noise
current preamplifier (SR570, Stanford Research System,
USA), amplifier (DC10000H20, B&H Electronics, USA),
digital oscilloscope (HF54610B, Hewlett Packard, USA),
and personal computer. The effective area of the LB
films for light sensing was 1 ¢cm? (1 cm x 1 cm). The
experimental setup for the photocurrent measurement
is schematically illustrated in Fig. 1.

A 300 W Xenon lamp system (Model-669%4, Oriel
Co., USA) was used as the light source. Monochromatic
light was illuminated onto the fabricated LB films using
several optical filters, and the resulting photoelectric
responses were analyzed through the photocurrent
measurement system. Jo obtain the correlation be-
tween the incident light intensity and the photocurrent
generation, the incident light intensity was measured
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Fig. 1. Schematic illustration of experimental setup for
photocurrent measurermnents: 1. 300 W Xenon Lamp; 2. Cpti-
cal Filter; 3. Shield Box; 4. Electrochemistry Cell; 5. Glass; 6.
ITO; 7. Chi a4 LB Films; 8. Electrolyte; 9. Pt Electrode; 10.
Low-Ncise Current Preamplifier; 11. Amplifier; 12. Oscillo-
scope; 13. Personal Computer.
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Fig. 2. 7A isotherm of Chl 4 monolayer at air-water inter-
face; aqueous subphase, phosphate buffer (1 mM, pH 7, and
at rocm temperature).

with a commercially available photodiode (Smartsensor
LM-3 and LM-10, Coherent-Earling, USA) and a broad-
band power-meter (LaserMate, Coherent-Earling, USA).

RESULTS AND DISCUSSION

Deposition Behavior and Spectral Properties of
Chl a LB Films

A surface pressure-area isotherm of the Chl & monao-
layer is shown in Fig. 2. The isotherm shows that the
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surface pressure constantly increased until it reached
about 20 mN/m as the monolayer was compressed.
This first condensed monolayer region was followed by
a transition re%ion, with a surface area ranging from
400 to 200 cm* which exhibited a sudden increase in
compressibility, and then became a second condensed
monolayer region as the monolayer was further com-
pressed, This transition can be considered as a charac-
teristic of a mixed monolayer [9,10]. The average purity
of the Chl 4 used in this work was around 90%, accord-
ing to the data of Sigma Chemical Co. The principal
impurity was most likely chlorophyll a’, and other pos-
sible impurities were carctene, zanthophylls, and caro-
tenoid compounds. Since these impurities are not com-
pletely misciole with Chl 4, this immiscibility could
lead to the discontinuity of the compressibility. How-
ever, after the transition region, there was no readily
observed discontinuity of compressibility as the mono-
layer state reached a fully condensed region. The cal-
lapse of the monolayer was found at around 45 mN/m.
Based on the obtained #A isotherm, in all experiments,
the Chl a4 monolayers were deposited at 20 mN/m, the
first condensed monolayer region, before any transition
occurred,

The deposition type of the Chl 4 LB films was found
to be Z-type; the transfer ratio were 100+10% in up-
ward and 0£10% in downward strokes. In order to con-
firm the deposition of Chl a4 monclayers onto a solid
substrate, the absorption spectrum of the Chl a 1B
films was measured. For the absorption spectroscopy,
quartz was used as the substrate and a bare-quartz
plate was used as the reference. As shown in Fig. 3, the
absorption spectrum of the Chl 2 LB films was fairly
consistent with that of the Chl a solution. It has a
broad band ranging from 400-700 nm with two peaks at
around 438 nm and 678 nm, respectively. There were
also slight red-shifts by 10-15 nm in the 1B films, which
is well consistent with previous reports [1,2,11-13].
These results could be due to the close-packed structure
of the Chl # LB films. Accordingly, it can be deduced
that the Chl 4 monolayers were well transferred onto
the solid substrate, with maintaining their spectro-
scopic properties.

Photoelectric Response Characteristics of Chl @ LB
Films

The typical time course behavior of the photocurrent
generation from the Chl 4 LB films (5 layers) is shown
in Fig. 4. According to the monochromatic light illumi-
nation {680 nmy), the anodic current was generated and
returned to its baseline, ie. background dark current
level, when the light was turned off. The magnitude of
the photocurrent was about 22 nA/cm’® and the rising
time (response time) was slightly iess than 300 ms. The
photocurrent generation of the fabricated Chl 2 LB
films was very stable, and the reproducible {almost the
satne) response profiles were obtained with repeated
light illuminations.

The photecurrent generation of the Chl 2 LB films

185

0.6

0.5

= o
i B
1 ]

Absorbance (a.u)
|

0.1

Y L W e N o

300 400 500 600 700 800
Wavelength (nm)

Fig. 3. Absorption spectra of Chl a; solid line, absorption
spectrum of Chl & solution; dotted line, absorption spectrum
of Chla LB films (10 layers).
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Fig. 4. Typical photoelectric response of Chl 4 LB films (5
layers) relative to the monochromatic light illumination (680
nm).

was investigated with respect to the deposited number
of LB layers. In principle, the magnitude of the photo-
current generation increases with an increase in the
number of functional molecular layers. As expected, the
magnitude of the photocurrent generation increased
with an increase in the number of Chl 2 monolayers, up
to 20 layers. However, there was no significant change
in the magnitude of the photocurrent abave 20 layers,
as shown in Fig. 5. The excited states of photoactive
maolecules can be produced in a bulk phase (in this case,
Chl 2 LB films) and the generated charge carriers, i.e.,
electrons, probably diffuse into the interface (in this
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Fig. 5. Photccurrent generation of Chl 2 LB films as a fune-
tion of number of LB layers.

case, Chl a/ITO electrode) [14]. There is also some
probability of energy dissipation in another manner
during the diffusion process, and thereby the mean dif-
fusion length can have a finite value. As a result, the
photocurrent generation would be saturated at a certain
thickness of LB films (number of layers). In this work,
the mean diffusion length of charge carrier would be
about 20 layers. Based on these results, the optimal
number of layers in Chl 4 LB film fabrication was de-
termined as 20 layers, which can produce reliable and
stable photocurrent generation.

In order to use light-sensitive materials with the pho-
toelectric conversion praperty as the photoreceptor, the
possibility of a linear relationship between the incident
light intensity and the photocurrent generation should
be validated. In desirable light sensors, including bio-
logical photoreceptors such as the retina, light sensing is
performed in a quantum conversion mode that can
guarantee the linear sensitivity of a sensor against any
incident photon flux. Since the photocurrent is a result
of the energy conversion from light to electricity,
photocurrent generation, in principle, should be propor-
tional to the number of photon to be absorbed. As
shown in Fig. 6, the photocurrent of the Chl a4 LB films
was generated proportionally to the incident light in-
tensity. Compared with other light-sensitive pigments,
the electron ejection from an excited state of Chl a
shows relatively high efficiency. Accordingly, the pre-
pared Chl a LB films would appear to have potential as
a component of an artificial photoreceptor,

In order to confirm whether the photocurrent gen-
eration of Chl # LB films reflect the light-energy conver-
sion mechanism, the action spectrum of the Chl a LB
films should also be analyzed. Using a series of mono-
chromatic light illuminations, the action spectrum was
obtained and is shown together with the absorption
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Fig. 6. Photocurrent generation of Chl 4 LB films (20 layers)
as a function of light intensity.
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Fig. 7. Action spectrum of Chl a LB films; solid line, absorp-
tion spectrum; dotted line, action spectrum.

spectrum in Fig. 7. Prior to plotting, the raw data of the
phetocurrent were divided by the incident light inten-
sity to verify if the response behavior of the Chl 4 1B
films reflects the photoelectric conversion mechanism
with the given light energy. The action spectrum of Chl
a LB Hlms was found to be fairly consistent with the
absorption spectrum in the visible light region, with
two peaks at around 430 nm and 680 am, respectively.
This result seems to suggest that the photoinduced ex-
citation of Chl a LB films is the initial process of the
charge carrier generation mechanism, which in turn
generates the electron flux across the Chl 2 LB films-
electrode interface. Consequently; it would appear that
the photocurrent generation of Chl a LB films mainly
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Fig. 8. Fossible application of Chl 4 LB films as component of
hiomolecular photoreceptor for color recognition.

rely on the photoelectric conversion, although the other
mechanism, such as thermal energy conversion accom-
panied by light irradiation, might also contribute to the
photocurrent generation.

Possible Application as Color Recognition Device

As mentioned above, the absorption and action spec-
tra of the Chil 4 LB films show a broadband with the
peaks at around 678 and 438 nm, respectively. This
property can be applied to the organization of a light-
sensing device, such as an artificial photoreceptor for
colar recognition. The current authors previously de-
veloped a biomolecular photoreceptor with a color rec-
ognition function using complex LB films corsisting of
bacteriorhodopsin (bR) and flavin [13]. Although this
photoreceptor has certain advantages over the current
CCDs, such as a better spectral sensitivity, there are still
some problems that need to be resolved for producing
the more reliable results, such as difficulties in obtain-
ing an accurate differentiation between a greeny-blue
(520-540 nm) and yellow (570-620 nm) color. To realize
a more reliable color recognition function, possible ap-
proaches can be suggested; one is a hardware modifica-
tion, and the other is to employ a more appropriate al-
gorithm for self-adaptation and learning, such as an
artificial neural network (ANN). The former can be
achieved by using other light-sensitive biclogical pig-
ments that can generate a different action spectrum
from that of bR or flavin; a possible candidate is Chl a.

Fig. 8 shows the possible action spectrum of an artifi-
cial photoreceptor using bR/Chl 2 complex LB films and
the corresponding signal shapes in the visible light re-
gion. The typical response of Chl # LB films was found
to be an anodic current generation, with a pulse-like
signal shape. Of course, the bR signal would not be
readily detected in this configuration since the proton-
electron coupling would also exist at the bR-Chl a in-
terface and the in vitro quantum yield of Chl 2 would be
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much higher than that of bR. However, it would be
possible to distinguish the signals from one another by
adjusting the number of layers of the Chl 2 and bR LB
films in this configuration, thereby resulting in the de-
sirable photoelectric response with respect to the mag-
nitude of the photocurrent and the signal shape.

CONCLUSION

Molecular films of chlorophyll 2 {Chl a) were success-
fully prepared using the Langmuir-Blodgett (LB} tech-
rique. The absorption spectrum of the Chl a films was
fairly consistent with that of the solution state, with
slight red-shifts by 10-15 nm, and two absorption peaks
were found at around 678 and 438 nm, respectively.
The photoelectric response of the Chl a LB films was
anodic with a typical pulse-like signal shape. The apti-
mal fabrication conditions of the Chl a LB films were
determined as a 20 mN/m of surface pressure and 20
layers based on considering the photocurrent genera-
tion. From the good agreement between the action
spectrum of the Chl a LB films and the absorption spec-
trum, it was confirmed that the photocurrent genera-
tion of the Chl # LB films mainly rely on the photoelec-
tric conversion mechanism. The possible application of
the proposed system as a constituent of an artificial
color recognition device was suggested through combin-
ing with the photoelectric conversion property of an-
other light-sensitive biological pigment, bacteriorho-
dopsin (bR).
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