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ABRSTRACT

AN INVESTICATION OF SO™E REDOX COMPOUNDS ON
T PUHOTOLLVFECT OF A BILAYER LIPID MEMBRANE
CONTATNING CHLOROPLAST EXTRACTS

By
Paul K. Shieh

Following Braun's ideca of redox reaction in a gléss test tube,
Tien has successfully demonstrated that a Chl-BLM non-metallic
substance in aqueous environment.was capable of effecting a redox
reaction across the membrane, When light is directed onto the Chl-
BLM, the pigment (Chl) in the membrane will be ekcited and will
dissociate into electron and hole (or positive charge). This electron
will be captured by the electron acceptor on one side of the
membrane/solution interface and, respectively, the hole will move
across the membrane and be caught by the eleékron donor on the
~ opposite side of the membrane/solution interface. As a result, a
light-induced electric motive force (EMF) can be detected by a pair
of calomel electrodes and an electrometer.’ From the functional
membrane point of view, Chl-BLM functions as a photovoltaic cell and
is capable of absorbing and releasing electrons.iq light to facilitate

the redox reaction across the membrane/solution interface.



Paul K. Shieh

The present work focuses on the survey of the detailed
mechanism of this redox reaction across the Chl-BLM. In particular are
the followings factors: the pH gradient across the BLM; the membranc
potential in dark; the presence of redox compounds to the aqucous
phases which can be of importance in effecting this membrane associated
redox reaction when carrying out photo-emf measurements.

Results for the present study were: 1) the discovery of the
maximum BLM photo-emf enhancement and the possible reaction mechanism
under propér conditions, such as good redox compounds, the proper pH
of aqueous solution, the membrane potential in dark, and the combination
_ of one or two of the above circunstances; 2). the dete;mination of the
electron donating or accepting power of redoi compounds presented
in the Chl-BLM system by applying the method‘of BLM reference electrode
photo-emf technique; 3) the establishment of a simple equation and

parameters which correlate with the Chl-BLM photo-response.
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CHAPTER [

INTRODUCTTON

It is well known that, in biélogical systems, the most important
structures are nembranes, which constitute the large part of cytoplasmic
organelles as well as surface bdrriers between cclls. The membranes
are important not merely in their structures but also in their functions
through the biological processes. TFor instance, as Muehlethaler [1966]
has pointed out, the photochcewical reactions of photosynthesis in
chloroplast take place in lamellar systems. These lamellar systems
are constructed by many structure units such as the so-called.'thylakoid
membrane''.

Even though the bioiogical membranes are beliecved to be crucial in
the function of biglogical processes, the direct investigation into the
function of biological membranes is still not well developed due to
their structural complexity.

_Since the concepg of bilayer in biological membrane was established
by Gorter and Grendel [1925] in the early twentieth century, the
relevant model systems have been studicd instead of the biological
membrane itsclf. The scarch for a better membrane model has developed
a method for the formation of bimolecular lipid membrane (or DBLM) in
aqueous solution by Mueller, Rudin, Ticn, and Wescott [1962, 1963].

1

b
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The bimolecular leaflet model has been extended to the structure
basis of Practically all types of biological membranes that have been
studied. These membranes include the plasma membrane of erythrocyte,
the nerve membrane of axon, the cristae membrane of mitochondrion, the
thylakoid membrane of chloroplast, and the outer scgment sac membrane
of retinal rod. A schematic representation of these basic units
visualized under the electron microscope has been provided by Tien [1971].
It has been evident for many years that if the bimolecular lipid layer
were indeed the major structural éomponent of biological membranes,
knowledge concerning the properties and the formation~of such a
structure in vitro would be of both experimental and theoretical
significance.

Excellent revicw articles in the general field of BLM can be found
elsewhere. The general surveys from 1962 to 1867, including the
techniques of membrane formation, stability, and the physico-chemical
characteristic comparison of BLM with those of natural~membranes, were
carefully reviewed by Tien and Diana [1968].J'It scems that the BLM
possess certain dimensional, electrical, permeability, and "excitability"
characteristics which closely resemble those of biological membranes.
The major discrepancy between the properties of model systems and those
of natural membranes has been electrical fesistance. In éome cases,
'bilayer resistances ma& exceed those of na;ural membranes by a factor
of more than 108. For this reason, therefore, it has been argued that
the bimolecular leaflet model (or Davson-Danielli model) is incorrect
[Korn, 1966]). It has been found that bilayer resistances can be varied
over a wide range by the addition of simple componcnts to the systems.

Mueller et al. [1964] have found that a protein obtained from a variety
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of sources can lower the membrane resiscance by a factor of % or more.
Similar results were obtained with the cyclic polypeptide, alamathicin
by Mueller et al. [1968]. 1In spite of the electric resistance differonce
in BLM from that of natural membrane, investigations of bilayer 1lipid
membranes have bcth extended and scrved hitherto to emphasize the
limitations of mewbrane models. The specificity and varicty of
reactions which occur at membrane interfaces are far greater than would
have been anticipated for structures which serve only to define the
interface between two compartments, thus making BLM useful for the
study of membrane-associated phenomena near membrane interfaces at the
molecular level. |

The most intensive studies of the BLM system hitherto are the light-
induced phenomena which were first reported 5y Tien [1968 a, b, c], where
the process of charge-carrier generated by light can be observed in BLM
containing photoactive pigments such as chlorophyll and its derivatives.
The two most commonly studied photoelectric phenomena are the photo-
voltaic effect and photoconduction. Tt was suggested [Tien, 1968b]
that when BLM was exposed to light, electrons and holes were generated
in the membrane with the illuminated side becoming negatively charged.
These photoelectric effects produced by tﬁe ultrathin membrane clearly
demonstrate the existence of mobile electrons and holes in the membrane
“structure. Similar evidence of electronic'conductance in BLM was
repo;ted by Jain et al. [1970] from the proper redox reaction of 12
near the aqueous phases. Most recently, the electronic conduction
process of light in Chl-BLM type membrane has been reported [Tien, 1972].

Enhancement of Chl--BLM photo-emf has been found In the presence of some

proper dyes and ferric chloride. Tt is suggested that one side of



Chl--Biil is oxicized und the othwr side is reduced wien light is turned
orn. The result Is quite aurecable with that of Popuslavsky et al.
[1972]), wlere plotopotential of BLM in the presence of Fe salts and
thionine dye can be explaincd ca the basis of redex reaction taking
place in aqueous and lipid pia.ses,

Study of the 2LM light-induced phcnomcngn and its relation to biol-
ogical Ilunction has only begun, however. The most important works have
been those of reconstructing the vital biclogical functions, such as
the problems of the visual process, using a carotenoid-BLM [Tien and
Kobamoto, 1969], and photosynthesis and its relatcd phenomena [Clayton,
1965; Franck, 1957; Mitchell, 1961], where the BLM can serve as a model
of the photosynthetic apparatus to study the detailcd mechanism of
photosynthesis in plants. However, up to now full information of the
detailed mechanism of the light-induced clectronic process of BIM still
1s needed in order to survey those light events which occur in biological

systems.

Statement of the Problem:

Following Bragn's idea of redox reaction in glass test tube, Tien
has successfully demonstrated that a Chl-ELM non-metallic substance in
aqueous cnvironment, was capable of effecting redox reaction across the
Amembrane. When light is directed onto Chl-BLM, the pigment (Chl) in
the membrane will be excited and dissociated into electron and hole
(or positive charge). This prcsence of electron acceptor on one side
of the.mcmbrane/solution interface will then capture this electron and
the hole will move across the membrane and be caught by electron donor

on the cpposite side of the membrane/solution interface. From the



fusceticnal Goabrane volat of wvioew, it functinons just like a photovoltaic
cell (or photobatterv) and is capable of absoroing and releasing
elactrons by light o faciiitate the redox reaction across the membrane/
coluticn foterface.

Pocenrir the reo=carch intecest in this avea has been focused on the
retalled ochinism of this vedox reaction across Chl-BLM. Several factors
can be of iwportance in effecting this membrane associated redox reaction
vhen carrving out photo-enf measuvements: (1) the light intensity, (2)
duration tiwe, (3) the auwount ol éhlorophyll in BLM, (4) the pH gradient
across the BLMN, (5) the nmembrane potential in dark, and (6) the
prescnce of redox compounds to the aqueous phases. The first three
factors of Chi-BLM photlo-enf response have been studied intensively and
reported clscwhere.  This work will mainly concern the last three
factors of the Chl-Lilt photu-enl response, which are still noi quite
knownt

This rescarch haz three objectives. They are: (i) finding good
redox compouads, the proper pH gradient acroés the membrane, fhe
membrane davk potential, and the combination pf one or two above
conditions on the maximum BLM photo-emf enhancement and the possible
reaction mechanism; (2) determining the electron donating or accepting
power of redox compounds presented in the BLM aqueous phases by using
the method of RLM refc}cnce electrode phot;~cmf technique; and (3)
establishing a simple and well-defined equation and parameters which
correlate with the Chl-BLM photo-response. MNopefully these parameters
might inform us of some meanings for the phenonenon itself.

Chapters IV and V vill describe the pll dependent and membrane dark

potential ceffcet on Chl=-BLM photo-response and the detailed mechanism.



A complete description of the behavier of FcCl3 on Chl-BLM photoeffects
is given in Chapter IV, before we can use this compound with Chl-BLM
as a reference electrode system for later investigation. Chapter IV
gives a complete description of the redox compounds investigated. The
leveling of these compounds' electron donating or accepting powers in
the BLM system are presented in Chapter V. Furthermore, the Chl-BLM
photo-cmf enhancement in the presence of proégr redox couples are also
discussed in Chapter IV. An equation to express this Chl-BLM photo-

response, which is based on the so-called "relaxation process' has been

established and described in Chapter V.



CHAPTLER IT
LITERATURE REVIEW

DEVELOPMENT OF BIOLOGICAL MEMBRANE MODELS

Historically, the existcnce of lipids in the biological mcmbrane
was first found by Overton in 1599. His experimental evidence is that
lipids or lipid-like materials could diffuse across plant plasma
membranes.  Then, in the carly twenticth century, a simple bilayer
concept was dcveloped by Corter and Grendel. The extracted lipids from
red blood cells were spread on a Langmuir trough [Gaines, 1966]. They
found that the measured area occupied by the lipid monolayer was about
twice that of the interfacial area for the intact red blood cells. It
was suggested that red blood cells are enclosed by lipid membranes of
bimolecular thicknéss [Gorter and Grendel, 1925].

Owing to the éomplexity of biological membranes, people began to
study them in model systems instead. Very often, carlier models were
ériticized either because they did not meet the required bimolecular
thickness of cell membranes, or because they had quite different
properfies and environment compared with natural EGmbranes.

By the late 1950's, as revealed by electron microscopy, the

bimolecular thickness of most biological membranes had been ascertained.



It appears that all biological membrau-s possess a conmon structure
consisting of 4 himolecular 1ipid leaflot covered on both sides by a
layer of protcin or othey nonlipid naterisl [Rohertson, 1967]. Five
types of biologzical membiunes which possess this bimolecular Jeaflet
have been diagramaatically shown [Tien, 1971]. All of them possess a

o
bimolecular leafllel unit 50 to 100 A thick.

FORMATION Of BILAYER (OR BIMOLECULAR) LIPID MEMBRANLS

The search for a good membrane model to study those of biological
membrane events has finally becen completed. Mueller, Rudin, Tien and
Wescott announced the formation of BLM (bimolecular of black lipid
membrane) in aqueous solution in 1962. They first studied lipid mono-
layers and Langmuir-Blodgctt multilayers, and then played with soap
bubbles and filws. Two early publicalions appeared to influence their
approach toward BLM formation. One was a reprint of Boys' classic book
on soap subbles and the other was a volume dedicated to N.K. Adam in
which A.S.C. Lawrence recounted some highlights in the developmcent of
monolayer, soap films, and colloid chemistry [Lawrence, 1968]. A soap
film in air in its final stage of thinning has a structure which may be
pictured as two monolayers sandwiching an aqueous solution. Once they
recognized this structure, together with its molecular orientation,
Rudin and co-workers simply proceeded to m;ke a film of two monolayers
sandwitching an organic phase in aqueous solution. As far as forming a
BLM is concerned, it is easicr than sprecading a monolayer at an air/water
interface. By preparing electron micrographs, they estimated the

(]
thickness to be between 60 and 90 A. They also found that when certain



proteins were allowed to absorb onto the BLM this lijo-protein system

could be made electrically excitable.

General Properties of BLM and Their Siujlurvity to Rio'cuical ™enhrunes
Within the past decade, many projacts of BLM, such as basic
structure of BLM, its formation technique, its chemical and physical
propertics, were under investigation. An cxcellent review article for
the technique of membrane formation and some basic physical-cliemical
properties of BLM was published by Tien and Diana in 1968. A cormparison
of known properties of BLM with fﬁose of natural menbranes has boeen
made by Tien and Diana [1968]. It seems that the BLM possecss certain
dimensional, electrical, permeaﬁility, and "excitability" characteristics

which closely resemble those of biological membranes.

HISTORICAL DEVELCPMENT OF REDOX REACTION

(ELECTRONIC CONDUCTION PROCESSES) IN BIOLOGICAL SYSTEMS

It is understoad from an electrochemical point of view, that when
an electric current passes through a phase which is impermeable to ions
or electrons, a coupled redox reaction must éake place. It is due to
this redox reaction that the movement of electronic charges across this
phase from one system‘to another is made possible.

The term "redox reaétion" occurring in the living system was
first postulated by Lund [1928] in the early twentieth century. In the
experiment of the onion root, he found the potential difference
occurring between two points on the root was simply the algebraic sum

of individual emf's from these two points in the cell. The magnitude

of the single electric potential in any locus of the cell is primarily
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deternined by the ratio of the concentration of oxidant to reductant,
or the recaction rate which constitutes the oxidation mechanism in

this region of the cell. The continuous bio-electric currents
resulting from the oxidation-reduction potentials were from positive
(or hipher) potential point to the negative (or lower) potential point.
A grcat success of his experiment is the mechanism of this redox
reaction consistent with Clark's and Wieland;s classical concepts of
the essential step in oxidation-reduction. But this finding of
transmcmbréne potentials caused by the redox reaction across the
membrane has not been investigated in depth until quite recently.

In crystals and metals, atoms are arranged in vefy close proximity
packing with electrons fused into common bands or low energy levels.
If, however, one of these electrons is raised by the absorption of
energy to a higher cnergy level so called "excited" state, it will move
and transport its energy freely. It will then give off its excess
energy by falling back to the lower energy level. A similar mechanism
in living system was first stated by Szent-Gyorgyi [1941]. In the
study of photosynthesis, he proposed that the electrons raised to a
higher energy level by the observed light co&ld move and transport
their energy freely through the system of chlorophyll molecules assuming
those chlorophylls were packed very closely in the system aﬁalogous
to those molecules in ‘crystal and metals.

.Hitherto, many studies of biological processes, including photo-
synthesis, vision, and nerve excitation, can be essential due to this
electronic conduction mechanism. In photosynthesis, for example, it
is now believed that two kinds of mechanisms are possible in the

primary process of light energy conversion. First is the energy
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migration mechanism proposed by Olson in 1967, ia which pigients in
thylakoid membrane absorbed light transferred to a "reacﬁion center'.
This exciiation energy arrived at the reaction center and was then
separated into two stages; one was reducing stage and the other
oxidizing stage. Second is the charge separation mechanism, where
electrons and holes traveled between different reaction centers.

These ideas were originally proposed by Van Niel [1941]. le postulated
the proéess of photosynthesis in terms of the oxidant [OH] and reductant
[H]. Katz‘in 1949 explained this oxidant as "hole" and the reductant

as "electron'". Experimental observations in support of Katz's terminol-
ogy were given by Arnold and Sherwood [1957] and Nelsén [1957]. The
results of their experiments indicate that dried chlorophyll and
chlorophyll film have organic semiconductor ﬁharacteristics.

However, the redox concept in blo-membrane was not popular until
1962, Jahn [1962] proposed that there were two redox enzyme systems
existing on both sides of a bio-membrane. Later Digby [1965] observed
that silver or copper were deposited on one side of the membrane surface
of Crustecea following a'direct current flow across it. It was
presumed that redox reaction 6ccurring at this membrane surface was
the driving force for this deposition. More recently, Mitchell [1966]
developed a chemiosmotic-hypothesis of phosphorylation based on a

redox mechanism on membrane, which attracted much attention.

HISTORICAL DEVELOPMENT OF REDOX REACTION IN

ARTIFICIAL MEMBRANE (INCLUDING BLM)

The movement of electron flow in artificial system was first

explained by Cochn [1898] in terms of "clectrostenolysis". The



suhiccet has boen briefly roviewed Ly Tilen [1972). 1t was suggested
that a reduction reaclicin occurred ¢t the side of the barrier where
the anode was situvated, amd an oxiducion reaction toqk place on the
cther side of ti.e barricv. Two expevimental obscrvations to support
this explanation were provided by Becguerel [1807, 1877] and Braun
[1891 a, b}. ©boequerel vound that wetolilic crystals were deposited
on the inner side and a dark yellowish layer of liquid could diffuse
from the outside surface io solution, when a copper nitrate solution
in a test tubo with cracks was pldced in a sodium sulfide solution.
It was assumed thot copper ions were deposited from the reduction of
copper nitrate, and from the dark yellowish liquid poiysulfide which
was oxidized from sulfide ion on the other side. Braun [1891] used
a glass tubc with fine cracks filled with a diluted chloroplatinic
acid, which was then lwsersed in a beaker containing the same solution.
After passing a direct current of sufficient voltage through platinum
electrodes which were immersed in both sides of barrier, a metallic
mirror was deposited on the side facing the anode and a gaseous
product was placed on the opposite side.

There had bLeen a number of studies of eiectrostenolysis since
Coehn had his terminology of electrostenolysis. 1In 1961, Kallman
and Pope obscrved a number of redox reactions as well as photoconduct-
ivity through a thin crystal anthracene layer as a barrier. They
f0una that this photocurrent could be enhanced in the presence of
oxlidizing agents such as Cet* and IZ'
The most recent artificial systems used as models of biological

membranes are bilayer lipid membranes. Experimental evidence for

electron conduction in BLM has been provided by many investigators
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[Tien, 1968, 1971; Tien and Verma, 1970; Jain et al., 1970; Pant
and Rosenberg, 1971].

Tien [1972] has extensivgly studied the electronic conduction
process in photoscnsitized Chl-BLM membrane. Enhancement of Chl-BLM
photo-emf was found in the presence of some dyes and ferric chloride.
It was suggested that Chl-RLM functions as an energy barrier where
one side is oxidized and the other side reduced upon illumination.
The result was quite agreeable with that of Boguslavsky et al. [1972]
where photépétential of BLM in theée presence of Fe salts and thionine
dye was explained as the basis of redox reaction taking place at
BLM/aqueous interfaces. Ilani and Berns [1972] also éave evidence to
support the electronic conduction in BLM system and, furthermore,
predicted that only a fraction of the difference between the standard
redox potential of redox couples was effective as the driving force

of the BLM photoresponse.



CHAPTER III

EXPERINENTAL

1. Materials Used and Solution Preparation

a.

Chl-BLM Forming Solution Extraction

The chlorophyll pigments used in this invcstigation wele prepared

from a bag of fresh spinach leaves obtained from a super market. A

standard procedure for preparing Chl-BLM extracts was described by

Tien et

l.

al. [1908]:

Remove the.ribs and stalks from spinach leaves then wash and
dry the leaves.

Add leaves slowly to the blender which contains 300 ml of (0.5
M sucrose + 0.05 M KHC03) buffer solution at pH 7.5. First

run them in the blender with low speéd, then with high speed
for 30 seconds after all lcaves have been added.

Filter the mixture through 4 layers of cheesecloth. Centrifuge
the filtrate in 40 ml quantities (8 tubes) at low speed (Variac
at 40 volts) for 5 minutes. Discard the supernatant.
Distribute another 100 ml of buffer solution to these eight

tubes and transfer all of them into 4 tubes. Centrifuge at

40 volts for 5 minutes, then discard the supernatant.

14
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5. Wash the residue with 50 ml HZO totally and let stand for 5
minutes before another centrifugation. Now centrifuge them
at high speed (Variac at 45 volts) for 10 minutes, then
discard the supernatant.

6. FExtract the residue from above with 90 ml of 2:1 petroleum
ether and methanol solution in the blender at medium speed
for 1 minute. This is the proceduré_to separate pigments and
lipids from water and protein.

7. Add above mixture to 2 tubes and centrifuge at low speed
(Variac at 30 volts) for 5 minutes.

8. Pipette off the top layer from the tube into.a round flask
and evaporate to dryness at 40°C.

9. Add 5 ml of 1:1 n-butanol and dodecane to the residue. This
is the Chl-BLM extract. |

This Chl-BLM extract will not change its properties for at least

2 to 3 months, if it is stored in the refrigerator and protected in the

dark.

b. Chemical Solution Preparation

All compounds‘ﬁsed either for bathing solution or other purposes
were obtained directly from chemical companies and prepared without
further purification.

Two types of concentrations for solution were selected,for completely
H,0 soluble compounds. The concentration was 10”1 (M/1). For HZO

insoluble compound, the concentration was made at saturated level. Most

solutions had pH at 4 to 5, except those made for other purposes.



<.

16

c¢. Techniques of Chl-PLM Formation

About 0.002 nl of BLM forming solution was injected into the hole
in the teflon chamber with the aid of a microsyringe (Hlamilton Co.,
PB-600, 0.1 cc). Formation of the membrane was observed visually
through a telescope with the aid of a low intensity green light
directed onto the Chl-BLM. Such Chl-BLM have a diameter of about 0.1
em and thickness of 60 to 90 A. A stable ChifBLM can last for several

hours.

2. Apparatus and Electrical Meaé;rements

The experimental set-~up for observing Chl-BLM electric properties

is illustrated in Figure 1. Thé components in the set-up include:

a. Light source -- Keystone movie projector (Model K-525) and
the projector lamp (DFG 120V, 150 watts)

b. Shutter -- A shutter, used automatically or manually, functions
to control the duration of the illumination.

c. Filters =- The light beam emerging from the aferture~pf the
lamp location passes through a heat absorbing filter (a water
bath) and a focus lens before reaching the chamber of membrane
formation;

d. BLM inner chamber -- Made from a 10 ml teflon cup. A portion
of the cup was machined down to about 0.0025 cm, and a hole of
0.1 cm diametér was punched through it.

e. DBLM outer chamber -- It was made of glass, the front portion
of which was flattened to facilitate the observation of the
mewbrane.

f. Stirring -- Two magnctic stirrs, one for each chamber, were

stirred through the aid of an electric motor. Proper control
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of rate of stirring seems to be important for black
membrane formation.

g . éalomcl electrodes —- Electric contact with BLM was made
through a pair of calomel elcctrodes which were inmersed in
the BLM aqueous soiutions. For convenience, the electrode
in the inner chamber was anode (or active electrode) and that
in the outer chamber was cathode (or reference electrode).

h. Electrometer -— BLM potential difference can be read from
tﬁis electrometer which was connected to calomel electrodes
through a connection box.(Keithley Model 610B).

i. External variable voltage source —— An exterﬁal current can
be paésed to BLM by an externdl battery through an external
resistor in series with the BLM. Tﬁis external set~up is
from lleath, Model EUA 20-12,

j. Resistance substitution box -- This was used to connect
electrometer and recorder. This box functioned as a trans-
ducer to reduce high voltage (3 volts) output from the
electrometer before reaching the recorder. This consists of
two boxes together; one has reading of 10,000 x 103 @, the
other 470 x 103 Q.

k. Recorder -- This was used to draw the response automatically.

It came from Servo-Recorder, Model EUW-20A.

3. Procedure

a. Photo-emf Measurement

The Chl-BLM photo-emf was studied in a set-up as illustrated in

Figurc 1. The cell arrangcment is represented as follows.
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Figure 1. Set-up for BLM photo-response measurcment.

1

L light source, projector lamp
S = shutter

HF = heat absorbing filter
‘F = focus lens

I = BLM inner chamber

O = BLM outer chamber

ES = electric stirring

M = stirring motor

C = calomcl electrodes

QB = connecction box

E = electrometer

B = variable voltage source

RS = resistance substitution box

R = recorder
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Su:uzated'aqucous BLM|aqucous |saturated
calomel [solution solution| calomel
clectrode - |electrode

The membrane potential was measured with an electrometer (Keithley,
Model 610 B) through the connection of a pair of calomel electrodes

via saturated KCLl salt bridge. The output of the electromoter was

fed into a chart recorder (Servo-Recorder, Model EUW-20A). An electric
circuit for this measurement is illustrated in Figure 2. A BLM cell
can best be described as a parallel connection of a resistance and
capacitance. Vp and Rp were BLM'ﬁhotobattery and photo-generated

resistance. When light was on, a switch S, was connected to the

1

position Z, and Vp and Rp were Connecteq parallel to R.m and Cm as
suggested by Ilani et al. [1972]. When Chl-BLM photo-emf was measured

in the abscnce of external voltage sources, the switch S, was opened.

2

However, the switch could be closed when external voltage sources
were applied. When an external current was passed to the BLM by an
external battery (EE), through an external resistor (RE) which was in

series with the BLM, the switch S, was closed at position X. If only

3

the external battery (EE) was applied, the switch 83 was closed at

position Y.

b. Membrane Resistance Measurements

A dc membrane resistance was obtained by applying external voltage
and external resistor in series with the BLM. The polarization of
applied voltage could be controlled through the switch of the voltage
divide. This input external resistance could be varied from 10° to

102 ohms.
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Figure 2. Electric circuits for BLM photo-response

Cm = membrane capacitance
E = electrometer
'EE = cxternal battery

P = voltage divider and switch for applying
polarizing potentials '

R.In = membrane resistance

R.p = light generated resistance

RE = input resistance

R,0 = internal resistance of applying voltage source
S = switches 1, 2, and 3

V_ = BLM photo-battery



o
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The mewmbrane resistance was calculated according to Ohm's law

for the circuit shovn in Figure 23 it was

where RF wvas the input resistance, E_ was the applied voltage and Vm

E
was membrane potential. For the best result, RE was adjusted so that

Vm/EE could lie between 0.1 and 0.8.

c. BLM Photo-Conductivity Measurement

BLM photo-conductivity (A8) can be measured and calculated as

follows:
AVD
D RD=EE-—AVD'RE
where AVD = (VDClose - VDOP)
= membrane dark potential difference in the presence and
absence of external voltage and resistor.‘
AVL
R A ey A .
where AV, = (V. =V )
close op
= membrane light potential difference in the presence and
absence of external voltage and resistor.
"3) P_ = membrane resistivity in the dark

RD ° 1

where 1 is the diameter of membrane (0.1 cm) and PL = RL x 1.
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CHAPTER 1V

RIESULTS

1. Basic Properties

a. Chl-BLM Photo-emf as pll Dependence Measurement

The survey of the effect of aqueous solution pH on BLM electric
properties has been begun recently. Ohki [1969] reported that phospho-
lipid bilayers exhibit their minimwon value of electric capacitancces
around pll 4 of aqueous solution. “ien [1971] also found that BLM
formed from chloroplast extracts differ from lecithin or oxidized
cholesterol BLM in that they are sensitive to hydrogen'iou (Y. In the
pH range of 4 to 6, a membrane potential of 50 to 58 mV per 1d~fold
wt ion concentration gradient of aqueous solution was observed. It
is presumed that membrane dark potential is created by the diffusion
of hydrogen ion from one side of the cell to the other.

Now there are two questions to be askéd: (1) What is the effect
of pH on the potcntialé in the dark? (2) D;es the pH of aqueous solution
affect BLM light-induced electro-motive force? If so, what then will
be the possible mechanism of this phenomenon?

The pH gradient between the inner and outer KCl aqucous solutilons

can be made by adding H+ or Oii” to the insid¢ of BLM cell, while the
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pH of KC1 (107! 2) in the outer solution is fixced at 5.5. The open-
circuit membraac potential in the dark under a pll gradient can be read
from a Keithley 610B eclectrometer. After the steady membrane potential
in the dark is resched, a 0 second light duration is then applied for
the measuremont of BLM photo-emf.

Figure 3 is the plot of BLM dark and light-induced membrane
potential versus the pll of KCl aqueous solutions. Chl-BLM exhibit
threce flat porticns of dark potential in the whole pH range; these
are lower than pHi 3.7, between pH.S and 6, and higher than pH 8. There
are two points where membrane potentials change very rapidly, which
are at pH 4.5 and 6. When the inner aqueous solution pH is below 4.5,
membrane potential in the inner chamber appears to rapidly become very
negative with respect to the outer chamber before a saturated dark
potential is recached at pld 3.7. However, when the inner aqueous
solution pH is higher than 6, a rapidly increasing positive membrane
dark potential can be seen before its saturated value ét pH 8. Figure
3 and the above description indicate that thé'resulting curve of this
experiment is a typical titration curve. There are two probable pKa
values existing fo; this curve; one is 4 and the other 6.7.

H+ ion dependence on Chl-BLM photo-emf has been measured through
the whole pH range of KCl aqueous solution. This light-induced
‘ﬁembrane potential is ;hown as a solid line in Figure 3. Figure 4
is the graph of Chl-BLM photo-emf versus concentrations of H+ (1072 M)
added to the inner clhamber. Figure 5 is an alternative graph from
Figure 4, obtained by plotting BLM photo-emf versus the pH difference

of outer KC1 aqueous solution from the inner. It is found that Chl-BLM



Lo mevdmem photo-enf an vl 4 or Apil 1.35; this photo-emf is about

9 to 12 mV, with H ~contaiuing side beceming more negatively charged.

b. The Cenceral Characteristics of FeCl3 in the Chl-BLM Photoeffects

The study of the clectrical properties of bimolecular lipid

membrane in the presence of FeCl, in aqueous phase has attracted
p

3
increased attention recently. The importance of this study is not
only due to its existence in the biological significance [MacDonald &
Thompson, 1972), but also its facilitation of membrane stability [Tien
& Kobamoto, 1969]. Chlorophyll itself has its hydrophilic group set
in the hydrophilic portion of lipid BLM, and its hydrophobic group in
the hydrophobic region. The adéition of Fe+3 probably makes this
charge fixation more exact. BLM made from lecithin-cholesterol-decane
has been reported by MacDonald et al. [1972] and shows the resistance
drop by a factor of 10° to 10° with the addition of micrograin

quantities of FeCl, to the aqueous phase. It is suggested that a drop

3

in membrane resistance might be due to the decrease of the interaction

strength between FeCl, and the membrane/solution interface when iron

3
hydrolysis takes place. Loxsom and Tien [1972] observed that in the

PEEES

light-induced event, a Chl-BLM photo-emf with 60 to 70 mV can be

produced as light is exposed to the Chl-BLM, where FeCl3 is set in one

side of the membrane.

3

of membrane associated phenomena, a better understanding of the general

.Since BLM with FeCl, has gradually become well known in the study

propcrﬁies of FeCl, in the bimolecular 1ipid membrane system is

3

necessary before such a system can be used to further investigations

and applications.
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Figure 3. Chl-BLM light and dark potentials versus the pl of KCl
(10_1,M/1) aqueous solution in the imner chamber, while
the pll of KC1 aqucous solution in the outer chamber

r [

is held at constant value of 5.5



30

20

I
I

membrane potential (mV)

10

pH of KCT (10-1 M/1) aqueous
solution in inner chamber

-10
-20

Light
-30

Dark




Figure 4.

Chl-BLi photo-enf (V) versus HCL conccntraﬁiou which
has been added to the FLM inner chamber. The KC1

(10'] M/1) aqueous solution in BLM outer chamber has

a constact plH of 5.5. Here 6 sccond light illumination
is applied. Chl-BLM photo—emf is obtained by sub-
tracting Chl-BLM light potential from the dark

potential.



Ch1-BLM photo-emf (mV)

2
E, =V -V
hv L D /C/
A /
) g
Er;:ax = 9mV
v

-4
-6
-8 \
-10

7 6 5 4 3 2 ]

1§ | U T R

HC1 concentration (x 107% M/1) in inner chamber
while outer chamber at constant pH.



32

Figure 5. Chl-BLM photo-emf (mV) versus the change of KCl pH
in the inner chamber by the addition of HCl (o™
M/1), while the pH of KC1 solution in outer chamber
has the constant value of 5.5. The maximum Chl-BLM
photo-response 18 about 9 to 12 mV when the KCl

solution in inner chamber has pH around 3.85 to 4.
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The gencral peocecties of 1-CL, in Chl-BLYM gystem which still

0
are not well Luaown vibl Foe dncladed such as: (1) how loung it will take

the Chl-2LM Lo reach fus maxirin vaoio—-emf response after TeCl, has

3
been added to the syerom; (2) whao the alternate light and duration
tine eifects upon Chl-3L0 Tight—-induced emi are; (3) what the Chl-BLM
rlhioto-ewf will be when aitter bulier acetate of KCL is tle aqueous
phase of the system. (Do both csses of Ch]—ﬁLH photo-enf have dif-
ferent response valuen?  What does foCl3 concentration dependence on
Ch1-BLM phroto-ewf respoase look 1iie?); (4) how to obtain the Chl-BLM

absolute photo-enf which is mercly due to Fe3 ion itself and; (5)
whether Chl-5iM dark resistance also is dependent on the amount of
FeCl3 presented.  All these properties will be investigated in this

section.

1) Time dependent weasurcrcnt upon Chi-sLM photo-response in the

presence of FeCl The purpose of this study is to find the equilibrium

3'_

time for the photo-response in this particular system; i.e., the time
of maximum photo-emf response in the system.

FeCl, (1073 M/1) was added to the inner .chamber of BLM cell with
NaAc as aqucous soiution. At the same time, an equal amount of
solution was removed from the inner chamber in order to maintain the
same hydrostatic pressure on both sides of the cell. Time was counted
by a chart recorder, And six second light duration was applied to the
system.

Figure ¢ shows Chl-DLM photo-emf{ versus the time after FeCls'had
been intreduced. It was found that the system takes about 1,000
sceconds after FQClB has been added to reach its equilibrium time of

plioto-response. This maximem ploto-emf igs approximately -21 to =26 mV;



Figure 6. Chl-BLM photo-cmf as a function of time (second) in
dark after TFeCl, (1073 M/1) has been added to the
innev chamber. NaAe with pll of 5 was added to both

sides of BLM interface.
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the negative sign of nuoto-emf represents the Fe 3

-containing side
becoming neentively c¢harged in the light. It is also secen from the

figure that the photo-emf responses maintain almost constant value

at about 1,000 to 3,000 seconds after FeCl3 has been added.

2) Alternate licht and duration time onto the Chl-BLM photo-emf

P

—_2

in the presonce oﬁ_[giihﬂlo “ M) near KCl1 and NaAc aqueous solution.

i) Duration time weasurement

It is known that there are three factors which must determine the
quantity of BLM photo-emf responsé. They are: (1) the light intensity;
(2) the distance between light source and the membrane and; (3) time
of illumination upon membrane. ‘The first two factors have been
measured elsewhere [Tien, 1968b]. Now it seems to be important to
know the moximum time of {1lumination for Chl-BLM with FeCl3 as a
system. This experiment has been done by shining light with different
times of illumination onto Chl-BLM where FeCl, (1073 M/1) is set in
the inner chamber of BLM cell, and when the aqueous sélutions are KCl
ao~! v, pi of 5.5. Six seconds, 18'second§, 30 seconds and 60 seconds
as times of illumination are used in this megsurement. Figure 7
shows several différent photo-emf waveforms with respect to different
times of illumination. It is indicated that each waveform, even
though it has a differcnt time of illumination, reaches the same amount
of maximum photo-emf gesponse. Figure 8 shows the extended waveform
with 6 second illumination from Figure 7. This figure clearly

indicates that Chl-BLM in the presence of FeCl near KC1 aqueous phase

3

will recach its maximum photo-emf within 1.5 scconds of illumination

time.



Figure 7.

Ch1-PELM photo-emf patterns in the presence of FeCl3
(1073 M/1) as function of illuminated time (seconds).
Every photo-em{ seems to reach the same maximum
response ceven though each has different time of

illumination.
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Figure 8.

Chl-BLH plioto-enf patiern in the presence of FeCl3
(1073 /1) in irner chamber. KC1 (1071 M), pH 5.5
was prescnt in both sides of BLM chamber. This is
a 6 second light illunination and the maximum
respoase seemns to be reached within 1.5 seconds

of light illumination.
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Fi:ure 7 also demonstrat:s that the slow compounent of phota-cemf
wavefor increases its rate as the tiwe of illuminstion dncreaccs.

It is found that thie waveform of Chl-BLM potentiat artev light is off
will drep and pass the base line of darikt potential toward a less
negative value. The longer the illumination time, the Jreatcr the
potential drop. €0 second illumination time of BLM photo-emf waveform
has the fast rate of slow compenent and the membr.une will quite often
break ncar 60 secounds of illuminated tiue.

ii) Alternate light effect on Chl-BLM photo-emf measurement

Two observations of alternate light effect on Chl-BLM photo-emf
have been made, one in KCl aqucous solution phase and the other in
sodium acetate buffer solution phase. In the KCl system, light is
directcd onto Chl-RIM with 6 second illumination. The time interval
between two lights is 200 secouds. Flpure 9 shows the result of this
observation.

In NaAc system, light is directed onto Chl-BLM with 6 second
illumination. The time interval between two lights is 6 seconds.
Figure 10 shows the rcsuit of this second observation. The main
difference betwcen these two measurements is the behavior of dark
potential when light is "off". In NaAc system, when light is "off",
the potential will drop back almost to the starting lince within 6
seconds and prepare for another light duration. In the KC1 system,
when.light is "off", the potential will not drop back down to the
starting line; instcad, it will stay somewhat higher than the starting
potential line for at least 200 seconds. The possible explanation is
that, when light is "off", the positive charge (hole) and the negative

charge (electron) produced by light will completely recombine in the



Figure 9.

Chl1-BLM photo-cmi as a function of ualternate light
in the presence of FeCl, (5 x 1073 M/1) in the
inver chamber near KC1L (]0"1 M/1) aqueous solutions.

Six =econd illoninatien is applied and 200 scconds in

dark is allowed between illuminations.
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Figure 10.

Chl-BLM photo-cnf as a function of alternate light

in the presence of FeCl, (5 x 1073 M/1) in inner

3
chamber. NaAc (1071 1/1) aqueous solution is used.

Thirty sccouds of illuwination and 30 seconds in

dark betucen lights.
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Naidc system, but not in the HCl system. As has been described before,
in the KC1 system the H+ in the Fe+3-containiug side always tries to
some depree to attract the clectrons produced in light and prevents
the ccmplete recouwbination of these electrons with light-generated nt
in the other side.

~

2) FeCl3 concentration effect on Chl-BLM photo-emf measurement.

FeCl3 was introduced into one of the two aqueous KCl (10™! M) solutioms
separated by Chl-BLM, with both sides at pH 5. Six seconds of illumi-
natiou was directed onto the Chl—ﬁLM for every 500 second interval in -
the dark between two different amounts of FeCl3. Figure 11, curve a
gives the relation between FeCls concentration and Chl-BLM photo-emf
response. It shows that the Chl-BLM will have the maximum photo-emf
of =53 mV at Fe*3 (2 x 107" M/1). The negative sign of photo-emf
here means that the Fe+3~cnntaining side becomes more negatively
charged in light.

Two importaut phenomena have been observed in this experiment:

(1) the H+ in FeCl, solution can cause the additional Chl-BLM photo-emf

3
for the system. Figure 11, curve b is the Chl-BLM photo-emf versus
pPH change of the a&ueous solution in BLM inner chamber caused merely
by the addition of H+. Figure 12 is the comparable graph-from Figure
11, which represents Chl-BLM photo-emf versus the concentration of
FeCl3 and eliminates tﬁe amount of Chl-BLM photo-emf due to H" ion.
(2) A significant Chl-BLM dark potential can be created after the
addition of FcCl3 and a negative sign of potentiai on the FeClB—
containing side. This resulting dark potential gradient is presumably
duc to the diffusion of Chl-ELM sensitive H+ from the FeCl3—contnining

side to the other side. The driving force is the pl gradient of two



Figure 11.

Chl-BLM photo-emf as a function of FeCl3 concentration
(1075 M/1). The pH of inner chavber which cerresponds
to each FeCl3 concentration is shown in the bottom
scale. Curve b is Chl-BLM photo-cnf versus pli change

s et : ot
of KC1 aqueous solutinn in fnner chawber when H

replaced FeCl3.
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Figure 12.

Chl-BLM photo-emf as a function of FeCl3 concentration

in KCl aqueous solution only, while ut (contained in
F0013 solut fon) dependent photo-responses are elim-
inated. This graph is obtained simply by the

subtraction of curve a in Figure 12 from curve b.
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agueous plhases of Chl--BIM,  The phi of the dvonces BM chunber becomes
lower with the additien of FcCl3 to this side. Figure 13 is a curve
wvhich shows this non-lircar relationship between Chl-BLM dark potential
ond the pH chonge of the aqueous solution in the immer chawber, after
the addition of TeClB. The maximum dark membrane potential is about

5 mV oand 1ice near pi 3.8. The importance of this dark potential

lies in its field direction opposite to the facilitation of negative
charge which moves toward Fet3., This results in the apparent magnitude
of Chl-BLM photo—emf being much less than the true photo-emf. One
could obtain the absolute Chl-BLM photo-emf which is merely due to
FeCl3 concentration by reducing. this dark potential toward zero under
the application of some external voltages. Figure 14 represents the
menmbrane dark potential independent Chl-BLM photo-emf versus FeCl3
concentration curve. Chl-BLM exhibits a maximum photo-emf of 107 mV
near FeCl3 (2 x 10™ M/1). It seems that this photo-emf is simply
the summation of Chl-BLM apparent photo-emf and the Chl-BLM photo-cmf

induced by the TeCl, created dark potential. -

3

4) Chl-BLM dark resistance in the presence of FeCl3,near KC1

aqueous solution. The effect of FeCl3 concentration on BLM dark

resistance has been reported. The experimental evidence indicates

that BLM resistance drops in the presence of FeCl3 concentration

around 1077 to 1075 M. It also has been fbund that oxidized cholesterol
BLM membrane resistance has the lower value around the aqueous solution
with pH from 4 to 6, and increases the magnitude when pH is above 6

or below 4. There are two questions still unanswered: (1) What

does the BLM, especially Chl-BLM, dark resistance look like in the entire

wide range of FeCl3 concentrations?  (2) How does one interpret it?



Figure 13.

Chl-BLM dark potential as a function of KCl pH change
in finner chamber in the presence of various amounts
ol F0C13. The original pll of KClL in inner chamber
before the addition of FcCl3 was 5.3. The maximum

membrane dark potential was 85 mV at KC1 pH of

3.85 to 4.
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Figure 14,

Membrane dark potential independent Chl-BLM photo-emf
as a function of FQCL3 (l()"'5 M/1) concentration in
inner chamber (as shown in curve B). Curve A is the
membrane dark potential independent Chl—BLM photo-emf
versus pH of KCl in inner chamber by the addition of

FeCl3 to this chamber.
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o thiis experaent, the Col-LLM dirk recistances have been

chaorved in the wide rouge of TeCl, concentration (from 1072 to 1076 M.

w

Figure 15 is the plot of Chl-0lLM resistonne versus FeCl, concentration.

3
ime rosclt of Chr-niel resistance versus the pll change of KCL in the
inner chatrer by thoe addition of FeC13 solution has been plotted in the
game figare. This indicates that the Chl-BLM resistance, when FeCl3

(107" 1) is introdaced, has the lowest resistance (4.4 x 104 ohm-cm?) .
This (s a resistencs value abvout one hundred times lower than that in
the obrence of FQCL3. where Ch1-BLM resistance is 1.1 x 108 ohm-cm?.
In the case where TuCl3 (l()"3 1) is present, Chl-BLM has tenfold
lower resistance than that in the absence of FeC13. Ch1-BLM dark

resistance decreases with the addition of FeCl3 in the range of 1076 M

to 107" M, but will increasc with Fe.C]3 concentrations from 10™% to

1072 M. The plot of Fignre 15 also indicates that the Chl-BLM
resistance exhibits the lowest value when the inner chamber KC1

soluticn has its pll reduced to 4 by the addition of FeCl3 to this
chamber. The Chl-BIM resistance drops from pH 6 to 4, but increases
again from pH lower than 4. These results are quite consistent with
those of MacDunald et al. It is suggested that high membrane resistance
formed from the strong binding of Fe+3 and negative polar group of
p-lipid or pigment will drop if this binding complex is hydrolyzed near
the solution/BLM interface. The quantity ;f resistance drop will

depend upon the degree of binding of the complex and its hydrolysis.
From pH 6 to 4, the more complex present, the more chance of hydrolysis,
and the larger the decrease in BLM resistance. Therefore, this hydrol-
ysis is written as

retd 0y, -meiolyels o (11,0) , (on) + ut



Figure 15.

H8

Chl-BLM dark resistance versus the concentration of

FeCl3 in the inner chamber. The upper scale is the

relative pH of KCl aqueous solution in inner chamber
after the addition of FeCl3 to this chamber. pH of
KCl solution in outer chamber is kept at constant

value around 6.
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It seems that this hydrolyzed rate will decrease in the low pll of
solution/BLM interface, the BLM resictunce increasing in the low pH
below 4. When pH is above 6, FeCl3 will be hydrolyzcd before it has
the chance to form a complex and this Fe(OH)3 willi not affect DLM

resistance to any degree.

c. The Tmportance of Chl-BLM Dark Potentials and Their Effect

Upon its Photo-emfs

It is konown that Chl-BLM illuminoted by light can generaste charges
and also make charge separations Qﬁen an electric field exists. Such
a field can be either externally applied or chemically induced. The
direction of the polarity of this charge separation will depend on the
direction of the electric field. Figure 16 is a schematic diagraum to
show this relatiouship In Chl-BLM system. The stronger the positive
sign in anode, the greater the tendency of negative charges to move
toward the membrane/solution interface facing this anode. Similarly,
the stronger the negative sign in cathode, the greater is the tendency
of positive charges to move toward thé membrane/solution interface
facing the cathode. It is strongly suggested.that the direction of
the polarity of this charge separation will depend mainly on the
direction of the electric field. When the chemicals, which are not
only capable of diffusion through the membrane to create the electric
field but also capable of electron donating or acccpting, are present,
then the polarity of this charge separation may vary to some degree or
even change its direction as compared to that merély due to the
electric field. For example, the pH gradient in aqueous phases across
Chl-BLM and the presence of Nal asymmatrically in Ch1-BLM aqueous phase

are two representative cases which will be discussed in this section.



Figure 16.
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Mechanism of redox reactions across BLM. A - metal ion

‘or electron acceptor, AT - reduced, D - anion or

electron donor, pt - oxidized, e - electron,

+ - positive holej; where anode is the electrode with
positive sign which is the result of oxidation reaction
in electrode. Cathode is the electrode with negative
sipn which is the result of reducing rcaction in
electrode. The charges generated by light in membrane
have the tendency to move with electrons toward positive
electrode and positive holes toward negative electrode.
The side electrons move toward will be reduced and

the side positive holes move toward will be oxidized.
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1) Electric field induced by externally epplied voltapes. The

presence of an electric field across the Chl-BLM causcd by externally
applied v;ltages has been found to make the membrane more photo-
responsive. The experimental conditions chosen were as follows. The
Chl-BLM wus formed in 107! M acctate buffer with both sides at pll 5.
The alternate sign of external voltages was qpplied and the external
resistor was set at 107, 108 and 10° Q. Six second light duration
was directed onto the Chl-BLM after the membrane dark potential had
been steady. Figure 17 is the plot of Chl-BLM photo-émf versus
membrane potentials. A general conclusion from Figure 17 may be noted.
i) At the same value of membrane dark potential; the amount of |
Chl-BLM photo-response will depend on the application of external

resistor. The magnitude of this response follows the order:

Chl-BLM with > Chl1-BLM with Ch1-BLM with
Ri = 10° Q Ri =108 Q@ ~ Ri=107Q

ii) At applied voltages of 20 to 30 mV and above, or below
zero mV, the photoresponses are all monophasic. The response.always
seems to reduce this electric field in such a way that, when the
external electrode is anode, the side of the membrane facing the anode
is then negative and vice versa.

iii) The magnitude of Chl-BLM photo-emf in the presence of the
electric field seems to be indepcndent of fhe age of the spinach

chloroplast extracts.

2) HMembrane potential induced by pH gradient across the membrane.

The pH gradient in aqueous solutions across the Chl-BLM that induced

the membrane dark potential was found and is shown in Figure 3. This



Figure 17.

Chl1-BIM photo-emf (mV) versus mcembrane dark potential
(mV). Six second light illumination was used.

Sodium acetate buffer (107! M/1) pH 5, was used

as aqueous solutions. Each curve corresponds to a

differcent value of shunt resistance.
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pll gradient is thought to be the driviug force of oY diffusion across
the membrane and, the sign of membrane potential is negative with
H+—containing side. It has been suggested that the woving of negative
charges (or electrons) toward the H+~containing side has been ruduced
to some extent and this reduction is duec to the field direction of the
dark potential which has the negative polarity in the side to which
this negative charge moves. A general characgeristic of Chl-BLM
photoresponse in the presence of membranc potential generated by pH
gradient cén be described as follows.

i) The photoresponses are all monophasic and the H+—containing
side always becomes more negatively charged. This indicates that the
electron accepting strength of it is much stronger than that of the
electric field.

ii) The hyperpolarization of membrane light potential indicates
that H' is a sufficiently strong electron acceptor so as to be able
to avoid the depolarization of membrane in light by the dark membrane
electric field.

iii) It has been shown that the Ch1-BLM ut dependent photo-enf
would be enhanced if one could diminish this hark membrane potential
to zero mV,

iv) Chl-BLM dark pqtential induced by a pH gradient is not
linearly related to the pH change, but increases exponentially and

reaches saturated values near pH of 3 to 4.

35 Electric field induced by chemical diffusion across the Chl-BLM.

The Chl-BLM dark potential (or electric ficld) can also be induced
by the diffusion of chemicals. Sodium iodide was used as a represent-

ative chemical compound in this experiment. Nal was added to the
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aqueous phase of the inner chamber while bLulfer acotate was added to
both sides of the BiM cell. The sign of darlk potertial, with the
Nal-containing side positive, indicates tuat this potontial dis
gencrated by the diffusion of jodide ion (negative chavge) from inner
to outer chamber. No observable pH chaage in the inner chamber wos
found with the addition of XNal. TFigure 18 is the ploet of Chl-BLM
dark and light potential versus time (second) after Nal (1073 M) was
introduced. It indicates that the Chl-BLM dark and light potcntials
both arrive at their maximum valucs 1,000 scconds after the addition
of NaIl compound. Nal concentration effect on Chl-BLM photo-eml
measurement also shows that Chl-BLM has a maximum photo-response of

about 40 mV in the presence of Nal (5 x 107% M/1).

2. 1lovestigation of Clhemical Compounds' Electron Donating and Accepting
Pover by the Measurement of Chl-BLM Photo-responscs and Their
Enhancements

Light induced photo-emf ou certain bilayer lipid mcmbrancs
containing chlorophylls and/or xanthophylls has been reported [Tien,

1968 b, c]. These\light—induced photo-emfs have been explained by

means of charge carrier (electrons and holes) production and scparation

in the BLM by light. It was assumed, under certain circumstances, that
one side of the biface would be oxidizing and the other reducing

[Tien, 1968 b, c]. The experimental evidence and further work of

enhancing BLM photo-emf have recently been reported [Tien and Verwa,

1970].

There are two important questions in this areca remaining to be

answered: a) From a theoretical point of view, if some chemical



Figure 18.

Chl-DLM light and dnrk potential as a {unction of
time in dark after the addition of Nal (]O"3 M/1)
to inner chamber. Sodium acetate buffer (10_1 M/1)

with plt of 5 wos used as ogueons solutinn.,
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eleuents can enhance BLM photo-respouse, can they be systemized into
a table like that of standard redox potential tablc of chemical
compounds'in aqueous solution? b) How can the nost efficicncy be
attained in coupling a good electron donor and acceptor in order to
have the maximum Chl-BLM photo-emf enhancement. It has been known
that Chl-BLM is simply a barrier, separated by two aqueous media,
which is designed to facilitate energy conversion such as occurred
in nature. It can be used to convert light energy into electrical
energy, or chemical energy. This is the energy needed for the chemical
event occurring near the BLM surface. Now the question is, if the
chemical event is a type of redox reaction, in the presence of chemical
species, then is it possible to systemize the electron donating or
accepting power of these cliemlcal species? The next question is how
to obtain the most efficient use of light encrgy. This question can
be answered as soon as the chemicals' redox power table, mentioned
above, has becn set up. Then, by the proper coupling of a good
electron donating compound with a good electron accepting compound, a
significant enhancement of Chl-BLM photo-emf can be expected. The
higher BLM photo-response, the more efficient the system is. The
present chapter summarizes the experimental evidence and attempts to
answer the questions raised above.

The experimental set-up for observing.this photovoltaic effect
and éhoto-emf enhancement is similar to that previously described (see
Figure 1). An external battery and shunt resistor are also used in the
close-circuit photo-emf measurement. In addition, a reference electrode
was chosen as a standard to detect the redox power of test compounds

present near the membrane surface. This standard system consists of a
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pair of calemel alectrodes across the BLM which scparates two aqueous
phoses of buffer acetate (1071 M) at pH 5. The outside chamber
contained (5 x 107" M/1) ferric chloride fresh solution. In more
detail, the characteristics of this reference electrode system are as

folliows:

i) aqueous phases —- buffer acetate (107 1) pl at 5;
ii) membrane composition -- spinach chl&;oplast extracts;
iii) outside chamber containing —-- FeCl3 (5 x 107% M/1);
iv) time necded in dark before [Ehv]Fe+3 measurcment —— 1000 seconds;

v) time interval in dark between [Ehv]Fe+3 and [Ehv]Fe+3 +x "

500 seconds;
vi) time interval in dark for each additional measurement -- 200
seconds ;
where [Ehv]Fe+3’ the standard Chl-BLM photo-emf for this reference

electrode, 18 about 15 * 3 mV with FeCl,-containing side negative.

3

[Ehv]Fe+3 + X is the Chl-BLM photo-emf for this reference elcctrode,

plus the chemical species present in the opposite side of FeClB.
The general procedure for the experiment (survey the electron-

donating or accepting power of chemical compounds) was: 1) measure

Chl-BLM open-circuit photo-cmf 1,000 seconds after the addition of

+35

FeCl3 (5 x 10~* M/1) to the outside BLM chamber. This is [F. ]'e

Hv
ii) add the test compound to the inner BLM' chamber. The concentration
of test compound will be considered for only two cases, for complete
water goluble compound which concentration will be made up at 10~1 M,
and for water insoluble compound which will be made up at saturated
level; iii) mecasure Chl-BLM photo-emf 500 seconds after the addition

of the test compound. This is [Ehv] iv) measure Chl-BLM

Fet3 + X}



~!
[Re]

photo-caf 200 seconds after every additional omount of Lest compound;

v) subtraciing [B from {Ehv]Fe+3’ once obtains A[Ehv] which

hv]Fc+3 + X
is the phéto~emf with respect to the reference redox potential [Ehv]Fc+3
as zero.

The elcctron donating or accepting power of the test compound will
be determined by the above measurcment. The test compound will be an
clectron douor when Chl-BLM has a photo-emf iarger than that of the
reference elcctrode or A[Ehv] > 0. Alternately, the test compound will
be an electron acceptor when Chl-BLM has a photo-emf less than that of
the reference electrode, or A[Ehv] < 0.

An attempt at Chl-BLM photo-emf enhancement can be made by coupling
some good electron donors with ferric chloride in the opposite side
and by studying the maximum value of Chl-BLM photo-emf response.

The Chl-BLM dark membr:me potential created either by the presence
of a chemical compound in the aqueous phase, or applied externally,
has béen found to have a very crucial influence upon Chl-BLM photo-
response. The detail of this phenomenon has been found and described
in the precvious section. The purpose of this section is to look at
the Chl-BLM photo-emf in the presence of chcﬁical compound at membrane
dark potential which has been reduced to zero by a properly applied
external source. Additionally, a maximum enhancement of Chl-BLM
photo-emf in the presence of a chemical compound under the externally
applied source will also be discussed in this section.

Tbe electron-donating or accepting power of a chemical compound
can be determined through the measurement of Chl~BLM photo-response.
This investigation has been systematically conducted from inorganic to

organic compounds, then through some biochemical compounds. Inorganic
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cotypennas will be pricked up, in ordev, from the chloride form of

cleients in every group of the periodic table.

2. Inorgamic Cowpound Tavestigations

Group I: All selutions of HCl, LiCl, KC1, NaCl, RhCl and CsCl have
bLbeen propared with (1071 M). cCuCl and CuCl2 solutions were made in

caturated state.

o+
—

kKesalts of Chl-BLM photo-enf measurcment for elements in this group
are cotlected into Table 1. The order of electron accepting power in

+

group 14 is ' > nit > ¢t > H +

> K+ > Na .

Baoth CuCl, and CuCl are apparent electron donors in the reference

2
electyode of Chl-BLH system owing to the positive value of AEhv' This
is due to the presence of CuCl2 or CuCl to Chl-BLM which will create
quite large dark potential, with Fe+3—containing side becoming more
positive, resulilug in the facilitation of light-induced negative

charge toward the Fe+3-c0ntaining side. However, CuCl and CuCl2 have
becn shown to be electron acceptors when they are presént asymmetrically
in Chl-BLM system alone, with acetate buffer'as aqueous phases at pH 5.
In the absence of reference electrode, Chl-BLM will create a large dark

potential with the CuCl -containing side negative or the CuCl-containing

2
side positive.

Group III: Only the chloride of Tl element in this group shows
significant Chl-BLM phbto-emf enhancement in BLM reference electrode.
T1Cl appcars to be an electron donor in the BLM reference electrode due
to the large dark BLM potential generated with the T1Cl-containing side
negative, which once again causes the system to more readily absorb

liglhit-generated negative charges toward Fet? side. AEhv for T1Cl case

is +46 mV, where BLM dark potential is -23 mV. Some compounds of



TABLE 1

Tha Chl-BLM Phote-caf in the Presence of Inorganic Substances

ontside/BLM/inside Vp o By, B E°redox
Classification conpid. coupd. (mV) (mV) (mV) (volt)
Group I FeCl, HCL (2x1073%1/1) 12 16 -3 0.00
(5x107"%M) Licl (1073/1) 15 10.5 =5.5 =3.046
KCl (107 3%/1) 3 16 -1 -2.924
RbCl (10731/1) 12 10.5 -8.5 -2.925
CsCl (1073M/1) 13.5 12.5 -5 - -2.923
CuCl (2x1072M/1) 6 53 38 0.522
CuCl, (65107 M/1) -16 72 54 0.158
Group III FeCl, T1C1 (18x1073M/1) -23 67 46 0.3363
(5x107"30) cet (4x1073M/1) -13 31 16 1.443
LaCl, (5x1073M) 2 40 14 ———--
Group V FeCl, NaN3(13x1o‘3M) 12 66 46 —_—
(5x10-"1y Na,HASO, 14 44 29 0.58
(15x167M/1)
Group VI FeCl, H,0, (30%) —— e e e
(5x10-"y) NapS (3x1073M/1) -25 -7 -30 -——
Na,S,0, -5 XA 15  ————-
(5x1073M/1)
Na,S,0, 9 93 74 0.10
(20x1073M/1)
CrCl, (3x1073M/1) 5 13.5 -3.5 -0.41
(NH,) Mo_0,, -8 81 64 _—
(20x1073M/1)
Group VII FeCl, ' NafF (10x1073M/1) ~ 29 9.5 -7.5  ———
‘ (5x10~"y) VBT (3x1073M/1)  19.5 9.5 -8 ————-
NaCl (3x1073M/1) 10 11 -5 ' e————
Nal (5x1073M/1) 13 127 114 ~———-
12(6x10_3M/1) 58 -8 31 —————
NaI-T, (1073M/1) 93 -3 -17 ===
Group VIII ]"’eCl3 CO(I’-i!!3)6C13 9 7 -15 1.842
(5x10~"r)  (2x10 M/1)
FeCl, (4x1073/1) 8 86 2 B



cloements in Lanihactde sories are chosen ¢s representatives for our

. . I . ]
meassurenent, such asz Oz (1\.}%3) Guryy, end LaCl.. Ceo™?
2

is a strong acidic
-

solution and has a pi of 3.6. Chl-BLM shows a photo-enf of about
25 £ 1.4 oV in the prosence of Co™ (1073 ¥/1) near bulier acetate
aqueous phasve.  This result indicates that cetu perfoims zimilariy to
Fe'? toward Chl-BLM. liowever, a positive value of [AEhv]x for CLl-BLM
reference clectrode in the presence of cetH (lO_3 M/1) has been observed.
This is due to the BLH reference electrode dark potential generated from
the H+ ion'in Ce+“ which causes light-induced negative chavges to

more easily move toward Fe+3. LaCl3 (5 x 1073 M/1) has been found to
result in a Chl-BLM photo-emf of about 5.3 mV.  The pélarity of this
photo-response indicates that LaCl3 functions as an electron donor. It
is a fast response and requires only 1 sec light illumination to reach
saturated rcesponse. A small negative membrance dark potential with
LaCl,-containing side is gradually generated in the presence of LaCl

3

to Chl-BLM inner chamber. This similar phenomenon will also be

3

found in the Chl-BLM rcference electrode dark potential in the presence

of LaCl3. The positive [AEhv]x value with respect to the Chl-BLM

reference electrode indicates that LaCl3 is an electron donor to the

.

BLM system. Table 1 lists the numerical values of this [AE, ] .
hv-x

Group V: NaN3, NaZHAs04°7H20 are compounds among those elements

in Group V which were selected for our measurcwent. BRoth compounds

exhibit very similar behavior: 1) both give high pH in solution; NaN3

has pH of 7, NaZHAsO4 has pH at 9; 2) both compounds give Chl-BLM

reference electrode a positive [AEIN]x value; [AEhv]x = +46 mV 1in the

case of NaN3 (13 x 1072 M/1) and [ﬁEhv]x = 429 mV in the case of

Nn?HA504(15 x 1073 M/1); 3) Chl-LLM refercnce clectrodes show no change
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iu dask potential in the presence of either NaN3 or NaZHAsO4 solution.

The only difference is that, when Fet3 and Nan react, a dcep red

3

precipitate with a strong odor can be observed. However, when ret3

reacts with NaZHASOA’ only yellow-white precipitate occurs. Data

from these results are listed in Table 1.
Croup VI: Compounds of clements O, S, Cr and Mo in this group

2 203, NaZSZOé’ CrCl

and (HH4)6M070244H20 were prepared with all concentrations at 1071 M

are listed in our measurcment. Compounds Na,S, NaZS

3

in solution, except I O2 (30%) which is directly obtained commercially

2

as solution. Chl-BLM reference electrode photo-emf, in the presence

of H202 measurement, gives no significant variance in its response,

which indicates neither electron donating or accepting of this compound.

Nazs is a high pil (=12) solution which was prepared at 10"! M for our

measureaent.  The presence of Na,S (10"3 M/1) on the buffer acetate

2
(pH = 5) of the inner chamber of Chl-BLM will generate a negative

membrane dark potential. Figure 19 is a plot of membrane photo-emf
versus time (second) at which NaZS (1073 M/1) has been introduced into

BLM. It indicates that membranes composed of either chlorella or

spinach all exhibit a maximum photo-response of about 13 to 15 mV

betwcen 600 and 1,000 sec after Na,S has been added. The concentration

2

effect of NaZS on Chl-BLM photo-emf has been drawn in the Figure 20

which indicates the maximum Chl-BLM photo—%esponse around 20 mV in
the presence of NaZS (3 x 1073 M/1). The polarity of Ch1l-BLM photo-emf

indicates that'Na?S functions as an electron acceptor.

NaZSZO4 (S.D.T.) is a very unstable solution which changes 1its
coler very frequently. The following Table lists this solution color

change with time after th2 solution has been prepared.
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Figure 19. Chl-BLM or Chlorella-BLM photo-cif as a function of time
(second) in dark with NaZS 1073 M/1) present in the
inner chamber. Sodium acetate buffer used as aqueous

solutions.
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Tigure 20.

Chl-BLM photo-emf as a function of Nazs (]_()_3 M/ 1)
concentration ncar NaAc pll 5. Six sccond light
iltumination, and a period of 600 second in dark

between two concentration effect measurements.
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Tie {min) after soiation
has heen projaed Solution color

0 -~ 0.5 colorless
.5 = 3 hrown
5 =10 brown - white aqucous
10 - 15 vhite - cloudy
15 - 60 strong white - cloudy
60 - 80 light white - cloudy
o) = 120 colorless

Ka,S. 0, nrlution, in the white-cloudy state only, will cause a
Lo 4

Ch1-BLM phoeio-response. Little or no Chl-BLM photo-response can be
observed in the other color range. A maximum Chl-BLM photo-emf of

about 11 & 4 =V at Nu73?04 (5 x 13 11/1) has been observed. Figure 21

is a plot o} this responsce versus concentration of Na28204. The
polarity cof Ch1-BLM plhoto-emf in the presence of Na2$204 indicates that

PSS

n323204 funciicus as o c¢lectron acceptor. This compound is very
unstable and is very rcadily oxidized in the air to give sulphite ions

[Wood & Holliday, 1967). The white-cloudy coior of Na 5204 solution

2

is thought to be the existence of these sulphite ions. It is this
sulphite ion which absorbs light-generated negative charges from Chl.
This experiment also found that Chl-BLM generates a negative dark

; in the Na,S,0,-c aini side. it D ;
potential in the h126274 containing side. A positive [Arhv]x value of

+15 wV in the presence cof Nazszoa to BLM reference electrode may be

due to the polarity of this dark potential which will facilitate the
attraction of light-generated negative charges toward Fct3. NaZS?O3

(1073 M/1) is a coloricss solution and has a pH of 6.6. A positive



Figure 21.

Chl-BLM light «nd dark potentials as functions of

Na,§,0, (1073 M/1) concentration. Sodium acetate

buffer was uscd as aqueous solutions. The maximum
photo-response of ahout 11 * 4 mV can be observed

near Nazszo (5 x 1073 M/1).

4
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[AIIIL\)]“ value of 74 mV has boeen found for the RLN reference elcctrode

in the presence of Ka,$,0. (20 » 1073 }/1). This deaonstreics that

27273
NaZS,)O3 functions as an electron donor in the BLM reference clectrode
system. CrCl3 (1073 M/1) is a green color solution. A negative [Aﬁh ]\
v x

value of about -3.5 mV from BLM reference electrode in the presence of

Crcl, (3 x 1073 M/1) may indicate that CrCl,

acceptor in the BLM reference electrode system. (NH4)6M07-4H20 (1073 M)

functions as an olectron

solution has pH of 5.8. A maximum Chl-BLM photo-enf near buffer acetate
in the presence of this solution of about 17 mV has been observed,
where (NH4)6M07°4H20 solution functions as an electron donor. A positive

Mo 0,

A - 1 3 > 1 )
[ Ehv]x value of BLM reference electrode in the presence of (NH4)6 2044

of about +64 mV also strongly supports the electron-donating property
of (NH4)6M07024 solution. Negative BLM referénce electrode dark
potential in the presence of (NH4)6M07024 has been found. Gereral
conclusive results of compounds of this group in the BLM system are
listed in Table 1.

Group VII: Sodium salts of F, Cl, Br, and I in this group were
prepared at 1073 M/1. The importance of membrane dark potential to
Chl-BLM photo-response is very significant, especially when compounds
of this group are present in the BLM system. The presence of NaF
(3 x 1073 M/1) gives a Chl-BLM photo-emf of about 2 to 3 mV. The
polarity of this Ch1l-BLM photo-emf demonstrates that this compound
funcfions as an electron donor. A membrane dark potential (F~-
containing side positive) of approximately O to 10 mV has becn observed
in the presence of this compound. A negative [AEhv]x value of about

7.5 mV in the presence of this compound to BLM reference electrode

may indicate the electron accepting preperty of this NaF. This result
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fe dunt oppesite to the above finding (kaF functions as an clectron
Conor). The difference is due to the generated BLM reference electrode
dack potential in the presence of Nal' which polarity is against the
cocilitation of light-gencorated negative charges being attracted by
¢ Nabr (1073 M/1), when present alone in Chl-BLM, gives Ch1-BLM
noxinum photo-emf of about 2 mV in acctate buffcr system. NaBr here

D .octions as an electron donor. However, a negdtive [AEhv]x value of

8 nV {rom the LLM reference electroge in the presence of NaBr indicates
that NaBr functions as an eclectron accceptor which is opposite to the
above finding. This again is due to the large BLM reference electrode
dark potential (Br -containing side positive) generated by the presence
of NaBr solution, which is present in such a way as to be against the
facilitation of light-generated ncpgative charges being attracted by
Fet3 (similar to NaF case). A similar result has been found for NaCl
compound. This [AEhv]x is 5 mV (negative value) in the.presence of
NaCl (3 x 1073 M/1) to BLM reference electrode. NaI (1073 M) exhibits
completely different behavior compared to other halogen compounds

(F7, Br, Cl17). This shows electron accepting property in the
measurerient of Chl-BLM photo-emf near NaAc when Nal is present alone.
This photo-cmf is 10 to 20 mV in the presence of Nal (1073 M/1), where
membrane dark potential is around 50 to 60.mV with the Nal-containing
side positive. However, the positive [AEhv]x value of about 114 mV
for BLM refercnce electrode in the presence of Nal (5 x 1073 M/1)
indicates that Nal functions as an electron donor-in the BLM reference
clectrodc, cven though the large membrane dark potential (NaI-
containing side positive) is gencrated. I, solution is preparcd at

2

saturated state. A negative [AHA\]X value of about =31 mV has been
e\



feound in the presence of 12 to LLM reference electrode, which demonstrates

the clectron accepting property of I, in BLM refcerence electrode system.

2
General characteristics of compounds in this group toward BLM reference

clectrode are listed in Table 1.

and FeCl, arc among compounds of this

3 TIT: N} .
Group VIII CO(K{3)0C13, 2

is a water-soluble compound

group which have been tested. Co(NH3)6C13

and has pli o£-6.6. It is known to have electron accepting properties
similar to FeCl3: 1) time dependent measurement - Chl-BLM shows maximum
photo-respense 600 seconds after the addition of Co(NH3)6+3 to BLM

cell; 2) concentration effect measurcment — a measurement of Chl-BLM
photo~emf in the presence of varying concentrations of CO(NH3)6+3 and,
the maximum response is about 21 mV, while Co(NH3)6+3 is (2 x 1073 M/1);
3) rise-time of photo-response - Chl-BLM phofo—emf will reach its
maximum response rapidly in 1 1/2 seconds of light illumination; 4)
Chl-BLM photo-emf enhancement - over 100 mV of Chl-BLM photo-emf can

also be obtained by coupling Co(NH +3 (1073 M/1) and Oolong tea,

3)6
catechin and tannic acid ncar NaAc (107! M) at pH 5; 5) extreme
unstability of Chl-BLM in the presence of Co(.NH3)6+3 and tannic acid
in the light. Chl-BLM will break immediately in 1 to 3 second light
illumination in the presence of Co(NH3)6+3 and tannic acid. This
breakdown light potential is near 120 mV. When Chl-BLM dark potential,
in the presence of Co(NH3)6+3 and tannic ahid, is raised to 160 mV

by e*ternal variable voltage, immediate rupture of the Chl-BLM can be
observed. Both cases'imply that Chl-BLM has a break-down voltage of
~approximately 120 to 160 mV (This is the voltage at which BLM can be

maintained before light-generated species in membrane rupture it).

A ncgative [AEhv]x value ¢f about =15 mV from BLM reference electrode



in the prescnce of Co(Ni, ), ' (oo™ /1) jwplics that Co(uil,) "3
570 3°6
functions as an electron accopiov in the BLM reference ciectrode system,
No varying of BLM reference clootrvaods dark potential has been obscrved
in the presence of this cownon:di, TcCl? (107> /1) is the reduced form
of FeCl3 and is relatively unsichie; the neasurement has to be done
within 2 hours aftcer this fresh solution hes been made. Concentration
effect of Fo.Cl2 on Chl-DLM ploto-cmf neaw NaAc pH 5 measurement implies
that FeCl2 functions as an electron donor and that Chl-BELM has a maximum
photo-response of about 6 mV in the presence of FeC12 (1073 M/1).

Ceneral characteristics of this ngup of compounds in Chl-BLM reference

electrode are listed in Table 1.

b. Organic Compound Investigations; Quinone-like (Wurster salt)

Compounds:  RibLoflavin, Beeecquinone, Hvdroquinone and Quinhydrone

Riboflavin is only partially soluble in 1126_(1,2 ng/10 ml at
27.5°C and 1,9 mg/10 ml at 40°C); the riboflavin solution for our
measurement was preparcd by dissolving 2 mg riboflavin powder in 10 ml
KC1l at various pH values (4, 5, 6, 7 and 9). Results of pH dependent
riboflavin electrpq—donating—accepting property on Chl-BLM photo-emf
measurement are plotted as Chl-BLM photo-emf versus pll of KCl aqueous
phase in the presence of riboflavin (Figure 22). It is found that
Chl-BLM has positive photo-emf (riboflavin-containing side positive)
when riboflavin and KCl aqueous phase pH is below 5.5,.and has negative
photo-response when riboflavin and KCl aqueous phase pll is above 5.6.
This iﬁplies that riboflavin functions as an electron donor when pH
is below 5.5 and as an electron acceptor when pH is above 5.6.

Quinhydrene should have behavior analogous to that of riboflavin.

In acidic solution, it dissociates into a wixture of benzoguinone and



Figure 22. Chl-BLM photo-emf as a function of the pH of
riboflavin and KC1 aqucous solution. Riboflavin
solution is prepared by dissolving 2 mg into 10 ml

KCl at each desired pH.
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hydroquinone. At high pH, benzoquinone doudnntes the wixture and
Chl-BL.M photo-emf measurement results in tuc beonzoquinene-containing
side having negative polarity. At low pH, hvdroquincre dominates the
mixture and Chl-BLM photo-emf nicasurement reeults in the hvdroquinone-
containing side having positive polarity. Novertheless, the existing
membrane dark potentials in the presence ofi uinhydrore solution orx
hydroquinone solution sometimes have made thi§ deternination difficult.
A Chl-BLM reference electrode was necessary for our determination. A
negative [AEhv]x value of about 4 .mV for BLI referenco nlectrode in

the presence of benzoquinone (2.8 x 10™% /1) implies that benzoquinone
functions as an electron acceptor. A positive [AEhv]% value of about
45 mV for the BLM reference electrode in the presence of quinhydrone

(7 x 107" M/1) solution implies that this solution functions as
electron donor. Thls result is consistent with our assumption thut,

at low pd (v5), hydroquinone will dominate the mixture to function as
an electron donor. A large positive [AEhv]x value of about 79 mV for
BLM reference electrode in the presence of hydroquincne (7.3 k 107" M/1)
implies that pure hydroquinone solution functions as an electron donor.
General characteristics of the quinone-like éroup on Chl--}3LM photo-
response are listed in Table 3.

Poly-phenolic substances

This group of compoﬁnds includes Oolong teca, tannic acid, catechin,
gallic acid and their derivatives. The most important and characteristic
compounds of tea leaf are the polyphenols in the cell sap, which undergo
a series of chemical changes when the leaf is macerated during manu-
facture. Polyphenols include a wide range of organic coinpounds of the

aromatic or benzene series, which make up about 307 of solid matter in
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TABLE 3

Nunerical Volues of Chl-BLLM Photo-emf in the Prescnce of Organic
and liscellancous Compounds

Clancification Compound/BLM/Compound VD(mV) Eny Ak Eiedox
outside inside (mV)
Quinone-like FeCly Riboflavin 8 99 79 -0.208
compounds (5x10~"4/1) (8x107°M/1)
Benzoquinone 13 16 -4 0.293
(2.8x107%M/1)
Hydroquinone "9 99 79 -
(7.3x107M/1)
Quinhydrone 8 65 45 e
(7x10~"1/1)
Poly-phenolic FeClj \ Oolong tea 10 132 111 ———
compounds (5107 "M/1) (4x10 3g/ml) ‘
Tannic acid 7 133 113 e
(4.5x10~ M/1)
Catechin 7 121 100 ———
(3.5x1073M/1)
Gallic acid 6 84 72 ————-
(107?M/1)
Vitamins FeCl4 Ascorbic acid 13 144 125 ————-
(5x107"M/1)  (4x10™3M/1)
Riboflavin 8 99 79  -0.208
(8x10™°M/1)
Thiamine -9 40 24 e
(1072M/1)
Vitamin K, *7 37 26 @ —————
(2.4x1072g/m1)
Nicotinic acid & 30 16  ————=
(1072M/1)
Biocompounds  FeClg _ Flavin mono- 10 150 138 —=—e-
(5x10 “M/l) nucleotide
' (7x1073M/1)
B-NAD _ -2 67 /% S —
(6x10 “g/ml)
Cytochrome C -4 48 28 0.254
(2x10~3g/ml
Ferrozine =15 85 73 e



a tea shonn, Knovledee of polyiyteools in ten began with the isolation
of l—cpicgtechin and l-epicatechin gallate {from leaf in Java. Now
people kinow those occurring in tea are derivatives of gallic acid and
catechin [Bden, 1958], so called "tea-tacnins'” which are more similar
to tennins.  These include (+)-catechin, (+)-gallocatechin, (-)-
epicatechin and (-)-epigallo-catechin., Ouar finding from Chl-BLM
measurement is that only the polyphenol group and vitamins in tea
constitution affect Chl-BLM photo-responsc. The effect of vitamins on
Cll-BLM photo-response will be diécussed in a later section. Hecre

we will concentrate on the polyphcnol group effect. _

Concentration c¢ffect of Oclong tea (ﬁ_galgifa) on Chl~BLM photo-
emf measurenient near NaAc with a pH of 5 shows a maximum Chl-BLM
photo-emf of about 10 to 20 wV, 90 seconds after the presence of
Oolong tea can be obtained. Thoe pelarity of tiis photo-response implies
that Oolong tea functions as an electron donor. It has been found that
Chl-BLM photo-response in the presence of Oolong tea ié also dependent
upon the pH of aqueous phase. The optimum pH for this photo-response
is‘approximately 4 to 5 and the response decreases as pH increases.

At pH = 9, there is little or no photo-response that can be obscrved.
Surveys of components in tea constitution which are responsible for

this photo-responsce have been carried out for most compounds in the
polyphcnolic group, noﬁphenolic group and ;romatic group, such as
caffeine, theobromine, theophylline, queicitin, phenol, tannic acid and
catechin. It was found that only those components in the polyphenolic
group offer Chl-BLIM significant photo—responses. Tannic acid (1.5 x 107°

M/1) is one of the basic structures of tea tannin and has pH of 2.85.

Chl-hLY reaches its maximum photo-response (10 to 15 mV) in the presence
p ! I
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of taunie acid (7.5 « 1077 ¥/1). The polarity of this photo-response
implias that tannic acid functions as an clectron donor in the BLM
system, A positive [Aﬁhv]x value of about 113 mV for BLM reference
electrode in the presence of tannic acid (4.5 x 1077 M/1) also indicates
that this compound functions as electron donor. D-catechin and

its derivatives have been found to be major components in the tea
polyphenolic group [Shalamberidze, 1969). This solution was made at
a concentration of 2.2 x 1072 3} and had pll 4. The maximum Chl-BLM
photo~-response is about 10 mV in the presence of this compound. The
polarity of photo-response indicates that catechin functions as an
electron donor in the BLM system. A positive [AEhv]x value of about
100 mV for BLM reference electrode in the presence of catechin

(3.5 x 1073 M/1) also implies that it functions as an electron donor.
The structure basis for electron donating character for either tannic
acid or catechin and their derivatives may be due to the existence of

a double bond connecting oxygen near the center of the molecule.

Catechin Tannic acid (di-catechin)

The existence of those electron releasing Oll” groups in the molecule
will contribute and make this oxygen connecting double bond electron
rich. As a result, this oxygen contained site in the molecule will

mahe them electron donating in BiM photo-responsce measurcment.



. -2 : - . .
Onercitin (6.0 x 1072 M/1) functions s oan electr=a accertor in Chl-
LLM svstem ond & Chl-Hia photo-en 2reund 5 to 10 wV can be ebtained.
The clectron accepting picperty oi this compound may be dee to its

s

structure which contains ~winone bLinse.

Gallic acid is anothayr basic siructure »f those components in
the tea polyphenolic group. A positive [AEhv]x value of about 72 mV
for BLM refercnce electiode in fbc presence of gallic acid (1072 M/1)
implies that it functiowns as an elcctron donor. The basis for its

electron dounsling chararter may be due to the cxistence of its

resonance struclutre.

7 ©
CooH c,/ }Q

>
0
[RU. O
oM oM
OH on
OM (<1

gallic acid

In addition, three hydroxyl groups in the benzenc ring are an electron
releasing group which may cnhance the eclectron rich character in
carboxylic acid site. .Goneral charnctorisljcs of those compounds from
tea polyphenols jn BLM system are listed in Table 3.

Vitamins

Only those vitaming which are soluble in water are considered here,

e.g., vitanin C (ascorhic acid), vitomin B, (thiamine chloride),

1

vitamin PP (nicotinic acid), vitamin P, (viboflavin) and vitamin K1



(CWinéﬁoy)' Sscorblice acid (1071 M/1), an acldic substance, has pH
oo low as 2.4, A Chl-plM photo-ciwl of 10 mV cun be observed 400 seconds
alter aSQQrbic acid (4 % 1073 M/1) hos been added. It functions as an
cloectron dencr in the 2ui system. This electron donating character is

due to the toss of two hydrogen atums from its reduced form as shown

in tite following cguation.

| I
O = ?——~ 0= T
HO — C ——| =21 0=2¢C

ll Q — | (o)
HO—(I; O=(|3
H—-T H*(II
H—(I)-—Oll H-—,T—OH
}[O“CH2 HO—-CH2

A positive ]gl%v}x velue of apout 125 mV for DLM reference electrode
in the presence of ascorbic acid (4 x 1073 M/1) also implies that it
functions as on clectron donor. This is the best electron donor,
hitherto, which can couple with Fe+3 to give the ultimate Chl-BLM
photo-enf response in our laboratory. Nicotinic acid (107! M/1), a
colorless solution, has pll of 3. A positive kAFhv]x value of about 16

mV for BLM refcrence clectrode in the presence of this compound

(1072 M/1) iwplies that it functions as an electron donor in the BLM

systen. This may be due to its resonance structure which exhibits an

electron-rich site.

O
2 COOH -~ C\’:. 6
g — )
N N

Nicotinic acid
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Thinadae {vitamin BL) \lO‘I M/1), a celoriosy solution, has pH
; )

T T A pendve [85) ) value of shout 24 mV for the case of
[RACRED

N

Chceioe (07T Y LM veforence electrode is obrained.  The polarity

Nis photer sionse iwplics that thiomine functicns as an electron

doesr. The veovlt of dte clectron donating property in BLM reference

Ol setrodas L6 Gue to the oofocing mesbreoas dark perential (near -10 mV)

which «will facilitate movement of the light-generiated negative charges
3 '

toward Fa'T. Vitomin Kl (Miguid form obtained commercially) is an

orance s2olutiasn. When it is present in BLM reference electrode, a
pecsitive [AEhv]X value of about 26 mV can be obtained. It is suggested
that tiis compound functicns as an electron donor in BLM reference
electrode system.  General characteristics of vitamins in the BLM

system are lictod dn Talllo 3.

. Miscellneous Brudies
Some important biochemical redox compounds, such as flavin

mwonoszucleotise, R-NAD, cytochionz € &.d fcrrqzine vere selected for

our measurement. FMN, an orange solution, is the derivative of ribo-
flavin and has pll of 6.2. It is shown to be ‘an electron donor owing

to a positive [AEhv]x value of about 138 mV that is observed in the
precence of this compound to BLM reference electrodce. The electron
donating property of this compound is thought to be due to a riboflavin
basis in the structure. B-NAD (or DPN) is commercially obtained in
liquid form (2 mp/ml) and bas a pll of 3.3. A positive [AEhv]x value

of about 45 mV for B-NAD present to the BLM refercence electrode implies

that it functicns as an electron donor. A gradual decrease in membrane

dark potentiazl hos been found. Cytochrome C (liquid form obtainced



o

commereialiy) functions us an clestr n donor io Bl refcicare

clectrode since a positive [Aqu} vialue of 282 0 is obscrwed.  Sinee
A :

~r

a drastic decrease in membrane duvlc potential in the preoocace of

cytochrome C is seen, the resulting photo-emi cnlimcemens for BLM
reference elcctrode may be due to this potentiui which facilitates

the attraction by ret3 of light-genciated electrons.  Fervoziue is a
colorless but strong smelling solution which'is shown to fuonction as

an electron donor in BLM reference elcctrode. A positive [AEhV]x of
about 73 mV is obtained. A drastic docrease in membrane dark potential

may result in easier electron attraction toward vet3, Geacral
characteristics of bio-rcdox compounds in the DLM reference electrode

system are listed in Table 3.

3. Investigation of Chl-BIM Photo--enf{ Enhancement by Redox Compounds
in the Absence and Presence of Applied Voltages
Many compounds, such as ascorbic acid, tannic acid, Oolong tea,
catechin, NaI and FMN are found to lbe good elcctren doﬁors in BLM
reference electrode system. It is suggested that under proper
arrangenent of this electron donating compound with a strong electron
accepting compound\(Fe013 was used in this experiment), a significant

Chl-BLM photo-enhancement can be expected.

Oolong tea/Fet3 system

The electrode reactions for this particular system are: aqueous
solution/Oolong tea/BLM/FcC13/aqueous solution. Five second light
illumination was used. The maximum Chl-BLM photo;cmf of about 162 mV

was obtained, three hours after both compounds had been added.



wamnie Acid/ od sysien

The expression of elcectrode reaciions for this system is:
agueous solution (NaAc pH = 5)/tannic acid (4 x 1077 N/l)/BLN/FCCl3
(5 x 107" M/1) /aqueous solution (NaAc pll = 5). Five sccond ligit
illunination was used. The maximum Chl-BLM photo-cmf response waos

140 mV, 50 minutes after both compounds had been added.

Catechin/Fet3 system

Electrode reaction expression for this s?stem is: aqueous solution
(Nadc pH = 5)/catechin (1.4 x 1072 M/1)/BLM/FeCly (5 x 107* M/1)/
aqueous’ solution (NaAc pH = 5). Five sccond light illumination was
used. The maximum Chl-BLM photq—emf was 135 mV, 90 minutes after
botli compounds had been added.

FMN/Fe+3 systen

Electrode rcaction expression for thls system is: aqueous solution
(NaAc pH = 5)/FMN (7 x 1073 M/l)/BLM/FeCl3 (5 x 10™"% M/1)/aqueous
solution (NaAc pH = 5). Six second light illumination was used. The
maxinum Chl-BLM photo-emf was 167 mV, 606 minutes after both compounds
had been added.

Ascorbic Acid/Fe+3 system

Electrode reaction expression for this system is: aqueous solution
(NaAc pH = 5)/Ascorbic acid (1.5 x 1073 M/1) /BLM/FeCl, (1073 M/1)/
aqueous solution (NaAc pH = 5). Five second light illumination was used.
The maximum Chl-BLM photo-emf was 188 mV, 100 minutes after both compounds
had been added. This is the most significant value of Chl-BLM photo-
emf, in the absence of external electric field, that has been found so

far.



Table 4 lists data chtained from cach PLf vboto-emd aubarcing

measurenent.

R

It has been postulated that a membrane darik petential vith Fot i
containing side being of negative polarity tends to draw ret? fons
away from Chl1-BLM surface thus, not only decreasing the total numb o
of ferric ions near BLM/solution interface, but alsn decrcasing the
binding strength between ferric ions and Chl;LIM. If an cxternal
variable voltage source could be supplied to eliminate this dark
potential, a much greater phopo—emf enhancement would be found. For
example, a result of BLM reference electrode photo-emf versus its
membrane dark potential is shown as a red curve in Fiéures 23 and 24.
The linear relationship bLetween BLM reference electrode photo-emf and

its dark potential can be as high as V_ = 4150 mV and as low as VD =

D
=150 mV. BLM reference electrode photo-response will be cancelled out
by membrane dark potential at VD = +24 mV. This curve also shows that
the polarity of photo-response may change its sign from negative to

positive as the membranc dark potential passes from higher than +24 mV

to lower than +24 mV. At VD = =100 mV, the maximum Chl-BLM recference

.

electrode photo~-response will be 93 mV, this is because mcmbrane dark
potential now has a field direction the same as Fet? ion so as to direct
light-generated negative charges more easily toward Fet3,

After some selected compounds have been introduced individually
to the BLM reference clectrode inner chamber, the measurement of Chl-BLM
photo—gmf response at various membrane dark potentials controlled by
external variable voltuge sources and external resistance shunt
Ri = 109 Q is performed. TFigures 23 and 24 give those plots of BLM

reference electrode photo-emf in the presence of a selected compound
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f.inear rvolationship of Col-BLM photo-emf with its
dark potenitiol for several representative inorganic
redox coupling systoms.,

1. TeCl,(5 x 107% 1M/1)/BLM/Nal

. 2 'S { ~4 ‘(/, 9N <

2 F(,C]B\_ x 10 Ix/l)/PIﬂ/Na2§203

’ (] "‘~, v ~h iy \ \ . °

3. lt(JJ{ ¥ 1) A,n)/m.n/(nn,‘)ﬁno?oz4 4H20

hio FeGl (5 » 107" 35/1)/BLM/LaCl
3 3
5. FeC13(5 x 107% M/1) /BLM/Reference electrode
6. FeCl,(5 x 107" M/1)/BLN/TIC1
7. FeCl(5 % 107% M/1)/pLM/cet™
-y +3
8. FeCl3(S x 10 M/l)/BLM/Co(NHs)G

9. FeCl,(5 x 107" M/1) /BLM/Na,$
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Figure 24.

Linecar rciationship of Chl-B1M plioto-enmf with its

dark poteotial for several reprecentative orgenic

redox coupling systons.

l.

2.

(G ]

6.

10.

11.

FeC13(5 x 107" 11/1)/BLM/Azcorbic acid (3.0 x 10 3 /1)

FeCl3(5 X

FcCl3(5 X

FeCl. ,;(5 x 1

FeC 1.3(.’: X
FQC13(5 X
FeCl3(5 bYe
FeC13(5 X

FQCLB(S X

107"
1074
107"

4

10

M/L)/BLM/IM (7 x 1073 M/1)
M/1)/BLM/Taunic Acid (4 x 1077 M/1)
M/1)/BIM/00Tong tea (4 x 1073 M/1)
H/1)/BLM/Catechin (7 x 107* M/1)
/1) /BLM/Hydroquinone

M/1) /BLM/Riboflavin
M/1)/BLM/Cytochrome C

M/1)/pLi/

FeCl,(5 x 10~ M/1)/BLM/R-NAD

Ascorbic Acid (1.5 x 10 M/l)/BLM/FeClB (1073 1/1)
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versus the moeibhrane davk potential.  Two fmpertant pleces of new
information are gained: (1) BLM mombrane darw perential independent
electron donating or accepting characteristic of compound in oripin

can be obscerved. Since BLM rcfercnce clectrede lias a pholo-enf of

18 mV at VD = (0, the comwpound will be an elecctron donor in origin if
the BLM refcrence electrade, in the presence of this componnd, has a
photo-emf grcater than 18 mV. Otherwise, it will be an clectron
acceptor. The order of electron donating power for inorguanic compounds

in Chl-BLM at VD = 0 is Nal > Na,S$S. 0., > (NH

25,04 Mo L0 '24H20 > LaCl., > TeCl

4)6 7724 3 3°

Respectively, the order of electron accepting power for inorganic

- J o= is Na > w3 > N
compounds in Chl1-BLM at \D 0 is 1 2S Co(I\I3)6 (NH4)ZCC(h03)6 >
T1Cl > FeCl3. For organic cocmpounds, the order of their eclectron
donating power at VD = 0 is ascorbic acid > TMN > tannic acid > Oolong

. . +
tea > catechin > hvdroquinone > riboflavin > cytochrome C > p-NAD' >

FeCl3. (2) The Chl-BLM photo-emf can be more than 200 mV in the

presence of ascorbic acid, tannic acid, FMN, catechin and Nal with

FeCl3 and large membrane dark potential. Among them, ascorbic acid/Fe+3

coupling system can cenhance Chl-BLM photo-emf near 300 mV.



1. Chl-BLil Photo-em! oo pid Dependencee

The curve of CRY-RLI pombraoe davk potential versus pH appears as
@ typical titryation curve. This titration curve exhibits two pKa
values: oae of 4 and the other of 6.7. Since the pH in membrane
usually has a value 1 to 2 units lower than that of bulk phase
[Kobamoto, 1970; Hartley and Roe, 1970}, these two pKa values in membrane
phase sheuld be 2 to 3 and 4.7 to 5.7. Owing to the lack of detailed
composition of membrane structure, onec cananot point out exactly which
components in membrane these two pKa values belong to. lowever, since
p-lipids (or phosphoglycerides which include phosphatidyl ethanolamine,
phosphatidyl choline, phosphatidyl serine) aré the major components in
meﬁbrane structure and have pXa around 1 to 2, one might say that the
first pKa of 2 to 3 can bLe one of the pKa values of these p-lipids,
especially where phosphatidyl serine has a pKa = 3 (due to carboxyl
group). The sccond pFa value of 4.7 is most likely the pKa of saturated
fatty acids vhich may also be included in the membrane structure.

There is also one pessibility that cannot be ruled out; i.e., the
case where scume p-lipids are hydrolyzed, thus yiclding saturated fatty

acids which hove pKa values around 1 to 2. Since Chl-BLM has its

106
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raximum phote-emf in the region of pll = pKa 4, one may ask what

bulk
the relavion between this pKa and photo-emf is. When the substance in
nembrane has a pH near its pKa value, as much as half of this weak

acid has been dissociated and, as a result, will facilitate some
clectric events. This is evidence that Chl-BLM drops its electric
resistance about 10-fcld when the pH in the inner chamber is lowered
from 5 to 4. DBamberg and Neumcke [1972] also reported that the conduc-—
tivity of bilayer membranc exhibited the maximal value near the pK value
of the uncoupler in the membrane. " In addition, at pH = pKa, the

large amount of ut produced in the inner chamber will function as an
electron acceptor for the light event in the membraneﬂsystem.

It was found that a large membrane dark potential was created by
the diffusion of hydrogen ion in this system,'with the hydrogen ion-
containing side becoming negatively charged. As long as the light was.
maintained on the Chl-BLM, this dark potential presented a field in such
a direction as to draw the light-induced electrons toward the hydrogen
ion-containing side. As a result, one observes a Chl-BLM apparent ploto-
emf instead of the truc (or absolute) BLM photo-emf due to hydrogen
ion alone as an electron acceptor. In order ;o observe this true BLM
photo-emf, one can simply apply some external voltages to reduce this
dark potential before the photo-emf measurement. The resistance of
external rcsistor has a value about 10° 9 which is a higher value than
thatAof the membrane itself. Figure 25 is a plot of the membrane
dark potential independent Chl-BLM photo-emf versus pH change of KC1
solution. The pH of KCl solution in the outer chamber has a constant

value of 5.5. Tt is seen from the figure that Chl-BLM has a maximum

photo~emf of 63 mV at ApH = 2.2. An interesting phenomenon is that the



Figure 25.

The membrane dark potential independent aﬂd nt
depéndent Chl-BLM photo~em{. The pH of KCl solution
in inner chamber was varied by the addition of HC1
(107" M/1), while the outer chamber pH was kept
constant at 5.5. The Chl-BLM dark potentials were
reduced to zero by the externally applied voltage

sources.
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CL1-EI M vpen—-cireuit photo-emi as tne pH dependence is sinply Lhe
subtraction of the Chi-BLM photo-emf with corresponding cxternally

c _ . . y +
applicd veltage freoam the membrane dark potential independent and H
dependent Chl-BLM photo-emf. Tor example, at KC1 pll = 4, the open-

: . .- . +

circuit Chl-BLM N dependent photo-emf has the value of 12 mV, and
Chl-BLM photo-emf under the evternally applied voltage is 30 mV. The
sum of these two photo-emfs is exactly equal to the membrane dark

potential indcpendent and wt dependent Chl-BLM photo-emf; i.e., 42 mV,

2. Determination of Electron Donating or Accepting Power of Redox
Compounds in BLI System
A graph has been constructed showing the tendency of various
redox compounds to donate or accept electrons in light, with respect

As

to the BLM reference electrode, by using measurements of [AEhv]x'
shown in Diagrams A and B, the farther up this diagram a compound is,
the greater is its tendency to donate electrons (relative to Fe+3) and
the fariher down this diagram a compound is, the greater is its tendency
to accept clectrons. Among them, Nal (inorganic compound), FMN, and

ascorbic acid (organic and biocompound) are the strongest electron donors.

However, I2, Na28 and Benzoquinone are strongest electron acceptors.

3. Mechanisms of Chl-BLM Photo-emf

General reaction mechanisms of Chl-BLﬁ light-induced photo-emf in
the presence of electron acceptor and electron donor near KCl aqueous
solution, as shown in the following figure, were: (i) Light caused
the excitation of chlorophyll (Chl) molecule. This excited Chl then
dissociated into a positive charge and a negative charge; (ii) This

negative charge moved teward the side of existing positive electric field
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-
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Diagram A,

1] T3

I (114 V)

KAFQ(CN)G (92 m\")

S.0. (74 mV), Tet? (74 mv)

2

w I

(NH,) Mo O (64 mv)

s
Cut? (54 mV)

(46 mV)
cut (33 V)

HAsO (29 mv), ) 2(C204)3 (30 mv)

ce™ (16 mV)

(14 mV), S (15 mV)

2 4

Ht (-3 mV), Cr'3 (-3.5 mV)
cst (-5 mv) , Lit
Rbt (-8.5 mV), F~ (~7.5 mV), Br~ (-8 mV)

Cot3 (~15 mv)

[ I (-17 wmV, in Nal)

ST (-30 mV, 300))

12 (-31 mV, in HZO)

Redox power of inorganic compounds

(-5.5 mV), Nat (-5 mV), Cc1~

(-5 mV)
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(mV)

TN (138 mV)
Ascorbic acid (125 mV)

Tannic acid (113 mV)
Tea (110 mV)

Catechin (100 mV)

Riboflavin (79mV), Hydroquinone (79mV)
Ferrozine (73mV), Gallic acid (72mV)

Quinhydrone (45 mV), B-DPN (45 mV, 3000X)

Cytochrome C (28 mV, 2000X)
Thiamine (Vit. By, 24 mv), Vit. Ky (26 mV)
Nicotiniec acid (Vit. PP, 16 mV)

Fe =---- o'—::‘Benzoquinone (-4 mV)

1004-

Diagram B.

Redox strength of organic and

biochemical compounds
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or was absorbed by an electron acceptor (A), whiie the positive charge
of Chl moved toward the opposite side and was caught by the ¢lectron
donor (D) [Tien, 1968]. Based on this postulation, the quintity of
this photo-emf seemns to depend on the nuirber of generated chuarg
carriers and their separations. Thercefore, any factor which can effoect
this charge generation and separation wonld canse the varying of the
photo-response. These factors will be discussed in more detail in a

later section.

a. Charpe Separation

The polarity and the amount of charge separation have been found
to depend on the direction and the strength of the electric field or
the side on which the electron acceptor or electron donor is present.
The side on which the elcctron acceptor was reduced had negative
polarity and the side where the electron donor was oxidized had
positive polarity. The stronger the electron donating or accepting
power of the ccmpound, the larger the photo-emf réSponsc. Scveral
systems are chosen here to support this hypotlicsis,

1) TeCl, as an electron acceptor. Yigure 26 indicates the
Al

vaveform of this plhoto--1:{ and the reaction mecharism.  Vhen FeCl, is

3



Figure 26. A possible dnterpretation for FcCl3 in Chl-BLM
light-indnced interface reaction mechanism, its

cquations and dts photo~-emf patteru.



Ch1-BLM phelo-emf pattern

b

(mv)

Time (second)

Reaction mechanism

—H.0

N

A :

> [Fe(H,0) (0]
+ Kt K;[FE(HZO)S(DH)]+]

Fquations for reaction

Chl + hy — Ch1*
Ch1* ———» Ch1* + ¢~

+ .
[Fe(H20)6]+3 —— [Fe(11,0)(0H)] 2 4 H,0% (in dark)

+ - +
[Fe(H,0) (i) A N [Fe(11,0)(0H)] !
P .
Chl + §'H20 » Ch1 + H + 7 O2



reduced the side boecomes neoatively chovged. 'his is shown by the
portion ab in ibe phote-er T wavefouom,  Shortly after the wasimun
respanse, - the siocw component heging te affect the negative nolarity

which ds the recult of the 110 diffu~icn from the other side oo the
Fc+q—contain‘ng side (wec portion be, Figure 26).

Varying the substance in the acucous solution results in changing
the Ch1-BLM phcto-emf waverorm. A cowmparison is made by replacing

FeCl3 with H+. Figure 27 c¢hows the Chl-BLM pﬁoto-emf versus different
times of illumination where wt (2_x 107" M/1) was set in the inrer
chamber. The main difference in photo-cmf waveforin between these two
systems can be divided into two categories: (1) the rate of rising in
photo-emf response is quite different in the two systems; (2) the slov
component in photo-emf which is due to ut diffusion can be scen in the
syslem with FuL]3 prusent, but not in the system with H+. The rate of
rising in photo-cemf curve in Figure 27 is much slower than in Figure 7.
The system, as shown in Fipgure 7, takes only 1.5 seconds of illumination
to rcach its maximum photo-response. lowever, the system in TFigure 27
needs at least 30 sceconds of illumination to reach its maximum photo-
response. In the EeClB—containing Chl-BLM systcem, the slow component

of photo-emf appears right after the system has reached its maximum
response and, the longer the light duration the more significant is

this slow component. In the H+—coutaining,Chl—BLM system, the appearance
of this slow component is not significant even with longer time of

light duration. It is likely that the H+ production by the oxidation

of water in the H+—containing Chl-BLM system is not as efficient as

that of the FcC13—containing Chl-BLM system. This inefficiency in nt

production causes the slowdown of ut diffusion from the left to the
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Figure 27. Chl-BLM photo-emf as a function of light duration
in the presence of HC1 (2 x 107" M/1) in the
inner chamber. KCl1 (1071 M/1), pH at 5.5, was
the aqucous phase. It takes 30 seconds of light
duration for this system to reach its mazinum
photo-response. The slow component of photo-
response cannot be scen for this system even

when light is “off".
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right side. In addition, the inncr chamber witn a large amount of

+ . . ) . . R
' -containing side has a strong attraction to thie electron aud reduces
the rate of rccombination of elcctron with positive chavye (hole) to
some degree when light is "off". It is shown in Figur~ 27 that photo-
emf waveform remains in the region of the maximem response point and

will not immediately go back to the base line when 1ig ht is "off".

2) Na7S solution as an electron acceptor. Figure 28 lists the

postulated mechanism and equations for the Chl-BLM photo-response in

the presence of NaZS solution. NdZS compound has four ccwmponents, Na+,
OH_, and S=, when it is dissolved in water. This S is a very unstable
component which will be oxidized into insoluble S in ghe presence of
daylight, oxygen and water. The evidence for the existence of this

insoluble S in the BLM cell is the gradual incrcasing of a white cloud

in the Na,S-containing chamber after sceveral lights act on the systen.

2
Light has two cffects on the BLM system; one is supplying enough encrgy
0 .
to activate the reaction S §26+ S + 20H"; the other is to excite CL1
2 _

in BLM. Light-generated negative charge from excited Chl is then
absorbed by this insoluble § and the positive charge (or hole) then

diffuses to the other side to oxidize water. The producing proton

(H+) after all, will diffuse back to interact with S~ to produce 11,.S.

2
The existence of HZS in BLM inner chamber is evident when the strong
smell of H, S is produced in the chamber after the measurement. Additional

2

evidence in support of the above postulation comes from the measurecment

of Chl-BLM reference clectrode photo-emf in the presence of Na?S

solution. A large negative value of [AEhv]x with 30 mV in the prescnce

of NaZS (3 x 1073 M/1) on BLM reference electrode indicates that NOZS

functions as an clectron acceptor instead of as an electron doner. A



Figure 28. Postulated reaction mechanism and equations for
BIM/solution interfaces interaction in light in

.S eolution.

the presence of Naz
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decades artery Wurcier [HE79], Vilisiatter [1404-190¢] found Wurster

salt actually was mn ntermedicte of the reaction:

= o —
\,:N* ), B THER N NMe),

Wi (Me), Br -

\—/ v U\ wer

This finding has becu cxtended to the study of quinone and riboflavin
relative conpounds. Por quincene, Millar & Springall [1269] found that
quinhydrone was also an intermediate state of benzoquinone and hydro-
quinone, which has becn satisfactorily represented as a molecular
complex, held together by unknown forces. Later investigators found
.crystalline quinhydrene to consist of long chains of altemmated quinone
and hydroquinone molccules linked by O0-H-0 hydrogen bond. In neutral
or acidic solution it dissociates into an équimolecular mixture of
quinone and hydroquinonc, but in alkali solution it exists as a frece

radical semiquinone anion.

(0]

N

o



123

This is a stage which corresponds to the loss of onc eleci:ron From
the hydroguinene.
o oH
. L)
> + H
OH o}

An analogous situation is also obtained in the riboflavin moleccule T

alkali solution, most riboflavin will form as

(lznzou
R CHOH
N R o= |
cHy -z \|r°" : CHOH
<ty NN (IJHOH
& ot |
(|:112

which can be reduced to become

E N OH
< - \lr
CH3 *t]:;rfu

VAN S
. H H

In acidic solution, riboflavin will dissociate into the mixture of RF-A

and RF-B (as indicated below).

T
P R
CH3 2 IN cn ; NG
A A J’\ on
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Tire ratio of the amount of RF-A to that of RF-B will vary at different
solution ph values. The above findings indicate that riboflavin
(viramin Bz) and quinhydrone have generally analogous behavior. Their
behaviors ave quite pH dependent. Similar behaviors of riboflavin
and quinhydrone in the Chl-BLM system are found in some experimental
results. A postulated interpretation for the light generated mechanism
of Chl-BLM in the prescnce of riboflavin at various pH values is
described in Figure 29. A positive [AEhv]x vélue of about 79 mV for
the BLM reference electrode in the presence of riboflavin (8 x 10°5 M/1,
pd = 5) dimplies that riboflavin functions as an electron donor. This
is because most of riboflavin mixture at NaAc pH 5 is of the RF-B form.
Biphasic Chl-BLM photo-emf form at various pH of riboflavin and
KC1 aqueous solution (as drawn in Figure 30) strongly suggest that this
photo-responge will depend on the ratlo of the amount of RF-A to RF-B
in riboflavin solution. At low pll such as 4 to 5, the amount of
riboflavin in form RF-B is greater than in form RF-A; the positive
value of Chl-BLM photo-em{ will dominate this Chl-BLM photo-emf
biphasic form. At high pH such as 6, since the amount of riboflavin in
form RF-A is greater than in form RF-B, the negative value of Chl-BLM
photo-emf will take over and dominate this Chl-BLM photo-emf biphasic
form. Additional experimental evidence to support this postulation
is the Chl-DLM photo-emf measurement in the presence of Fe*3 and riboflavin
near KC1 pll of 4 and pH of 6. Results are showia in Figures 31 and 32.
They are plots of Chl-BLM photo-emf versus time (second) in dark in
the préscnce of Fet3 (1.6 x 107" M/1) and riboflavin (6 x 10™° M/1) at
pll = 4 and 6. Comparable Chl-BLM photo-emf responses with only Fc+3

present are also shown in the {igures. It is found that at pH = &4,



Figure 29. A possible BLM/solution interface interaction
mechanism in light, in the presence of riboflavin

at various solufioen pli.
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Figure 30,

Biphasic Chl-Bl.M photo-response in the presence
of riboflavin and KCl in pH range of 4 to 6. The
magnitude of biphasic photo-response will depend
upon the pH of riboflavin and KC1. 1In low pl,
the biphasic photo-responsc will be dominated in
positive photo-response portion, and at high pH,
the biphasic photo-response will be dominated in

negative photo-response portion.
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Fipure 31. Chl-BLM photo-emf as a function of time iq dark in

the presence of FeCl3 and Fe013 ~ ritoflavin in
KCl, pl of 4. It was found that Chl-BLM photo-
response in the presence of Fet3-riboflavin is
Lhipgher thon that in the prescnce of ret3 alone.
This implies that riboflavin functions as electron
donor at low solution pH.

Chl-BIM photo-cmf curve in the presence

of Fet3-riboflavin system.

Chl-BLM photo-emf curve in the presence

of Fe+3 alone.
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Tigure 3

2

Chl-BLM ploto-emf as a function of time in dark in

3 and FeCl3-riboflavin in KC1

PH of 6. It was found that Chl-DBLM photo-response

the prescace of FeCl

Fe+3

in the presence of -riboflavin is lower than that

in the presence of Fob'3 alone.  This implies that
vibofl.v'u functions as election acceptor at high
solution pll.

Ch*'-BL)" photo-emf curve in the prec:ince of

o3 »

I'e’ °~riboflavin system.

Chl-BLM photo-emf curve in the presence of

Fe+3 alone.
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wos !t R are 0= (electron donor) forss whiceh counle with 570 and

wiil enhance CHV-LBLM phate-ecnf as conpared with Fots prosent alene.  On

™o

the contrary, ot pH = 6, wost RF ore 27=A (electron acceptos) foims

P . . L ; 5 ) -~
whichh couple wich Te 3 4nad should reduce Chl-BLM rhoto-~vmi{ respense as

. Lk
compured with e 7 alone.

4)  TEohaocement of Ch!=BLM photo-emf response by F(.'L‘.IB and FeClz.

An increment of about 74 mV photo-response with FeClz present in the
BLM referceuce electrode lLias been observed. Two indications are: 1) Fe+2
functions as on elcctron donor in fhe BLM system; 2) electron donating
and clectron accepting conmpounds must both be present in the_system to
crcate a photo--response vhich is much larger than that of cither
electron donor or acceptor present.alone. In addition, the photo-
response form of the system with both electron donor and acceptor may
change as compared to that in which th: electyon daccepior is present
alone. Figure 33 indicates the difference of Chl-BLM photo-emf form
before and aftrr the prescuce of Fe+2 to BLM refcrence'electrode. It
seens that the enhancement of Chl-BLM referenéc electrode photo-emf

in the presence of Fe+2 resulted in the F2 component (photo-response
produced by the attraction of light-generated Chl positive charges or
exciton toward electren donor or electric field) which then began to
have the same rcesponse direction as the Fl.component (phoﬁo—response

.

produced by the attraction of electron toward electron acceptor).

5) _Chl1-BLM photo-cemf induced by membrane potential in dark plus

electron accepting compound.  Out cxperimental evidence shows that

Chl1-BLM photo-cmf in the presence of Nal has the greater value compared

to that of photo-enf, wiih each corresponding dark potential induced



Figure 33. .
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patiorn bufore’ and Vafter

Chl1-ELM photo-iccponse
the addition o }(:CIZ ‘(m‘ /1) Lo vt referoace
elcectrode. Y1 component of photo-respciase results

from the absorption of light-gencrated negative

charges (electrons) toward electron acceptor (FcCl3)
and, T2 coppovent of plhote-response is produced by

the movement ol Light-genersied positive charges or
exciton toward electron donor or electric field.

In this particular case, T2 has the sane dirccticn

as Fl which indicates that the light-generated positive
charges or exciton are attracted by electron donor

(FeClz) to enhance the charge separation which is

crcated by the electron acceptor.
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by a simple externally epplied source. 1t may sucgest (hoor Mal-
containing I, molcecules have entered into the weobrane oad will funciion

2
as aan 12 clectiode. IZ will be reduced by the electrons produced by
Chl absorbing the light. The direction of movement of tiis reduced
Iodine in menbrane will then depend on the direction of the elcctric
field induced by Nal diffusion. The experimental evidence to support
thic postulate is the measurcment of photo-emf for Chl-LiLM formed by

spinach extract mixing varying amounts of I For each 0.25 ml spinach

9
chloroplast extract, very dilute (5%, 10X, 20A, 40X, 80X) 12 solutions

(which are made by dissolving 0.0019 gram I2 into 1 ml of 1:1 ratio

buranol-dodecene mixture) have been added to make up Chl-BLM-I, forming

2

solutions. Figure 34 is the Chl-BLM-I, photo-emf versus the externally

2
applied field. Each photo-emf curve in Figure 34 has greater value than
that in Figure 17 which is induced by a simple applied field. Also,
the Chl-BLM containing 12 (51) has greater photo-emf than any other Iz-
containing Chl--BLM.

Biphasic photo~response can be sccn by pfopcr]y controlling the
electric field in the presence of Nal through externally applied voltages.
Figure 35 shows this controlled experiment. The light-on and light-off
are indicated, respectively, by upward and downward pointing arrows.

The events shown in Figure 35 may be noted.
i) The photo—resﬁonses consist of two components; an initial
fast one followeq_by a slower componcnt;
ii) The biphasic responscs are observed at applied voltages in the
range of +3.8 mV to -0.3 mV;

iii) The initial componcnt of the biphasic response is always

negative (the side facing the positive clectrode);



r

Chl—BLM—IZ photo-cmf as a function of membrane dark
potential, 108 ohm of e%ternal shunt resistor is
applicd.  Sodium buffer acetate (1071 M), pH 5,

was used as aqucous solution; Each curve
corresponds to varying amounts of I, in Chl-BLM

2

forming solution.







Figure 35.
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Biphasic response of Chl-BLMH photo-emf in the
presence of Nal (10T M/1), and membrane dark

potentials between +3.8 and -0.3 mV.
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{v)  The cleciron donating property of Nal can be seen only
within the range of dark poténtial of +1.6 mV to -0.3 mV.
The eloctron denating of this Nal will reduce the initial
fast component and dincrease the slow component.

A gencral nechanism for Chl-BLM photo-emf can be descrilied as

follows:

i) The diffusion of 1 from the inner chamber toward the outer
chonber will induce a dark potential with I -containing side
becoming positive.

ii) It is possible that the Nal-containing I, will enter into the

2
menbrane accompanying the diffusion of I7.

iii) The charges gencrated by the light absorption of Chl in
mevbrane will cause the reduction of 12.

iv) This reduced 12 (or T+) will move toward the inner chambey

where the positive clectric field is.

-) - (+)

b. Charge Carrier Generation

Chl-BLM photo-response from the charge separation point of view
has been described and detailed in the previous section of this chapter.
It is found thuat the electron donating and accepting power of the redox

compound, or the clectric field, will directly dctermine this charge



KN

separation.  The awvevac ¢l Chil:

PR ] N

S, . - .- . A
Fiol photo-roLnaned oo 2ono be oanal oo

from the charge cavrice peneration poiant o vicw. 1o o Joond thoo

".n
these lipght-penerated chicvge carriors will he poveracd tv o chres Lootoig:
1) the amount of chloropins1l in Uil.  Thiv oweat o cilorophyld o
expressed by an absorpiion coefiicient (d.o., nenber of wdes of
chlorophyll per liter of solvent); 2) light J[.tensity: ond 3) lighv
duration time.

An equation to cxpress the relation described above con be dorivod
as follows. Let the light intOUSify be expressed as 1. ‘Then the cwamt

2

of light energy absorbed per unit time in unit cm® of a layer of tihdckniss

dX is

-dl = keI-*dX i @D)
where k is the optical absorption cocefficient. Now the light encryy

absorbed per unit tiwme din unit volume will be

dI .
"X kI. (2)

Since the number of charge carriers (electrons and holes) generated per
unit time per unit volume is proportional to the light energy absorbed
in that time in the unit volume, the above equation will be expresscd

as

An = Ap a kI _ .

BekI (3)

where B is defined as "the quantum yield", i.e., number of pairs charge
formed by a single quantum, if I represented the number of quanta per

second.
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Liowo ctherv nrocesses ook place except carrice liberation, then
thss aamber of charye carricrs generated per unit volume would incroasc
with time; the cwprossion is

A= oAp o= pld et (4)

1) Charge recoubdination or absorption process. 1t is known from

experiuents that, after a certain period of illumination, a maximum
photo-response is reached. This follows the process of charge
generiation and, there must be a converse process of charge carrier
annibiilation. This converse process may be either charge carrier
absorption by electron acceptor and donor, or the charge carrier
reccoumbination. The steady state is defined as the state at which the
rate of charge carricr generation is equal to the rate of charge carrier

reconbingtion or ubhserption, or
e = 0, (5)

2) Relaxation time of charge carriers. The reluxation time of

charge carrier is defined as the time that the light-generated charge
carrier is in a free state before absorption pr recombination.
The relationship between An, Ap at steady state and the relaxation

time is expressed as

dt=0 ' ‘

Y]
(m3

Anst = (BkI) = T. (6)

3) Relaxation process. The rate of net charge carrier production

. dAN
in BLY, din unit volume-{z, can be expressed as
C



=~ = no. of carvier gencraied in - ao. of canricr vecomhic

1
i . . . . . . . . .
unit time in unit veluine T ounit tae s Sneoounyib o von
o PRIt An ,
== - —T - - .E v\ )

By integrating equation (7), the following is obtaincd:

_ (]A_N _ S}_{; P . B _t_ .
f (}l\l.'f - AN ! T ll](.)l\l[ L_\L\) = T + K. (0)

At t = 0, AN = 0, therefore, K = -In(skT1). Inscccing K into

equation (8), we obtain

-In (gkIT - AN) = f - 1n(fKIv)

£kIt - AN t

In(—5Te -

-

AN -t/T

BkITt (1 - e )

=N @ -e (9)

st
At saturating light intensity, BLM photo-emf depends solely upon
the number of available traps across the biface (or AN) as described by
Tien [1971]. Equation (9) can be replaced by the espression of photo-—

enf E
op

- ¥ . _ o ~t/t .
op [Eop]max d-e ). (10)

Since conductivity is the produce of e*u*AN, equation (9) can also be

expressed in terms of photo-conductivity:

- -t/1
AS = A8 a-e ). (11)

When light is "off'", equation (7) becomes

(5n) = 0 - ﬁ% . (12)

me
(g
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oaoove ©ods the fime thaot Il remains in darkness after illumination.
Seme exnoitoontal results were found to support the above theoretical
aprrecch, Thes are: 1) The 1 value, obtained {rom either the photo-

ctd woasurencnt of from the photo-conductivity measurement, is 0.4

gocondg for the #0H systen alone, 0.35 second for the BLM with FeCl3 and

0.30 wccond for the BIM with FcCl3 and ascorbic acid. This 1 value will
vary witii the system used. 2) At constant amount of Chl and light
intensity, the vaviable BLM phofo—emf is the exponential function of
light duration time. Fipure 27 demonstrates this. 3) At constant
davation Liwe ood Tieht farenmsity, this varlable BLM photo-ewmf is
propertional to ihe amount of €Ll contained. Our experimental data

from the measurcment for the Fe+3/ascorbic system indigate this linear
relationship between the photo-response and chlorophyll concentration
(in butanol-dodecane mixture), at least in the chlorophyll concentration
range of 5 x 107" M/1 to 4 x 107 M/1. 4) At-constant duration time

and Chl conccntrati;n, this variable BLM photo-emf is directly
proportional to light intensity. For the Fet3/ascorbic system, the
experimental results indicate the lincar relationship between the BLM
photo~cml response and the light intensity, at least in the range of

7 to 100% light intensity (100% light intensity is counted in our
system as the full light directed on the BLM from kcystone movie

projcector).



. Significance ol This Study

The primary processes of photosynthesis are still unknown, but
there are some hints that the first chemical reaction after the
absorption of the light quantum is a redox process in which the excited
chlorophyll molecule exchanges an electron with its environment. With
respect to this hypothesis, model studies in which photosynthetic
pigments are incorporated into artifiéial 1ipid layer mcmbranes are
of grcat value. Especially our evidence of redox reaction, in terms
of photo-emf technique, in the membrane surface should make the study

os these redox events in photosynthesis possible.



CHAIPTER V1

SUMMARY

1. OCcneral Properties of Chl-BLI Photo-emf

The general properties of Chl-BLM photo-emf which can be observed
are the following.

a) The maximum photo-cmf occurs near pH 53

b) The Chl-LLIL photo-response is time (in dark) dependent.
In the case of FeCl,, the systar has to wait for 1000 scconds in dark
before a saturated photo-emf can be reached;

c) Duralion tinme is also very important for the photo-response.
1.5 sccond duration time is neceded, at least in the case of FeClB,
to have the maximum photo-response. It also shows that the longer
the duration time, the larger the slow component of photo~responsc;

d) The concentration of chemical compound affects this photo-
response substantially. A photo-emf of about 53 mV can be obtained

when the concentration of FeCl, is 2 x 107" M/1. In order to have the

3
photo-response, which is dependent on chemical compound concentration
only, we must consider the effect of membrane dark potential on the

plioto-response which is created by the diffusion of F(eCl3 containing

1 . s . .
H" from one side to the other. This dark potential always has ficld



ite tn tive iacilitavion of neyative charee vhiich moves
toward Yottt o Our vidince is thoet when ove reduces this mambrane

Gavk poteal’oboto woo L one cain enlaige the phote-response to 107 mV

e) it ahl=Biioos bione resistance can be varied, not only by
Cilforent chendceal erocicg, but also by their concentrations and pH.
The mesbrane resistoner in che case of FeC13 (107% M/1) is ten times

Tower thao in ?-'uC‘.J‘_b, 0T /1)L Tt s suggested that high membrane
yesintance jermed frew the streng -binding of ret3 and negative polar
greup of p-iipid o pizs ot will drop if this binding complex is
hydrolyzed near the sclution/menbrane interface. Above pH of 6,
FcCl3 will be hydirolyrsed before it can form a complex and thus,there
will be no effcct on R“. The quantity of drop in Rm will depend on
the degrec ol bindog of the complesr and its hydrolysis;

£)  Toe nembrene dark potential (VD) can be created by ut
gradient, chewical diffusion or externally_applied field. The hyper-
rolarization of mewbrane light potential indicates that H' is a

sulficiently strong clectron acceptor to avoid the depolarization of

membrane potential in light by the electric field.

2. Determination of Electron Donating and Accepting Strength of
Chemical Compounds
A BLY reference eicctrode technique has been developed to test the
clectron donating or accepting powver of redox compounds. This
investigation has been systematically conducted from inorganic to
orgaunic ceompounds, thea through some biochemical compounds. Two

Dincrams of these cowpounds' electron donating or accepting power with

respect to }'\'(‘l.3 have been esteblished.  The further up this diagram
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a cospound appears, the greater is its tendencey to dorace clectrons.
The further down this diagram a compound appears, (a2 greater is ils
tendency to accept electrons. It is seen then thaz NoL, PN, cooorbic
acid aire the strongest electron donors, and Iz, ans and beneogriaone
are the strongest clectron acceptors.

The detailed reaction mechanism for the'case of each cowpouad
is also discussed. TFor example: Chl-BLM break-down voltage of
approximately 120 to 160 mV was observed either by externally gpplied
voltage or light illumination onto the BLM in the presence of

Co(NUB) 3 and tammic acid.

+
6
3. High Quantum Efficiency in Photo-effect

High quantum efficiency in photo-effect by means of the enhancement
~of Chl-BLM photo-cml in the presence of redox compounds has beoen
obtaincd. Among thcem, as shown in Table 4, the largest photo-cmf is
for the case of FeCl3 and ascorbic acid. An open-circuit photo-emf

of about 188 to 192 mV and a closed-circuit emf of about 287 Lo 300 wV

were observed.

4. Chl-BLM Photo-emf Responses Determinced by Charge Generation and
Separation
Based on the postulation of Tien [1968], the quantity of the
Chl1-BLM photo-emf scoms to depend on (1) the nunber of gencrated
charge carriers, and (2) their separations. An in depth discussion
of them separately would facilitate understanding of the detailcd
mechanism of this photo-emf., A photo-emf equation bascd on this
charge generation has been derived and dits fixation to the experimental

results are discussed.



Since the charge separaticn is naindy determined oy the prescance
of electron donor and cceceptor, sceverval typicel redow coepounds ave

chosen to support this jdea., Fell, is a styong clectron denor it ol

3

is reduced by absorbirg electrons from the colution/wornbrane intertace.
The larger the amount of FeCl3 present, the lurger the nmombrane charge
separation. Riboflavin functions as either an electron donor or as

an electron acceptor depending on its pHd value. As o result, the
polarity and the ncmbrane charge scparation will depend upon the pH

at which the riboflavin solution is made. A proper coupling of

FeCl3 and FeCl

has enlarged this membrane charge separation.

2

5. Advantages of This Project

It is found that (i) Chl-BLM is a good model systcm for studying
the reaction mcchanism of redox reactions occurring at the membrane/
solution interface; (ii) Chl-BLM functions as an electrode to trqnsfer
the electronic charge from one membrane/solution interface to the
other interface; (iii) It seems possible to use Chl-PLM to study the

energy conversion process, such as in photosynthesis.
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